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ON THE GEOMETRIZATION OF NON-HOLONOMIC MECHANICAL SYSTEMS
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In this paper the non-holonomic mechanical systems are studied from a geometric point of view using
the Lagrange Geometry. One introduces the concept of non-holonomic Lagrange space and one use
the differential geometry of Lagrange spaces to study the non-holonomic mechanical systems, by
means of its canonical semispray.
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1. INTRODUCTION

The geometry of Lagrange spaces studied and developed by R. Miron [1], [2], [3], [5], have important
applications in Theoretical Mechanics, Variational Calculus, Mathematical Biology and another.

| have been studied, [6], the Lagrangian geometrical theory of Riemann mechanical systems
>=(M,F,), M being the configuration space and F; the external forces. In this paper | study the non-
holonomic scleronomic mechanical systems using this theory.

The Analytical Mechanics have like study object the movement of systems of material points under the
action of external forces and keep the constrains (the link conditions). We shall consider the material
systems, which are composed of a finite number of material points, under the action of the external forces
and the geometrical and the motion links.

If the material system has non-integrable motion links, it is a non-holonomic system. A time
dependent link of a material system is given by an equation, which depend explicitly by time t. Otherwise,
we say that is a time independent link. A rheonomic material system is a system that have time dependent
links. Otherwise, if the links of system are not dependent explicitly on time, it is a sclerhonomic system.

The section 2 of this article is an overview of the geometry of the tangent bundle TM, (phase space),
with the basic tools that have an important role in my paper: the Liouville vector field C, the almost tangent
structure J, the concept of semispray and the concept of non-linear connection which is central in my study.

In section 3 one gives a geometrization of non-holonomic mechanical systems using the geometry of
tangent bundle TM and one obtains the Lagrange equations of the non-holonomic mechanical system.

The canonical semispray S*, the non-linear connection N * generated by the mechanical system and
the N *-linear connection for the non-holonomic mechanical system are studied in section 4 of this article.

2. THE TANGENT BUNDLE (TM, 1t M)

Let M be a smooth C® manifold of finite dimension n and (TM,TtM) be its tangent bundle. We
denote by (x'), i=1,2,...,n the local coordinates on M and by (x',y') the local coordinates on TM .
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The tangent bundle
E=(TM, ;M) (2.1)
has the total space E =TM which is a 2n-dimensional, real manifold. In a domain of a local chart U O E,

the points (x,y) JE have the local coordinates (x',y').
The canonical projection 1T:E - M, is defined by:

(X, y) =X, Ou=(x,y)OE. (2.2)
A change of local coordinates on E has the following form:
=23, x"),  § =a—)(.yj, det| 2% | %0. (2.3)
ox’ !

The natural basis of tangent space T,E at the point u=(x,y)JU OE is given by:

.2 24

The coordinates transformation (2.3), determines the transformations of the natural basis as follows:

a _ox! o oy o a _ody' o
Rt T (2.5)
ox'  ox' ox!  ox' oy ay' oy’ dy

where

oyl _ox! oy _ o*x! y
oy oax' T ooax' axax" T
We know that TM admits a natural tangent structure J :X(E) — X(E), defined by:

JBini.; J%%O for i=12,...,n (2.6)
EBXID c')y' i

By a direct calculation, we find that J - J =0 and the Nijenhuis tensor N; vanishes.
On the manifold E there exists a vertical distribution V,generated by n local vectors fields

LA B
yllayzllayn

V:ulE -V, 0OT,E, 2.7
. . . . 0 0 0 S
where the n-dimensional linear space V, generated by the fields T W vy is a linear subspace of
y Yy
tangent bundle T, E.
A non-linear connection in E is a distribution:
N:uOE -~ N, OT,E, (2.8)

which is supplementary to the vertical distribution V,

T,E=N,0OV,, Ou=(x,y)OE. (2.9)
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The local basis adapted to the decomposition (2.9) is %%E where
X oy

5 _ 90 )
a0 o O T (210

NJ(x,y) are real functions, locally defined on E and subject to the following transformation rule
under (2.3):
~ K™ A% Vi
PSS VE
ox'  ox" ox'

The coordinates transformation (2.3) determines the transformation of the local basis adapted to the
decomposition (2.9) as follows:

(2.11)

5 _ox! 5, o _oxi o
W oW E W HT (2.12)

3. NON-HOLONOMIC MECHANICAL SYSTEMS

A sclerhonomic non-holonomic mechanical system is a quadruple
z2=(M,q,F.Q,)
where M is a real n-dimensional manifold (configuration space), (M, g) is a Riemannian space, F = (F;)
is a vector field on M (the external forces) and Q, =(ag (X)), 0=p+1,...,n are the supplementary forces
determined by the non-holonomic constraints given by the relations
Q, (x)dx=a, (x)dx' =0. (3.1)
For a non-holonomic system, Z, we consider the vector field of the forces given by

F +A\°Q,, 3.2)

where A° :R - R, o=p+1,..,n are the Lagrange multipliers and A°Q, are the components of the so-
called non-holonomic constraint force.

Let consider the Riemannian manifold (M, g) and O its Levi-Civita connection. A trajectory of non-
holonomic mechanical system X is a differentiable curve ¢ in M, c:tOl - (x'())OVOM (1OR,V is
a domain of a local chart of M ), who verify the following Lagrange equations:

0.=FoC+A°Q,ocC 33
In local coordinates in M , (3.3) may be written
dZXk K dXi de K K
——— 4+ (X)) ———=F“(x) +\%a, (x
a2 1 )5 (x) s (%) (3.4)

where {Fi}‘} are the Christoffel symbols of the connection O of the Riemannian metric tensor g and
F“O)=g ()R (%), ag(x) = 9"a,(x).
Consequently, the Lagrange equations of the non-holonomic mechanical system % are (3.3) and
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Qs (X)dx =ay (x)dx' =0, (0= p+1..,n).

We will study the properties of non-holonomic mechanical system X associating the Lagrange space
L*" =(M,L*(x,y)), with the fundamental function

L*(%,y) = L(x,y) +A"ag(x)y' (35)
where L(X,y) isthe regular Lagrangian, given by kinetic energy:

dx' dx’
L(X,Y)zgijaw-

In order to determine the Lagrange multipliers A° (which, in general depend on the material points x')
we adopt the following postulate:

The Lagrangians L(x,y) and L*(x,y)=L(x,Yy)+A%y (x)y'are equivalent.
This condition means that L(x,y) and L*(x,y) satisfy the Euler-Lagrange equations:

doL* oL _doL _dL _,

dt 9y’ ox'  dtay' ox
Using (3.5), one obtains:

;)\ OA° . Pa, 0a, i
X’ ox! ox!  ax'

Deriving with respect to y! we obtain:

a)\ca _a)\ca +;\GDaan _%D:O
ax 9 gyl E’W x E : (3.6)
Let us consider the 1-form
A% (X)Q, (x)dx = A% (X)a; (x)dx' (3.7)

This 1-form is closed if and only if the equations (3.6) hold.
Indeed, it is not difficult to see that the equations (3.6) are equivalent to the exterior equations

d[A° (x)Q, (x)dx] =0. (3.8)
Remark 3.1. Applying the Carathedory theorem, we have directly that the Lagrangians L and L* are
equivalent if (3.8) holds.
Resuming:
The Lagrange equations of the non-holonomic mechanical system X are:
d?x*
dt?

+T (x)%% = FX(x) + A% (x)ak (x) 9)

N (X)a, (x)dx' =0; d[A°(x)a,; (x)]0dx' =0.



5 On the geometrization of non-holonomic mechanical system

4. CANONICAL SEMISPRAY AND CANONICAL NON-LINEAR CONNECTION OF %

The Lagrange space L" = (M, L(x,y)) has a canonical semispray
i 0 i 0
S = ! e ZGI X, .,
Y o (x,y) oy
where
2G" (%, y) =T ()y'y".

Looking at the Lagrange equations (3.9) we remark that the system of functions
i i 1 i o i
G* (xy)=G'(xy) _E(F (x) + A% (x)a, (x))

determines the coefficients of a semispray on the phase space TM .
So, we have:
Theorem 4.1. There exists a semispray S * on the phase space TM ,

i 0 i 0
S*=y' —-2G* (X, y)—
A~ (x,y) oy (4.1)
which depend only on the non-holonomic mechanical system Z. Its coefficients are given by

2G* (x,y) =T (0y'y? = (F*(x) +A° (x)ag (x)) (4.2)
and the Lagrange multipliers A° (x) satisfying the equations

d[A° (x)a,; (x)]Ddx' =0.

S * is called the canonical semispray of the mechanical system ~=(M,g,F,Q,).

Therefore: The geometrical theory of non-holonomic mechanical system is the Lagrange geometry
of the triple

(TM, S*, d(\%a,;) Odx' =0).
One proves, by (4.1), (4.2):

Theorem 4.2. The integral curves of the canonical semispray S *are given by the equations (3.9) of
mechanical system 2.

So, the non-linear connection N * determined by the canonical semispray S * (called canonical non-
linear connection of Z) has the coefficients

* — * i k
N j_—ayj =¥y (4.3)
We obtain:

Theorem 4.3. The canonical non-linear connection N * of the non-holonomic mechanical system
>=(M,q,F;,Q,) does not depend on the forces F, and Q,.

If we have the canonical non-linear connection N * with the coefficients (4.3) on the Lagrange space
L*", we can define a N *-linear connection D, [1]:
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A linear connection D on TM is called an N * -linear connection if:
1. D preserves by parallelism the horizontal distribution N *;
2. J is absolute parallel with respect to D, thatis D, J =0, OX Ox(E).

In the local basis %,%Eadapted to the decomposition (2.9), an N *-linear connection can be uniquely
X

written in the form:

) i ) d i d
D, —=L"(x,y)—; D s —=L" (X, y)—
&%6)(, i ( y)éx' &ikayj i ( y)c')y' (4.4)
D, —=Ci,-k(x,y)i; D, 2 =cixn. (4.4)
7k5 X' oy’ ay' '

ay

The system of functions { L i (XY), CIJ (X, y) } are called the coefficients of the N *-linear connection

D. It is important to remark that C ; (X, y) are the coordinates of a d-tensor field of type (1,2).
In our case G*' (x,y) are the coefficients of the semispray S* (4.1); it is easily to see that

2/ %l
ygyj ,OE are the coefficients of an N *-linear connection on TM, N* having the coefficients

G
ayl

N =

Theorem 4.4. [1] 1. There exists a unique N * -linear connection D on ™ verifying the axioms
gij\k :0; gij|k =0;
(4.5)
T =0;S§ =0,

where “g” and “[I” are the h-covariant derivation and v-covariant derivative and Tijk =L" L'j,;
k — ~k k
2.This connection has the coefficients

o= gnfPIn, %n _ O E; Cy = cg;"‘Ha(‘}"‘k B _ %y E (4.6)

0759 Hoxl o ax* " Hoy!  ay*  oy"

3.The previous connection depend only on the fundamental function L* (X, y) of the Lagrange space.

The connection D from the previous theorem will be called canonical metrical connection on the
space L*".

Now we consider, more general case when the equations of movement for the non-holonomic,
sclerhonomic system are given by

dzxk dx’ dx _1

e (00— gk' OOF; (x, ¥) +A?(Nag(x) 5 y' =——. 4.7)

dt dt dt

where F,(x,y) is a d-tensorial field on TM and the Lagrange multipliers A° verify (3.6).
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We put
~ 1 o
2G5 () =T 00y'y’ =297 0OF; (%, ¥) =27 (x)ag () (4.8)
and the equation (4.7) give us the integral curves of the semispray
~ 0 ~. 0
S=y'—=-2G'(x,y)—.
Y o (x,y) oy (4.9)

This semispray S determine the non-linear connection N with the coefficients
9G' _oG' _10F'
oyl oyl 4oyl

N! = (4.10)
where F'(x,y)=g" (X)F;(x,y) and 2G*(x,y) =T (x)y'y’.

The study of the non-holonomic, sclerhonomic mechanical system will be made in Lagrange space
*" =(M,L*(x,v)), with the fundamental function L*(x,y) from (3.5) and the non-linear connection N
with the coefficients given by (4.10).

Using the non-linear connection N we can consider the adapted basis %%E to the
X

decomposition

T,(TM)=N, OV,, Ou=(x,y)OTM, (4.11)

- 6 _ 6 _~j 0
with > o N; (X’y)dy_j' (4.12)

We may construct the N -linear connection D, which preserves by parallelism the horizontal
distribution N and the tangent structure J is absolute parallel with respect D.

If DF(N~) = (L 2 (X Y), CJk (x,y)) are the coefficients of D in the adapted basis ? aj‘ Edenoting
X '
by 9 and gij|k the h-and v-covariant derivatives, then we have:
69. ~ 09;
g”‘k - J Llhgmj Ljhg|m1 g|]|k - yJ _Clh gmj _thglm (413)

It is not difficult to prove:

Theorem 4.5. In a non-holonomic Lagrange space L*" =(M,L*(x,y)) the following properties hold:
a)There exists a unique N -linear connection D on TM satisfying the axioms:
=0; gij|k:0; (4.14)

ik

T =0;S§ =0. (4.14)

) ij

b)The coefficients (I:ijk(x, y),C~}k (x,y)) of this connection are:



Camelia FRIGIOIU 8

=i 1 i 6g j 6g j i 1 i aFr
Li=>9 hHth-k + T - I: Ly ==Cu —7:
27 Hoxl  &* o« 471 gyl

Ci -1 gihHagh_k L9999y ci. (4.15)
27 Hoy! oy* oy

where (Lijk (%, y),C}k (x,y)) are the coefficients of the metrical connection N, from (4.6).

In conclusion: The Lagrange space L*"endowed with the non-linear connection N gives us a

geometrical model for the non-holonomic mechanical system X=(M, g,F;(X,Y),Q,).

o s
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