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Lie symmetry and its generation of conserved quantity of Appell
equation in a dynamical system of the relative motion with
Chetaev-type nonholonomic constraints*

Wang Xiao-Xiao(EH 4), Han Yue-Lin(# 3 #£), Zhang Mei-Ling(7K3£¥%), and Jia Li-Qun( i /)"
School of Science, Jiangnan University, Wuxi 214122, China

(Received 27 September 2012; revised manuscript received 23 October 2012)

Lie symmetry and conserved quantity deduced from Lie symmetry of Appell equations in a dynamical system of
relative motion with Chetaev-type nonholonomic constraints are studied. The differential equations of motion of the Appell
equation for the system, the definition and criterion of Lie symmetry, the condition and the expression of generalized
Hojman conserved quantity deduced from Lie symmetry for the system are obtained. The condition and the expression of
Hojman conserved quantity deduced from special Lie symmetry for the system under invariable time are further obtained.

An example is given to illustrate the application of the results.
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1. Introduction

In 1894, the German scholar Hertz first distinguished
holonomic constraints and nonholonomic constraints, divid-
ing mechanical systems into holonomic systems and nonholo-
nomic systems. Hence, nonholonomic mechanics was born.
With the development of modern science and technology, the
study of dynamics in complex mechanical systems is becom-
ing more and more important. The movements of these com-
plex systems include the movement of the carrier and the
movement relative to the carrier. In the early 20th century, the
Lagrange equation in a holonomic system of the rotary mo-
tion with a constant speed was studied by Whittaker. In 1984,
the generalized Nielsen equation in a nonholonomic system
of the rotary motion with a constant speed was reported by
Mei Feng-Xiang in the third General Mechanics Conference
of China. In 1899, Appell obtained equations of motion of
mechanical systems that are essentially different from other
researchers. This kind of equation is not only applicable in
holonomic systems, but also in nonholonomic systems, and it
is not only applied in generalized coordinates, but also applied
in quasi coordinates. The modern symmetry theories in a con-
strained mechanical system are mainly of three types: Noether
7-161 and Mei symmetry.!7-26]
In recent decades, Chinese scholars have achieved important

symmetry,['~®! Lie symmetry,|

results in studying symmetry theories of Appell systems and
their applications.!*’—3¢! In Refs. [37] and [38], symmetry the-
ories in a dynamical system of the relative motion with non-
holonomic constraints were introduced by Mei Feng-Xiang.
But so far, no study of Lie symmetry and conserved quan-
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tity deduced from Lie symmetry of Appell equations in a dy-
namical system of relative motion with Chetaev-type nonholo-
nomic constraints has been reported. This paper presents a
study of the definition and criterion for Lie symmetry and con-
served quantity deduced from Lie symmetry of Appell equa-
tions in a dynamical system of the relative motion with non-
holonomic constraints of Chetaev’s type. The condition and
the expression of generalized Hojman conserved quantity de-
duced from Lie symmetry have been researched. With the spe-
cial infinitesimal transformations in which time is invariable,
the condition and the expression of Hojman conserved quan-
tity deduced from special Lie symmetry have been obtained.
Finally, an example is given to illustrate the application of the
results.

2. Differential equations of the system

Suppose that the configuration of the mechanical system
is determined by N generalized coordinates g, (s =1,2,...,n),
the g two-sided ideal nonholonomic constraint equations of
Chetaev’s type subjected by the system

fB(t’q7q.):07 (B:]"27"'7g)' (1)

Also, assume the constraints are compatible and independent
of each other. Chetaev’s conditions of constraint equations (1)
putting on the virtual displacement §¢, are
]
S0a=0, (B=12,....g). @
4qs

This paper adopts Einstein’s summation convention.
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Suppose the speed of the origin of a moving coordinate
system O that is fixed on the sports reference materials is v
and the angular velocity of reference materials is @ which are
known functions of time t. The acceleration energy for the
system and Appell equations in a dynamical system of the rel-
ative motion with nonholonomic constraints of Chetaev’s type

are respectively

Sr = Sr(t7qaqad)a (3)
O g v QP
qs C]
afp
+2p 0 (s=1,2,...n), 4)

where Qy are the generalized forces, VO = M (2 +w x 1) - 7’
=—0-0°-0/2is

—(@ x

is the potential energy in a uniform field, V¢
called the potential energy of centrifugal force, Q¢ =
m;r}) - (d7]/dgq;) is called the generalized Coriolis inertial

ar.  odr!
1—; =20- mi;—— ! /
‘ < dqs aQ?k)c]k

is called the generalized gyroscopic force, Ag is the constraint

force,

multiplier.
From Egs. (1) and (4), we can obtain all lﬁ as a function
of ¢, q, and g. Hence, equation (4) can be written as

as, d
ﬁ—QT 5 —(VO+V®) + 02 +T; + A,
(s=1,2,...n), (5)

where

Ay = At q,9) = A’B

, (s=1,2,...0n) (6)

are generalized constraint reaction forces.

Equation (5) is an equation of the relative motion for a
holonomic system corresponding to Egs. (1) and (4) of the rel-
ative motion in a dynamical system with nonholonomic con-
straints of Chetaev’s type. The equation of the relative mo-
tion in a dynamical system with nonholonomic constraints
of Chetaev’s type can be found in solutions of the equations
of the relative motion in a holonomic system. Provided the
initial conditions of motion satisfy the constraint equations
of relative motion in a dynamical system with nonholonomic
constraints of Chetaev’s type, then the solution of Eq. (5) of
relative motion in a holonomic system gives the motions of
Egs. (1) and (4) of the relative motion in a dynamical sys-
tem with nonholonomic constraints of Chetaev’s type. From
Eq. (5), all generalized accelerations can be solved, written as
follows:

qS:aS(t’q7q')’ (s:1)27"'7n)' (7)

3. Lie symmetry and its generation of conserved
quantity

Introducing the infinitesimal transformations of groups of
time and generalized coordinates as

f=t4+A, g;(t*) =qs(t)+Agqs, (s=1,2,....n), (B)
equation (8) can be extended to
" =t+€&(t,q,q9), q;(t") =qs(t) +€&(t,q,9),

(s=1,2,...,n), )

where € is an infinitesimal parameter, &y and &; are infinites-
imal generators. The invariance of the differential equations
under the infinitesimal transformations of groups (9) is called
Lie symmetry.

The determining equation of Lie symmetry of Appell
equations Eq. (5) for a dynamical system of the relative mo-
tion with nonholonomic constraints of Chetaev’s type can be
written as:

<@ [ 95
{845}
{Qs ‘Z(v°+v“’)+Q +F+A3], (10)

where

dE, 9
50 ot +§sa ( QS§O> aqS7 (11

d d&
@ x| ===
X X +[dt(dt

. .1 9
_QS‘§0) _ijs§0:| qu (]2)
The determining equation of Lie symmetry for Eq. (7) can
be written as

gs - Qxéo -

00 00 8ozY

2800, = W‘éoJr qué (ék &), (13)

where the two determining equations (10) and (13) of Lie sym-
metry are equivalent.

Definition 1 If infinitesimal generators &y and & satisfy
the determining equations (10) or (13), then the symmetry is
Lie symmetry of the relative motion for a holonomic system
(5) or (7) corresponding to Egs. (1) and (4) of the relative mo-
tion in a nonholonomic system with Chetaev’s type.

The invariance of the constraint equation (1) in a non-
holonomic system under the infinitesimal transformations of
groups (9) is expressed as the following constraint equation

W {f5(t,q,4)} =0. (14)

Definition 2 If infinitesimal generators & and & satisfy
the determining equations (10) or (13) and restriction equa-
tion (14), then the symmetry is weak Lie symmetry of the rel-
ative motion for a holonomic system (5) or (7) corresponding
to Egs. (1) and (4) of the relative motion in a nonholonomic
system with Chetaev-type constraints.

020201-2



Chin. Phys. B Vol. 22, No. 2 (2013) 020201

Considering the restriction on infinitesimal generators &y
and & by Chetaev’s condition, so we have the following addi-
tional restriction equation

P
a];ﬁ (& — 4sE9) = 0. (15)

Definition 3 If infinitesimal generators &y and & sat-
isfy the determining equations (10) or (13), restriction equa-
tion (14), and additional restriction equation (15), then the
symmetry is strong Lie symmetry of the relative motion for
a holonomic system (5) or (7) corresponding to Egs. (1) and
(4) of the relative motion in a nonholonomic system with
Chetaev’s type.

For a dynamical system of the relative motion with non-
holonomic constraints of Chetaev’s type, generalized Hojman
conserved quantity can be deduced directly from the Lie sym-
metry.

Proposition 1 For a holonomic system (7) correspond-
ing to a dynamical system of relative motion with nonholo-
nomic constraints of Chetaev’s type, if the generators &
and & under the special infinitesimal transformations satisfy
Eq. (13), and there exists a function 4 = pu (¢,q,q) , which
holds true for

Jog, d
—Inu=0 16
4 + a =0 (16)

then generalized Hojman conserved quantity deduced directly
from the Lie symmetry of Appell equations in a dynamical
system of relative motion with nonholonomic constraints of
Chetaev’s type is

19 19 19 .
= 5 )+ o e+ o w (8- 4|
= const. a7

Proof Find the derivative of Iy with respect to ¢, we have

d 1Ju d 9& 1 dp
= (y ot éo) a o T (u aqsés)
dod& dJf1du £
+a&£]5 "r‘a [‘u 945 (és Qs'éo):|

d d /.
+afq; (és_%'é’O) ) (18)
and
108 ok du o5
dr 9t~ 9t Ot dgi’
iaés o ags _ aOfk a‘g&‘
dr (96]5 - aé]s aCIs 84k7
d d /. | :
ans (éx*q‘véﬂ)
d d/p d (¢
= T%E (és —qséo) - 87% (és _QSéo)

8ock s
s . 19
% g (&) 19
Substituting Egs. (19) into Eq. (18) and using Eq. (13), we

obtain
d 1du 1 du
ar't (u ot §o> (u aqﬁ)

10 ~ d o
<z “@sq@ﬂ+@ 2
0% a 0% a
a‘h&té ot aq‘ank gk
820@ .
aqsaq (ék - qkéO) (20)

Taking the partial derivatives of condition (16) for ¢, gy, gk,
substituting them into Eq. (20), and using condition (13), we
obtain

d
—Ig =0. 21
= 2D

Proposition 2 For a holonomic system (7) correspond-
ing to a dynamical system of the relative motion with non-
holonomic constraints of Chetaev’s type, if the generators &
and &; under the special infinitesimal transformations satisfy
Eq. (13) and restriction equation (14), and there exists a func-
tion U = U (¢,q,q) satisfying Eq. (16), then the generalized
Hojman conserved quantities (17) can be deduced directly
from the weak Lie symmetry of a dynamical system of the
relative motion with nonholonomic constraints of Chetaev’s
type.

Proposition 3 For a holonomic system (7) correspond-
ing to a dynamical system of the relative motion with non-
holonomic constraints of Chetaev’s type, if the generators
&y and &; under the special infinitesimal transformations sat-
isfy Eq. (13), restriction equation (14), and special addi-
tional restriction equation (15), and there exists a function
u = u(t,q,q) satisfying Eq. (16), then the generalized Hoj-
man conserved quantities (17) can be deduced from the strong
Lie symmetry of a dynamical system of the relative motion
with nonholonomic constraints of Chetaev’s type.

If & = 0, then transformations (9) become the special
infinitesimal transformations in which the time is invariable,
which are expressed as

' =t, qi{t")=q,@t)+€&(t,q,9). (22)

The determining equation of Lie symmetry for Eq. (7) under
the special infinitesimal transformations (22) can be expressed
as
;  do ao ;.
&= 5—8+=—% (23)
Iqy G

The invariance of the constraint equation (1) in a nonholo-

nomic system under the special infinitesimal transformations
(22) is expressed as the following restriction equation

D{fg(t.9,9)} =0. (24)
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Considering the restriction on infinitesimal generators & by
Chetaev’s condition, so we have the following additional re-
striction equation

%‘Ss =0. (25)
dqs

Deduction 1
mal transformations (22) satisfy Eq. (23), and there exists a

If the generators & under the infinitesi-

function u = p (¢,q, q) which holds true for

Jdo, d
—Ilnu = 2
94, + qr M 0, (26)

then Hojman conserved quantity deduced directly from the Lie

symmetry of Appell equations in a dynamical system of the
relative motion with nonholonomic constraints of Chetaev’s

type is

Iy

T g M T uag \Far

Deduction 2 For a holonomic system (7) corresponding

é) =const.  (27)

to a dynamical system of the relative motion with nonholo-
nomic constraints of Chetaev’s type, if the generators & un-
der the special infinitesimal transformations satisfy Eq. (23)
and restriction equation (24), and there exists a function u =
u(t,q,q) satisfying Eq. (26), then Hojman conserved quanti-
ties (27) are deduced directly from the weak Lie symmetry of
dynamical system of the relative motion with nonholonomic
constraints of Chetaev’s type.

Deduction 3 For a holonomic system (7) corresponding
to a dynamical system of the relative motion with nonholo-
nomic constraints of Chetaev’s type, if the generators & under
the special infinitesimal transformations satisfy Eq. (23), re-
striction equation (24), and special additional restriction equa-
tion (25), and there exists a function u = (¢, q,q) satisfying
Eq. (26), then Hojman conserved quantities (27) are deduced
from the strong Lie symmetry of a dynamical system of the
relative motion with nonholonomic constraints of Chetaev’s

type.

4. An illustrative example

In the following, we give an example, which is only to
illustrate the application of the above results.

The carrier with angular velocity @ around the vertical
axis g3 for a fixed axis rotation, a particle of quality as m
is moving without friction on the carrier. It is easy to know
the acceleration energy in a dynamical system of the relative
motion with nonholonomic constraints of Chetaev’s type, the
generalized gyroscopic force, the generalized Coriolis inertial
force, the potential energy in a uniform field, and the potential
energy of centrifugal force are respectively

Lo o
Sy =3m (@i +a+4), (28)

1—1 - 2qu27 B = _2qu13 I—é = 07 (29)

00 =0, (s=1,23), (30)

vO=0, (31)
1

Ve — —5m (71 +43) 0. (32)

Suppose constrained equations of Chetaev’s type and general-
ized forces of the system are respectively

f=q+@ -3 =0, (33)
Q1 = —mw’q —2mogy, Q) = —mw’qy+2mwq,
Q3 = —mg. (34)
Try to study Lie symmetry and conserved quantity deduced
from Lie symmetry of the system.
From Eq. (4), we get
mgy =2Aq1, mé> =2Aq,
méy = —mg —2A43. (35)

Combining Egs. (35) and (33), we obtain

mg
A=——. 36
443 36)

Substituting Eq. (36) into Eq. (35), we obtain

.. mgq| .. mgqs
mqy = — —, Mgy = ———,
243 243
m
mijs = —Tg. (37)

The determining equation (23) of special Lie symmetry gives

g : 8z 80
51:*512. +&
q3

243’
: . 8 8D
2=—Q—+63—,
3 3 20, 3 27
&=o0. (38)

The restriction equation (24) gives
181+ 28 — 438 = 0. (39)
The additional restriction equation (25) gives

@161+ @26 — 363 = 0. (40)

Take the infinitesimal generator

Si=6=8=1, (41)
E=6=0&= (F+B+E+20) . (42

Obviously, they all satisfy Egs. (38) and (39), and they are
all the infinitesimal generators of weak Lie symmetry, then the
systems are special Lie symmetrical.

According to the expression (26), we have

g d

— % 4+ —mlpu=0. 43
q3+dt ny (43)
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We can solve

H= ql%, (44)
p= qlg (47 +45 + 45 +2893) - (45)
Substituting Egs. (41) and (45) into Eq. (26), we obtain
I, =28 (@ +d3+d3+2¢q3)  =const.  (46)
Substituting Egs. (39) and (41) into Eq. (26), we obtain
In, = 4g (41 + 43 +d3 +2gq3) = const. (47)

The infinitesimal generators (41) and (42) respectively satisfy
the restriction equations (39), but they do not satisfy the addi-
tional restriction equations (40), so they are not the infinites-
imal generators of strong Lie symmetry for a system. From
Proposition 2 and Proposition 3, we know /y, and Iy, are gen-
eralized Hojman conserved quantities of Lie symmetry and
weak Lie symmetry for a system, but they are not generalized
Hojman conserved quantities of strong Lie symmetry.

5. Conclusion

The determining equations (10) and (13), three propo-
sitions and three deductions corresponding to them for Lie
symmetry of Appell equations in a dynamical system of the
relative motion with Chetaev-type nonholonomic constraints
are the main results of this paper. The results in this paper
can be applied to Appell equations in a dynamical system of
the relative motion with holonomic constraints, Appell equa-
tions in a mechanical system with nonholonomic constraints of
Chetaev’s type, Appell equations in a mechanical system with
non-Chetaev nonholonomic constraints, Appell equations in a
mechanical system with holonomic constraints, and so on.
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