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NOETHER’S THEOREM FOR NONCONSERVATIVE
SYSTEMS IN QUASICOORDINATES

Djordje Musicki

ABsTRrRACT. In this paper the generalized Noether’s theorem is given in qua-
sicoordinates for the systems of particles, the motion of which can be pre-
sented in quasicoordinats and quasivelocities. After a systematic review of
the calculus with quasicoordinates and the corresponding Boltzmann—Hamel’s
equations of motion, the total variation of action is given in quasicoordinates.
Then, the corresponding generalized Noether’s theorem is formulated, valid
for nonconservative systems as well, which is obtained from the total variation
of action and corresponding Boltzmann—Hamel’s equations.

So formulated Noether’s theoerm in quasicoordinates is valid for all con-
servative and nonconservative systems without any limitation. It is applied to
obtain the corresponding energy integrals in quasicoordinates for conservative
and nonconservative systems, in the latter case these are energy integrals in
broader sense. The obtained results are illustrated by a characteristic example,
where the corresponding energy integral is found.

This generalized Neother’s theorem is equivalent, but not in the form
and with some limitation, to the corresponding Noether’s theorem formulated
by Dj. Djuki¢ [13], which is obtained from the invariance of total variation
only of element of action A(L dt). However, for nonconservative systems the
Lagrangian L, appearing in this relations, represents not the usual, but an
equivalent Lagrangian, which completely determines the considered system,
including the influence of nonpotential forces. Therefore, the cited Noether’s
theorem is valid only for these nonconservative systems for which it is possible
to find such equivalent Lagrangian, (what for the natural systems is mostly
possible).

1. Introduction

As it is known, Emmy Noether has formulated a theorem, well known under
her name, where the problem of invariants in physical theories is analyzed, utilizing
theory of groups [1]. In this way she has given a general algorithm for finding a
complete set of the invariants of any physical theory represented in terms of La-
grangian or Hamiltonian formalism. This theorem has been adopted and applied to
the classical mechanics and theory of flelds by E. Hill [2] (see also Dobronravov [3]).

2010 Mathematics Subject Classification: Primary TOH33; Secondary 7TOHO3.
Key words and phrases: Noether’s theorem, quasicoordinates and quasivelocities, energy

integrals (in usual and broader sense). 1
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Later this theorem was formulated also in modern mathematical language by W.
Sarlet and F. Cantrijn [4], and applied in the quantum mechanics and quantum
theory of fields as well. Afterwards, many studies are dedicated to this theorem in
order to deeper and generalize it, presented in the classical and modern mathemat-
ical language.

Restricting oneself to the systems of particles in classical mechanics, Noether’s
theorem can be formulated in the following way. If only the potential forces act
on the particles of system, then for every transformation of the generalized coor-
dinates and time which conserves the action W = f:ol L(q%, %, t)dt invariant, or
changes it up to so-called calibration term, there is an integral (or constant) of
motion. So formulated Noether’s theorem is limited to the systems with poten-
tial forces, and only a small number of papers consider its generalization to the
nonconservative systems, but only in special cases (for example L. Bahar and H.
Kwanty [5], L. Duan [6]).

A complete generalization of Noether’s theorem to the nonconservative sys-
tems was done by B. Vujanovi¢ and Dj. Djukié¢ [7-9]. This generalized Noether’s
theorem is obtained by generalization of the transformation functions of generali-
zed coordinates and time, and by transformation of the total variation of action
element A(L dt), or by transformation of d’Alembert-Lagrange’s principle into sui-
table form, expressed in form of total variations. Using this theorem, it is demon-
strated that certain nonconservative systems have energy integrals in broader sense,
so-called energy-like conservation laws. They have the form of product of an ex-
ponential factor, which expresses the influence of allowed nonpotential forces, and
the sum of energy of the system and some additional term. Later, this Noether’s
theorem was extended to the systems with variable mass by L. Cveti¢anin [10,11]
and the obtained energy integrals have the analogous form. The equivalent results
can be obtained by introduction of pseudoconservative systems (Dj. Musicki [12]),
which are defined as such nonconservative systems, whose Lagrangian eauations can
be reduced to Euler-Lagrange’s equations by introduction of a new Lagrangian.

In one of these papers Dj. Djuki¢ [13] has formulated Noether’s theorem in
quasicoordinates, which is of special interest for this considered problem. It is
obtained from invariance of total variation only of element of action A(Ldt) in
respect to transformation of generalized coordinates and time up to a total dif-
ferential. However, here is implicitly supposed (what is evident from examples)
that for nonconservative systems L is not usual Lagrangian, but an equivalent
Lagrangian, which completely determines the considered system of particles, in-
cluding influence of nonpotential force. Then, such formulated Noether’s theorem
and its inverse one are applied to certain conservative and nonconservative systems
to obtain the corresponding energy integrals.

In this paper we shall formulate generalized Noether’s theorem in quasicoordi-
nates in direct way, by analogy with corresponding proof in the usual formulation
(Dj. Musicki [14]). It is obtained starting from the multiparametric transformation
of quasicoordinates and time, and from the corresponding total variation of action,
where Boltzmann—Hamel’s equations of motions are applied. So obtained Noether’s
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theorem is formulated in the variables (7, w?), where 7! are quasicoordinates and
w' quasivelocities, but it is always possible to connect all the quantities which figure
in these relations with the real, defined quantities. This is in essence equivalent to
the cited Djuki¢’s Noether’s theorem [13], but only for such nonconservative sys-
tems for which it is possible to find such Lagrangian which completely determines
the motion of system, including the influence of nonpotential forces.

2. Quasicoordinates and quasivelocities.
Boltzmann—Hamel’s equations

Introduction of quasicoordinates. Lat us consider a set of generalized co-
ordinates ¢* (i = 1,2,...,n), which determines the position of a mechanical system
of particles and let us form a linear combination of differentials of these generalized
coordinates, supposing that it cannot be presented as differential of some function
(see e.g. Lur’e [15, p.22-26], Teodorescu [16, p.423-427])

dnt =aidg® (i=1,2,...,n),
where the summation over the repeated indices is understood. Let us still suppose
that the coefficients a depend on the generalized coordinates, but not explicitly
on time and here the symbol d’ denotes that the quantity on which this symbol
is applied is not a total differential (what is not usual). If we divide this quantity
by dt
; d/ﬂ'i
(2.1) W=
so obtained quantity is not a derivative, it is only quotient of d’7* and dt. However,
it can be considered formally as a symbolic (or quasi) derivative with respect to
time, denoted here by the symbol o over 7*. So introduced quantities 7%, defined
only through d’w’, are named quasicoordinates, and the corresponding quantities
w® quasivelocities. If the determinant |a| # 0, the system of equations (2.1) can
be resolved with respect to the quantities ¢¥,

(2.2) F =’ o di¥=btdr (k=1,2,...,n)
If we insert this expression into the relation (2.1), we have
Wt = a};(bfwj) = (a}%b?”)wj

and this relation will be satisfied only if

=rl=ald® (i=1,2,...,n),

' ' 1 i
(2:3) abf=oi=9 - 7
0 ifisy
where 5; is Kronecker’s symbol.

A typical example of such quantities is the angular velocity of the rigid body,
defined as quotient of the vector of elementary rotation d’a = da Wy, and the
corresponding time interval dt

w _ @ do .

ar "
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Here da is the rotation angle of the rigid body about the instanteous axis of rotation
in time interval (¢,t + dt) and wp is the unit vector of this axis of rotation.

Symbolic operations. In order to establish a complete accordance with the
usual Lagrangian formulation, where all the relations and equations must be ex-
pressed in the variables (¢°,q), by using the quasicoordinates all relations and
equations should be expressed in the variables (7¢, 7° = w?). However, one employs
often an equivalent formulation in the variables (¢, w?), since they are immediately
determined quantities. In this paper we shall employ the first formulation, but with
comprehention or formulation of main results in the variables (¢*,w’) as well.

In this aim it is necessary to introduce some symbolic operations, which can be
defined in the following way. If we have the function p(q', ¢%, ..., ¢"), its differential
according to (2.2) can be written in the form

0 . Oy .0
dp = 8—;’;@% - 8—;b}€d’7rk - (b;a—;)d'wk
and if we desire to present this expression in the variables (7, w?), we shall define
the expression in parentheses as dy /07"

(2.4) 0p def ; Op 90 vk

ork kaq B ork

This relation defines partial derivative of any function with respect to quasicoor-
dinate, and if we multiply it by a? and sum over the repeated index, according to
(2.3) we obtain

Op K Op
(2:5) o = ok
Then, by utilizing (2.4) the relation (2.2) can be written in the form
. sk 000 o 94"
k _ 1k i k. i __ T 7

which can be interpreted as the decomposition of the generalized velocity ¢* in the
base of vector fields 9¢*/On" with the corresponding components w’.

If we consider again this function ¢(q',¢?, ...,q"), its total variation as the
difference between corresponding values on the varied and real trajectory in the
near instants ¢t + At and ¢ can be presented in the form

op 7]

A = @t + At) — o(t) = (t) + At(a—f)o Fo— () ~ B+ 8—fAt,
where the first term is developed into Taylor’s series and higher order terns ne-
glected. If we now introduce the dependences of the function ¢ on the variables ¢,
we have ]

7] .0 Jp 0¢"
dp = Sp.éql, 9o _ 9w
oq’ ot 0q" Ot
and the previous relation obtains the form

O 00" \ N _ 0% \
a7 5 8) = gt

Ap =

(6qi +
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Here the derivative dp/dq' can be substituted by the expression (2.5)

Op x i 109 i 00k
Ap =~ o Aq' = a} WAQZ = W(ai Aq")
and if we again desire to present this expression in the variables (7%, w?), we shall
define the expression in parentheses as Ar*

(2.6) Ark afAgt = ot =dboqg (for At =0)

Since the operations of differentiating and varying are independent, we consider
that this relation must be treated as a definition, independent from other relations
in the calculus with quasicoordinates (what is not usual), similarly to the definition
of partial derivative with respect to quasicoordinates (2.4). In this way, there would
be two fundamental symbolic operations: symbolic partial derivative with respect
to quasicoordinate defined by (2.4), and symbolic total variation (including partial
one) of quasicoordinate defined by (2.6).

These relations define the variations of quasicoordinate, and if we multiply the
first one by b, and sum over the repeated index, using again (2.3) we get

(2.7) Ag =bATY = §¢ = blon" (for At =0)

As a consequence, the elementary work of the active forces can be presented in
the form

0A = Qibq' = Qibiom" = (b,Qi)é7",
where Q, = F, (7, /dq"), or more concisely
(2.8) §A =Tor*, 10, = bjQ;

This elementary work can be presented in the other form as well, putting d7, =
(or, ]or*)omk

64 = Fyor, = (F, ofy Jor*
ork

or more concisely
= Or),
(2.9) 0A =TIon", 11 = Foog
So formulated generalized forces in quasicoordinates II; by the first relation are
connected with the real generalized forces @);, and the second relation shows that
IIx can be interpreted as the generalized force which corresponds to the quasico-
ordinate 7*.

One of the main characteristics of quasicoordinates is the noncommutativity of
the operations § and d/dt. Let us form the derivative of simultaneous variations of
quasicoordinate é7t = a};cqu with respect to time, and afterwards these operations
in the inverse sequence: the simultaneous variation of symbolic time derivative
of quasicoordinate 7! = w’ = a}‘cq'k. Their difference can be presented in the
following form, bearing in mind that coefficients a}; depend only on the generalized
coordinates (see e.g. Lur’e [15, p.32-33|)

(2.10) (0m')y — 67t = yhwion! (7 = w'),
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where so-called Boltzmann’s threeindices symbol is given by

; dai,  Oal
(2.11) i = b?bf(aq—r’z - W;)
From here we see that (67%)" # §7%, i.e. the operations § and d/dt for quasico-
ordinates are not commutative and so introduced symbols ’y;l depend only on the
liasion between quasicoordinates and true generalized coordinates.
On the basis of this relation (2.9) one can find total variation of quasivelocity.
If we start from the liason between the total and simultaneous variation of quasive-

locity and substitute simultaneous variation dw = 67 by corresponding expression
from (2.10), we have

Aw' = @' (t + At) — wi(t) = dw' + W At = (d7') — ’y;le&rl + WAL
Let us now pass from simultaneous to total variations
Aw' = (A" — W At) — yhw! (An! — Wl AL) + P At
and since due to the property 7f; = —% the term ~}wiw! is equal to zero, the
previous relation will be reduced to
d

i i d i
p (A7") —w'—(At) — ’yjloﬂAwl

2.12 Aw? =
(2.12) w o

Boltzmann—Hamel’s equations. In order to obtain the corresponding dif-
ferential equations in the Lagrangian form in quasicoordinates, let us start from
d’Alembert-Lagrange’s principle

(F, — myd,) - 67, =0

with the usual notations. Let us now transform this principle into the generalized
coordinates putting 67, = (97, /0q¢")dq", and in this way one obtains

(Qi_ %gz + gg;)A i =0,

where Q; = F;,(&Fu /0q") and T is the kinetic energy of system. Afterwards, let us
express this principle in the independent variables (7,w?) (i = 1,2,...,n’), where
n’ is the number of independent quasicoordinates, and in this aim substitute é¢* by
the expression (2.7) (compare with Lur’e [15, p. 253-259, 363-372], Whittaker [17,
p.41-44])

; . d oT - O0T
(2.13) (vici o} ;

Matogi 't ogi
The first term in the parentheses according to (2.8) represents generalized force I}
expressed in quasicoordinates, and the other terms must be transformed expressing
kinetic energy into the form T*(g%,w®,t). In this transformation we must bear in
mind that 7" depends on ¢’ through all the variables w*, and depends on ¢* or
directly from the explicit dependence of components of metric tensor or through
the variables w* = aé‘?q'j , where coefficients af depend on ¢

+b

)(57rk =0,
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or  or Ow” or orr  oT” 3(a§qj)
9t Ok Ak gt B dwk g
After expressing the terms b} (d/dt)(0T/9¢") and bi (0T /9q") in the variables
(7%, w?), the d’Alemberet-Lagrange’s principle (2.13) obtains the form
d oT* ;0T oT*
(e = G 57 — 6" 55 +
where the symbols *yljk are given by (2.11). Because of the independence of variations
6% from here immediately follows
d oT* j 0T 0T
dat ok T gui T ank
If if we still decompose the generalized forces I into the potential and nonpotential
ones

)57Tk =0,

:Hk (k:l,Z,...,n/)

_ou
ok
the previous equations by grouping the similar terms obtain the form
d OL* ; 0L OL*
Tt owk Y 5 T ok
dt dw Oowl O

I, = + 10y, I, = Pt = b Qs

(2.14) =0, (k=1,2,..,n),

where
L*(qia wiv t) =T (qiv wia t) - U(qza t)

These are seeked differential equations of motion expressed in quasicoordinates,
obtained by L. Boltzmann [18] and G. Hamel [19], in a more general form, when the
coefficients a}, depend explicitly on time as well (see Lure’s [15, p. 32-33, 368-372]).
These equations are consequently formulated in the variables (7, w?), where the
symbolic terms L*/O7* and ﬁk must be comprehended in the sense of their defi-
nitions (2.4) and (2.6). For the holonomic systems the number of these equations
is equal to the number of independent quasicoordinates 7%, i.e. to the number of
degrees of freedom n’ = n, and if the motion of system is limited by / nonholonomic
constraints, the number of these equations will be n’ =n —[.

3. Total variation of action

As a first step, in the corresponding proof of Noether’s theorem, let us formulate
total variation of action in quasicoordinates. In this aim, let us form this quantity
in the variables (¢*,w*)

T t
AW = / 1 L*(g', @, t)df — / 1 L*(¢", W’ t)dt,
to to
where
T =q +A¢, &'=w+Awt, t=t+ At
and decompose the first integral into three parts

i1 o to B t1 ti+At;
ﬁ L*(qﬂaﬂ,ﬂdf:/ L*df+/ L*df+/ L*di

to to+Ato to ty
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Because of little intervals of integration the first and the third integral can be
neglected with respect to the second one, on condition that Lagrangian in these
intervals is a regular function. In this way the total variation of action is reduced to

t1 t1
(3.1) AW:/ E*(qi,wi,f)df—/ L*(q", ', t))dt
to to

If we put in the first integral
dF = d(t + At — di + L % (i

and develop function L*(¢*,w%, ) in Taylor’s series

, o . oL*
L*(¢" + A¢',w' + Aw' t + At) = L* (¢, w', t) + Aq* (8q )0

+ 2 (), + (),

neglecting the terms of higher order, the total variation of action (3.1) obtains the
form

hroLe . OL* oL* d
AW =~ - Aq' Aw' At L* At) | dt
to LPqZ ¢ Ow? + ot * ( )]

If we here substitute Aw’ by the corresponding expression (2.12) and put according
0 (2.7) and (2.4)

oL* . ., oL* . oL*

~Aq' = — (b, A7) = (b
o q aqz(k ™) (kaq

the previous relation becomes

OL* \ o 0L [d o id
(3.2) AW = /0{ awi{a(m)_“%(&)_

oL*
ot

Let us now set apart these terms in this relation which can be partially written
in the form of a total derivative with respect to time

%%(Mi) dt(ZL*A”) dt(ZL*)A”Z

OL*
onk

Ak,

)Aﬁ =

- vlikwlAﬂk] At + L*— (At)}dt

oL* ,d oL* oL*\ oL* .,
o @A = (&ul At) - —(w)“ Al = oAt
L d d, . dL* o d oL 8L* oL*
L2 (Af) = (LAl = T At = 2 (LA) — (5 + S5 + S ) A
If we insert these expressions into relation (3.2), we have
oL* oL . . d (OL* . d/oL*
A — AT ) — — (== AT — — —Ww'A
W= /0 {57ﬂ t(@oﬂ ﬂ) dt(@oﬂ) i (&mw t)
oL*y oL* ., oL* d, .
—(W)w At 4 S0 A e At (LAY
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oL* , 8L* ., OL* . 0L
— (Gt G+ G ) A e G A }

and after grouping similar terms, this expression can be written in the form

oL*
3.3 AW = Art — WIAL) + L*At
I R
oL* doL* ; . ,OL*
ATt — WIAL) — vl ——Ar" Lt
(3771 dt dw' )( WAL = i dwi }

This formula represents total variation of action in quasicoordinates presented
consequently in variables (7%, w?), where the symbolic expression L* /O and Ar?
have to be comprehended in the sense of their definitions (2.4) and (2.6), by which
they are connected with the real, defined quantities.

4. Generalized Noether’s theorem in quasicoordinates

Formulation of the problem. If the motion of the considered system of par-
ticles can be presented in the variables (q¢%,w?) or (7%, w?), let us formulate the cor-
responding Emmy Noether’s theorem in quasicoordinates. Here we shall generalize
the usual proof of this theorem to the nonconservative systems, by analogy with the
corresponding proof in the usual Lagrangian formulation (Dj. Musicki [14]), start-
ing from corersponding total variation of action and applying Boltzmann-Hamel’s
equations of motion.

Let us choose the total variations of quasicoordinates and time A7n? and At in
total variation of action (3.3) in the following form with 7 infinitesimal parameters
EM (m=1,2,...,r),

(4.1) Am' = apAgt = EMEL(¢", W 1), At =ETE (¢, Wk 1)
Let us now formulate in a usual way the problem: find such transformations of

quasicoordinates and time (4.1) which conserve the Hamilton’s action invariant or
change it up to so-called calibration term

ty
(4.2) AW =0 or AW:/ %A(qi,wi,t)dt,
to

where A, so-called calibration function is an arbitrary function of the variables ¢°, w’
and t. So formulated second condition is more general and includes the first one
for A=0

Generalized Noether’s theorem in quasicoordinates. . Let us start from
the second condition (4.2) and in order to include the speciality of the conside-
red problem, let us substitute variational derivative in the expression (3.3) for
total variation of action by the corresponding expression from Boltzmann-Hamel’s
equations (2.14)

“o(d oL P . ; 0L -
/to {%L’?wi (A" —w'At) + L At] + ('yliw D —Hi)

i g 0L L dA
x (Am' — w'At) —'yljiwlﬁAw }dt :/t d_dt

0
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Here, because of the property v, = —v5, we have 'yljio.;lo.;i = 0 and this relation is
reduced to an equivalent form

aL* . /.. OL* N -
(4.3) /t{ [aZA (L o )At A| = Tli(an wAt)}dt—O

On the other side, we can transform AW in the following way, bearing in mind
that A(dt) = d(At)

t1 t1 t1
AW:A/ Lidt = A(L*dt):/ AL*+L*dt(At)}d

to to
and let us insert this expression into the second condition (4.2)

t1
(4.4) / [AL*+L* O

dt =
=0

If we now develop AL*, substituting Aw® by the corresponding expression (2.12),
we have

oL . oL 1
87TkA7T T o [E( ™)

and if we insert this expression into (4.4), we get

hroL ,OL* oL*d , . .
(45) / [(W‘m 5 ) A+ G (AT

oL . oLt . dA
= At+(L o ) (At) dt}dt—o

Let us now subtract relation (4.5) from relation (4.3), what can be presented
in form

/to{ [gijm (- gi:wi)At—A}

oL*
ot

AL* =

At

- wZ%(At) - ’yfkwlAﬂ'k] +

oL* DL\ g O d ) DL
_ [(_aﬂk — i )A Ao g (AT + A
* oL* i d 2 1 z dA —

and if we substitute Ar?® and At by the corresponding expressions (4.1) and put
A =E™A,,, we obtain

(4.6) /tt 5m{ [Zng +(L*—ZL:M)§31—A4

- |G i G )+ G+ T
+(L* o )£O+H(§ —w'ggl)—j\m”dt:o

From here we can conclude: if the following condition is satisfied
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oL* , ,0L*\., OL*. OL* , OL* N -
- 4 = 5 I — B v L* - - v
(awk ik awz)fm + g g ( awz“’) m
+ 10L&, — w'ed) — Ap =0,
the relation (4.6) will be reduced to

. md aL*z * oL* i\ 0
‘/to (c; a{awz m+(L —wW)fm—Am]dt—o

and because of the arbitrarity of the parameters £” and the limits of integration
from here immediately follows

oL* OL* .
(48)  Tn =558+ (L* . Wu)gg — Ap =const. (m=1,2,...,7)
These results can be expressed by means of immediately determined quantities
as well with aid of (2.4) and (2.8). In this way the condition for existence of energy
integrals (4.7) obtains the form
0L, 0L oL ., 0L OL .

pi = A l—,)k £ Y0 (L_ i z)O
( kaq1 NkW Ow' fm + Ow' fm + ot fm + awzw gm

+OFQr(E, — wi€d) — Ay =0,

and the form of integrals of motion (4.8) remains unchanged.

(4.7)

(4.9)

Conclusion. For every transformation of the quasicoordinates and time (4.1),
for which there is at least one set of particular solutions (&,,£% ,A,,) which sa-
tisfies the condition (4.7) or (4.9), there are r mutually independent integrals (or
constants) of motion of the form (4.8). So formulated Noether’s theorem in quasi-
coordinates is valid in general, for all the conservative and nonconservative systems
without any limitation. It is formulated in the variables (7%, w?) as well as in the
variables (¢*,w?), starting from the multiparametric transformation of these vari-
ables, in the form where the influence of nonpotential forces appears explicitly.

This generalized Noether’s theorem is in essence (but not in the form) equi-
valent to the corresponsing Noether’s theorem given by Dj. Djukié¢ [13], but with
some limitation. Namely, this equivalence exists only for such nonconservative sys-
tems for which it is possible to find some equivalent Lagrangian, which completely
determines the motion of considered system, including the influence of nonpoten-
tial forces (as can be seen from his examples), what for the natural systems is
mostly possible.

5. Energy integrals for the conservative systems in quasicoordinates

Energy integrals as a consequence of the translation of time. Let us
demonstrate how from this generalized Noether’s theorem one can obtain the energy
integrals of any system whose motion can be presented in the quasicoordinates (for
example the rigid body) of the considered conservative systems, i.e. corresponding
energy conservation laws. In this aim, let us consider the translation of time, i.e.
choose the functions &, £, and A,, in form

(5.1) ¢ =0, & =A=const, A, =0.
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Then the condition for the existence of the integrals of motion (4.7) obtain form
oL*
ot
which is analogous to the corresponding condition L /dt — Qiq'i = 0 in the usual

Lagrangian formulation. This condition can be expressed in terms of the usual
quantities as well, according to (2.7) in variables (¢*,w")

(5.2) CA—TLiw'A =0,

oL* .~
5. — =0 t=0.
(5.3) 5 Vi@t =0
Then the corresponding integral of motion (4.8) on the basis of (5.1) will be
L* . L* .
(5.4) I = (L* 22 .wl)A =const. & &= 0 ~w"' — L* = const.
ow? Ow?

and so defined quantity &£ represents generalized enery expressed in quasicoordi-
nates.

Therefore, as a consequence of translation of time, which according to (5.2)
and (5.3) is equivalent to the satisfied conditions L* /9t = 0 and ILw! = 0 or
b};@koﬂ‘ = 0, the energy integral (5.4) appears, i.e. energy conservation law in the
course of time.

Energy integrals in the usual Lagrangian formulation. In order to
present the energy integrals of such systems in the variables (¢*,w"), let us write
their kinetic energy in the general case as

Lo
T=5dud'q' +e;d + f

and putting according to (2.2) ¢ = blw and ¢ = blw*, we can present this kinetic
energy in the quasivelocities w*

o 1 , .
(5.5) T*(¢" ", t) = iaikwlwk +bhw' +ec=T5 +T7 + 17,

where
ag, = blbldj, by =blej, c=f.
In the case of the free or scleronomic systems, where time does not figures
explicitly, the kinetic energy (5.5) has only the first term and their Lagrangian for
the usual forces, dependant only on generalized coordinates and time, will be

o 1 ,
L*(¢",w',t) = gaikwlwk — Uiy =T = U,

where U is the potential energy of the system. If we choose again the transformation
functions in the form (5.1), the corresponding integral of motion (4.8), which now
becomes energy integral obtains the form

Ty = (L* - %M)A - (T; —U- ZZQ wi)A — const.

and by application of Euler’s theorem for homogeneous functions we get energy
integral of such systems in quasicoordinates

_OL*
e it

E* = -1, i—L*:TQ*—i—U:const.
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But, for rheonomic systems the kinetic energy (5.5) has all three terms, and
Lagrangian is equal to

o 1 , ,
L*(¢",w',t) = §aikwlwk +bw' +c—Ugpgiwiy =Ty + Ty +T5 = U.

Then the corresponding integral of motion (4.8), i.e. the coresponding energy
integral will be

* 8L* 1 * * * 8T* 7 8T* 7
Iy = (L ~ Y )A: (T2 + 17 +Ty - U — 8—jw — 8—;1,0.) )A:const.7
i.e., applying the cited Euler’s theorem

oL
- Owi
this is Painlevé’s energy integral for such systems in quasicoordinates.

From here we see that the specific term ~}, w!(9L*/0w?) is absent in the energy
integrals, they have the same form as in the case of true generalized coordinates,
this term figures only in the condition for existence of energy integrals.

& =-1I, w'— L* =T5 — T; + U = const.,

6. One example

Formulation of the problem. Let us consider the motion of a rigid body
in a viscous medium without influence of the exterior forces about a fixed point,
which coincides with the centre of masses. The position of this rigid body can
be determined by Euler’s angles (1,6, ), which then represent the generalized
coordinates. As it is known (see e.g. Goldstein [20, p.198-205], it is the most
suitable to study the motion of rigid body in a coordinate system whose origin is in
the centre of masses and whose axes are the principal axes of inertia. In this frame
of reference the motion of the rigid body can be determined by Euler’s equations

dw! ¢
Il( ) = (2~ L)t = L

dt

dw? 3 1 (c)
IQ(W)rel_ (13—11)(41 v _L2

duw? 1,2 (e)
IB(W)rel B (Il B IQ)OJ v L3 ’

where I, I and I3 are the moments of inertia with respect to the principal axes
of inertia, w', w? and w? the corresponding contravariant components of angular
velocity, and L:(LC),LgC) and Léc) the components of the moment of all the forces
which act on the rigid body in respect to the center of masses. In this frame of
reference the kinetic energy of rigid body has the form

T*(¢" ' t) = 5 iginwiw® = §Iiwiwl,

where g;1 is the corresponding metric tensor, and between the components angular
momentum and angular velocity, there are the simple relations

Ml(c) = Ilwl, Mg(c) = Igwg, Ml(c) = I3OJ3.
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Let us suppose that the components of resistance force, by which the viscous
medium opposes to the motion of rigid body, are proportional to the corresponding
components of angular momentum

Fl = —ILLMl(C) = —ullwl,
(61) FQ = —ILLMQ(C) = —‘LLIQLUQ,
Fg = —ILLMg(C) = —lulgl,dg.

So formulated components of resistance force are proportional to the corre-
sponding components of angular velocity, similarly to the corresponding resistance
force by which a viscous medium opposites to the motion of a particle F,=— wmu;
(i=1,2,3).

The manner of representation of all results in this paper is given in the variables
(7%, w?) or (¢%,w?) and all the quantities and relations must be presented in this way.
So the Lagrangian, which because absence of the active forces is reduced to kinetic
energy is equal to

o 1 .
(6.2) L*(¢",w't) = Ghwiw" (U =0)

and it is immediately given in these variables, but without explicit appearance ¢
or m'. In a similar way, the quantities F} in the relations (6.1) can be considered as
the components II; of nonpotential part of generalized forces in quasicoordinates,
defined by (2.7), but without explicitly figuring 7 or ¢*

ﬁl = Fl = —,uIlwl, ﬁg = FQ = —‘LLIQLUQ, ﬁg = Fg = —,ujgbt.}g.

Application of generalized Noether’s theorem. Let us now apply this
generalized Noether’s theorem to this problem. In this aim, let us start from the
condition for existence of integrals of motion (4.7) and choose the functions ¢&¢,, €2,
and A,, in the form
Since here generalized coordinates are Euler’ angles (¢, 6, ¢) and Lagrangian (6.2)
does not depend on Euler’s angles, the term dL*/07" in (4.7) according (2.4) is
equal to

OL* _ 0L _ 0L 0L 0L

ok~ Fag T Foay TR ae T Foap
Bearing in mind that the energy of the rigid body is (9L*/0w’) w’ — L* = JLw;w"
and OL* /0t = 0, the cited condition (4.7) gets the form

1 . d ,
—§Iiwiw1 : d_f — pliwi(—w'e) =0

and this equation gives immediately one particular solution

+b +0 0

d
d—f —2up=0 = t)=e

In this way, the condition for existence of integrals of motion is satisfied, and
the corresponding integral of motion (4.8) will be
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*

7, — (L*_(?L

, 1 .
oG wl)go(t) =-3 Lwiw'e? = const.

and this is one energy integral in a broader sense

1 .
I = 562”tfiwiwl = const.

This result is in full accordance with the result obtained by Dj. Djuki¢ [13], by
means of his generalized Noether’s theorem, starting from the corresponding in-
variance only of element of action A(Ldt) up to a total differential, but with the
Lagrangian L = e?*'[;(w?%)?.
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HETEPUHA TEOPEMA 3A HEKOH3EPBATUBHE CUCTEME ¥
KBASNKOOPIMHATAMA

PE3UME. ¥ oBom pajy sato je yommreie Herepune Teopeme 3a cucreme mMarte-
pUjasIHUX Tavdaka, duje KpeTame MOXKe OUTH IPeICTaB/bEeHO Y KBA3UKOODIUMHATAMA
u KBaszuOp3mHama. Hakon meraspHOr mozcehama padyHa y KBa3HKOODIAMHATAMA
u oxrosapajyhnx Bosmvan-Xamenx jeqHadnHa KpeTama, 1aTa je TOTAJHA Bapu-
jaruja JiejcTBa y KBa3MKOODAWHATAMA. 3aTUM je M3 TOTAJHE BapHjaluje JejCTBa
n Bosmvan-XaMenoBux jeanaduHa u3BeseHO oiaroapajyhe yommmreme Herepumne
TeopeMe.

Tako dopmymucana Herepuna Teopema y KBa3mKOOpAMHATAMA BAXKU 3a CBE
KOH3€pDBAaTUBHE U HEKOH3EPBATHBHE CHUCTeMe 0e3 MKAKBUX OTpaHUYerma. leopema
je mpuMemeHa Ha u3BOohemy ojrosapajyhier mHTerpaJsia eHepruje y KBa3HKOOD/IU-
HaTaMa 3a KOH3E€PBATHBHE W HEKOH3EPBATHBHE CHCTEME. Y JIPYIOM CJIydajy TO CY
WHTErpaju eHepruje y mmpem cMmuciay. Jlobujenu pesysiraru Cy WIyCTPOBAHU Ka-
PAKTEPUCTHIHOM IIPUMEPOM, T7e je mponaheH ojarosapajyhu naTerpas enepruje.

OBaxko yommrrena Herepuna Teopema je eKBUBAJIEHTHA, CA U3BECHUM OIDAHMIYIE-
wmuMa, ca oarosapajyhom Herepunom reopemom opmysucanom ox crpane H. Dy-
kuha [13], koja ce 100uja U3 HHBAPUJAHTHOCTU YKYIIHE BADUJALH]E CAMO 38 €JIEMEHT
nejersa A(L dt). Mebhyrum, 3a nekonsepsarusue cucreme Jlarpaxkujan L xoju ce
rojaBJbyje y OBUM peJialiijama, MpeicTaB/ba He yooudajenu, Beh ekpuBasentu Jla-
rpaHKUjaH, KOjU y MOTILYHOCTHU ojipelyje mocMarpaHu cucreM, yK/bydyjyhn yTumaj
nenorenujaanux cua. Crora, nasejgena Herepuna Teopema Baxku caMo 3a OHe He-
KOH3€epBaTHUBHE cucTeMe 3a Koje je moryhe ma ce Hale ekBuBasienTHu Jlarpanxujan
(o je 3a npupojHEe MEXaHUYKe cHUcTeMe yriaBHOM morylie).
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