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On a cotangent form of a nonholonomic lagrangian
dynamics
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Abstract. A Lagrangian form of dynamic equations for nonlinear nonholo-
nomic constraints was studied by the first author in a previous paper. The aim
of this paper is to put these equations in a cotangent form, according to some
regularity conditions. It is particularized as an example to a decelerated motion
of a free particle, when some dual simple equations are obtained.

1 Introduction

The geometrization of nonholonomic systems is a historically outstanding problem in me-
chanics and geometry (see, for example [14]). In the study of nonholonomic systems one
give constraints of motion; most used and studied ones are those linear and affine in veloci-
ties. See, for example, monograph [6] and the citations therein. But nonlinear constraints are
also involved in nonholonomic mechanics; see, for example [20] and the citations therein.

The Chetaev principle, generally accepted in nonlinear constraint case, comes from the
following principle: take the variation before imposing the constraints, that is, not imposing
the constraints on the family of curves defining the variation. In this case we follow similar
arguments as in the linear and affine constraints in the above papers of A. M. Bloch and
we given a new form expressed in Theorem 3.1. Adapting these results in the case of time
dependent nonlinear constraints, we obtain a similar general result that applies in the cases of
generalized Chetaev case [16] or the examples therein.

Some criticism concerning Chetaev’s principle is drawn, for example, in [17, 18], where
some situations (as Appell machine) are presented as examples when Chetaev principle fails
to a real situation. Our goal was not to study the workability of Chetaev or generalized
Chetaev principle, but the possibility to put in an unitary form the dynamics equations coming
from linear, affine and regular nonlinear constraints.

The setting uses foliations. Nonlinear constraints, including linear and affine ones, are
considered for lagrangians, but following the classical bundle setting as used by A. M. Bloch
for linear and affine constraints [6]. The implicit forms of constraints and a link with the
Lagrange multipliers form of Euler-Lagrange equation can be considered.

Given a nonlinear constraint C, then an almost transverse semi-spray gives a C—semispray
S (Proposition 3.3) and a C—semispray S gives rise to an S—curvature R of C (Proposition
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3.4). An S—curvature R of C is considered, in the case of nonlinear constraints, extending the
cases of linear and affine constraints, when the curvature R of C appears more simply defined.

The result stated in Theorem 3.1 gives a synthetic form of linear and regular-nonlinear
cases. This result can be adapted to other situations; for example, in the case of time depen-
dent constraints, or of a time independent lagrangian (as studied in [16] and the examples of
the Appell-Hammel dynamic system in an elevator and the riemannian flow (see [20]).

In order to illustrate the constructions performed in the lagrangian case, some examples
are considered here: the linear and nonlinear Appell machine and a riemannian flow, which
is particularized to a decelerated motion of a free particle, as studied in [12, 22].

The main result of the paper is Theorem 4.1, where an alternative cotangent form to the
lagrangian form from Theorem 3.1 is given. For a decelerated motion of a free particle we
give both tangent and cotangent forms of its dynamic equations.

We notice that the lagrangian setting is based on the source [20].

We use basic constructions and results on vector bundles and foliations from [7, 19].

We notice also that almost all formulas obtained, except for some explicit situations, have
the same form in the simple (i.e. fibered manifold) case, as well as in the foliated case.

2 Preliminaries on foliations

Let us consider an (n+m)-dimensional manifold M, connected and orientable. A codimension
n foliation ¥ on M is defined by a foliated cocycle {U;, ¢;, fi j}.

Every fibre of ¢; is called a plaque of the foliation. The manifold M is decomposed into
submanifolds, called leafs of 7. If U C M is an open subset, then there is an induced foliation
Fu.

We denote by TF the tangent bundle to ¥ and by I'(TF") the module of its global sections,
i.e. the vector fields on M tangent to . The normal bundle of ¥ is NF = TM/T¥ . A vector
field on M is transverse if it locally projects to the transversal manifold.

A system of local coordinates adapted to ¥ are coordinates (x,x%), u = 1,...,m, it =
1,...,n on an open subset U, where ¥y is trivial and defined by the equations dx" = 0, it =
1,...,n.

A particular example of a foliation is a fibered manifold, called a simple foliation. In
particular, a locally trivial fibration.

There are elementary examples of simple foliations that come from no trivial fibrations
and the spaces of leaves are not Hausdorff separated.

3 Linear and affine constraints and Lagrangians
The linear case is a simple transcription to foliations of the fiber bundle case (as for example
Bloch’s monograph).

A linear constraint system of a foliation F is a left splitting of the inclusion TF — T M.
Since there is a short exact sequence of vector bundle morphisms

0-TF STM8 NF S0, (1)

it follows that the existence of a left splitting C of Iy is equivalent to the existence of a
right splitting D of the projection Iy, thus with an inclusion of N¥ in T M, via the injective
morphism D, that gives a decomposition TM = TF & HF, where HF = D(N¥). The
curvature of C is the bilinear map B : [(NF ) x [(NF) — I'(T¥) given by

B(X,Y) = C([DX),D(V)]). (@)
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The curvature has the form
B(X.7)=c(|x".7")). 3)

Using local coordinates: (x“, x*, y",y") — (x*, x*, y"+Cj(x", x")y")and the corresponding

Dis(x", 27, y) S (x*, x7, —Cl(x", XYy, y").
The curvature B of C has the local form

0 6 O o6 O
sl ) [ 4
0 Hx oxt’ §xb Oxt’ oxb “)

3 acy  aCy . UaCf—; U[)Cg 0
Lot oxm ? Hxb Toxv ) Oxt’
where i
0 0 d _
— = — = - — Cl_l u’ u .
oxt ( ox" ) oxt " o, x%) Oxt

The manifold is M = R3 x T? and the foliation is the simple foliation defined by the fibers
of the canonical projection R? x T? — T?. Consider the coordinates (x!, x?, x*) on R® and
(x', x?) on T?. The linear Appell constraints are given by the formulas

C' = Ry' cos x2,C% = Ry' sin %, C* = ry'. 5)
Using formulas (4), its curvature B has the coeflicients

1 _ -2 P2 2 p3 _
BTi = —Rsinx ’Bii = Rcosx ,BD =0. (6)
An affine constraint system of a foliation # is a fibered map D’ : N¥ — T M affine on
fibers. One can decompose D’ as

D'(X) = D(X) - b,

where D comes from a linear constraint C : TM — TF and b € I'(T'¥) is a tangent vector
field to . We can also define amap C’ : TM — T¥, by C'(X) = C(X) + b. In the affine
case, it can be easily seen that giving C and b is equivalent to giving D and b.
In a similar way one can extend the definition of an adapted Lagrangian L, asking that L
has the form .
L(X) = Lo(C'(X)) + L(TIy(X)) , X € X(TM), (7

where C is an affine constraint and TM = TM — {zero section}.

According to [6, Ch. 5], a covariant derivative of b, along a horizontal vector field X e
C(D(NF)), can be considered as a vector field Vgb € X(M) that projects by IIy on X. Using
local coordinates, if a linear constraint has the local form (3), then C (corresponding to D)
and D’ have the forms (3) and

G, 2,y 2 (a2, e, 1) — CH, XYy ®)

respectively. If

o ol 0 0
X=X - —Ci—|,
(c')x” ”c’ix”)

w @\ u a G wa
(x,x)—><x,x,Xy,X),

then

7
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where

o O 0
oooxt ot ox®
Using nonlinear constraints approach, studied in the next sections, the curvature R of D
can be expressed also by the formula

Ri_: 6iu = Haa"‘ CV] s CV] (7/u + Buvy ) aa

_ 0 L0
where Cy = (Cly" = b") o= +y" =
curvature is represented by a global tensor R € L(VNF,TFys), while Cy is not a tensor,
having only a local vector field form. This curvature and the covariant derivative play an
important role in [6, Sect. 5.2] to express the nonholonomic equations of motion, in the case
of linear and affine constraints.

Let us consider the endomorphism J € End (TN¥), induced by the projection of the
canonical almost tangent structure J € End (TTM).

We say that a map C : NF¥ — TM, viewed also as a section C € F(ﬂ’;\,TTM),

. According to Proposition 3.4 in the next section, the

is a nonlinear constraint if J(C) = T,. Using local coordinates, (x*,x%, y") 5
0 _ 0
Cu U u C Cu M —.
(", X", CH(xX, X0 "), '), o Y aa

Proposition 3.1 [20, Proposition 1]A nonlinear constraint gives rise to a left splitting C" or,
equivalently, to a right splitting D"’ of the exact sequence of vector bundle morphisms

7" ”

0— myzTF N g TM 3 e NF — 0. ®

It follows that there is an inclusion of 7y, N¥ in 7. T M, via the injective morphism D",
that gives a decomposition
g TM =y TF ® N'F, (10)

where N”F = D" (7}, -NF).
We say that F is a contravariant implicit constraint (or a con—constraint for short) if

e for every x € M and any transverse vector X, € N,F, there is a point in T.M N Cy that
projects on X,;

u
oy’
Analogously one define a covariant implicit constraint (or a cov-constraint for short).

The implicit form of constraints can be used to give an invariant form to the condition that
a covector type be a combination of partial derivatives of functions that give the constraints;

for example, in nonholonomic mechanics, the Chetaev condition reads that the covector giv-
ing the Euler-Lagrange derivative is such a combination.

e the local matrices ( (z)) are non-singular in all z € Cp.

Proposition 3.2 [20, Proposition 2]Let E : T — T*M be a fibered manifold map over the
base M. If E = E, dx" + E,;dxﬁ has the property

ll u

0!

)sEIZ -

on Cr, for a given con-constraint F, or

vaFVuﬁuﬁ _ vaFUuﬁuit
Euzz/la—yu(x,x,C,y),E,;—Z/la—yﬂ(x,x,C,y)
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on Cp, for a given cov-constraint F, then the following identity holds true:
oc
Eq+ Z ——E,=0.

Nonlinear constraints lift to linear constraints of the natural lifted foliation ¥y# on NF .

The formulas C% = ‘?,i , C = 0 give rise to a linear constraint on Fy¢, i.e. a splitting (left C

or right D) of the exact sequence

I 1T,
0 - TFyy — T(NF) = NFyg — O. (11)

An almost transverse semi-spray is a (non-necessarily foliated) section § : N — NNF
that is a section for both vector bundle structures on NNF over N¥ (one of usual vector
bundle, the other one induced by the transversal component of the differential of the canonical
projection N — M, as a foliated map). In the case of the trivial foliation by the points of
M, we recover the definition of a semi-spray on M.

Proposition 3.3 /20, Proposition 3]If S € F(N]V?f' ) is an almost transverse semi-spray and
C : N — TM is a nonlinear constraint, then there is a unique vector field S € X(NF) that
projects by TNF — NNF and TNF — TM to S and C respectively.

As a historically representative nonlinear example is the nonlinear Appell constraint, de-

_ 9 : S

fined as follows. Take the foliation of R) = R*\{0} generated by P Denote x = x', y = x*
4

and z = x! and consider the nonlinear constraint given by the implicit equation
7\2 5\2 2
(o) +())-(u') = 0. 0. (12)

T3 ) 2
We can consider y! = C! (yl,yz) =a (yl) + (y2>
Formula for the nonlinear constraints is

2 L xi % 0 Xzig X'+ X'yl + X% | o

ox! ox! 0x? (yi)z +(y2)2 axt”

—T

Let us consider N'F = NF X Ror N'F = NF x S! and the foliation ¥ on NTF is
induced by the foliation ¥ = Fys on NF, such that the canonical projection NF — NF is
a diffeomorphism of leaves, thus the new parameter is transverse. A time dependent nonlinear

constraint on M is amap C : N'F — TM, viewed also as a section C € F(”NTTTM)’ such

that J (C) = T,. Using local coordinates,
o . _ 0 =0
@2y 1) S (U 0.y, C = O (13)
ox+ ox"
There is an exact sequence, induced by (9):

"

0 = ey TF = T TM 3 nN,¢N7-” - 0. (14)

As in the time independent case, a time dependent nonlinear constraint on M gives also rise to
a left splitting C” or, equivalently, a right splitting D" of the exact sequence (14). Analogous
decomposition as (10) can be obtained.
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Proposition 3.4 [20, Proposition 4]If C : Nf — TM is a nonlinear constraint and S €
X(NF) is a C—semispray, then the local formula

0 _0rct 9 0
—||—.Cy|,C SV— =RY s 15
Hay“ V} V} * Oyt oy’ Ox* “ 9xu as)

0

dx™.
(9x”® X

gives a global tensor R € LIVNF, T¥ys), R = R: (x*, x°, ")

In local coordinates:

d o*cH I eu ac*  9C' oCc*\ 9
- — | =[C" - o - | —. 16
[CV’ [CV’ 6yuH (€ st * vt ~ 3~ G ) (9

The nonlinear constraints effect on Lagrange equations, as for linear and affine constraints
in Bloch monograph has the form:

d oL 0L S+ d oL 0L S = 0
= _ = sxt =0,
dt oy*  Ox* dt oy*  Ox*

ox" + C;6x'2 =0,

u
where Cj = —. One obtain the induced constrained Lagrange equations:

a7

4oL oL\ (4oL o)
dt dy*  Oxt “\droyr  oxv)

As we see below for implicit nonlinear constraints, these equations are concordant to
Chetaev conditions.
A nonlinear constraint C € F(nj‘w__TM) can be viewed as a map C : N — TM, thus

. . - c L )
any lagrangian L : TM — R induces by composition N — TM — R a new lagrangian
L. = Lo C on N7, called the constrained lagrangian:

Le(x", x", y") = L(x", x", C", y"). (18)

Proposition 3.5 [20, Proposition 6]If the lagrangian L is C—regular, then the integral curves,
solutions of equations of motion of the extended nonholonomic system, are the integral curves
of a C—semispray S.

Let us denote by £ the Legendre map of L. The statement below contains the main result
of the paper. It gives all the equations of motion in the same form as in [6], all in presence of
constraints adapted to a regular foliation.

Theorem 3.1 [20, Theorem 4.1]Let L : TM — R be a lagrangian, C : N — TM be a
nonlinear constraint and L, = L o C be the constrained lagrangian. If one of the following
conditions holds:

1. Lis C—regular, or
2. Cis a linear constraint, or

3. C is an affine constraint
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then the constrained Lagrange equations (17) have the form
0L =(R, L),
or, using local coordinates,

doLe O 0L _ 0L,
dr oyt Oxt  Toxv oy "

where, in the first case, R is the S—curvature of C and S is the almost transverse semi-spray
canonically associated, and, in the last two cases, R is the curvature of C.
4 Cotangent / Hamiltonian form

Let us suppose that the induced lagrangian L, is regular and denote by 4™ its hessian. The
inverse of its Legendre map has the form (x*, X7, p;) — (x*, %%, y° = h° (X%, x°, py)).

We have

Oh® _ o

dps '

Oh® oL 0’L aC”\ .- -
=—|—+ ———— | " = —h;; )",

ox? (vaay” oy oy* 6x”)

on”® oL PL oC*\ .. . -

—_— st | " = —hgghuw.

ox? (6x”6y” Oy oy Ox”)

Then equation (17) becomes

dt

+ (e — hhwhw) W

(hag + Clhyg) B — % + Cl (o = huh™hy) C*

0*L ocv oL
+ — - =0,
oy oy* or  ox*

dx’ I ’
since d); =C" (x”,xu,h”),z ;t =n (XU;XU’PD) X )
0 OL o°L 0°L 0°L 0°L
But h[“‘) = —7— = — + Cy—,, thus hﬁD + Cl—lhug = — + C“ - +
ayu 6yv 8yuayv u ayuayv u ayuayv u ayuayu
&L &L

u

o +
u alluayu aywayu

CyCy is the restriction of the Hessian of L to the constrained manifold.

_ _ \-1 .
Theorem 4.1 Let us denote H = (h,]p + C;hua) h". If there exists (Hff) = (Hg‘),then the
constrained Lagrange equations (17) have the cotangent form

dplb il O0H u 7 _1,10 v
7 + HII) (axﬁ + Cﬁ ((hvu - hvt‘h ]’lug) C
. o 5 aocY  OH
uty _ —
+ (I = aahhg) 1+ guu = + = )) =0, (19)
_ _ _ _ _ 0*L

where H (x", X", pu, pa) = puC" + pah® (X", x", pz) — L(x", x",C", h") and g, = EwE
y* oy

correspond to the inverse of the Legendre map.
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5 An example: a riemannian flow

As an example, one can consider a riemannian flow on a manifold M, i.e. a one-dimensional
riemannian foliation. The Lagrangian is not time dependent, but the constraints are. Thus
there are given on M:

- a one-dimensional distribution (given, for example, by a non-vanishing vector field Xy) and

- a bundle-like metric g.

Using local coordinates (x', x") on M, adapted to the foliation, the vector field X, and the
quadratic lagrangian of the metric g have the local forms

Xo = x° (xo,x‘_) %,
L(x, 2" 4" y") = %go (2, ) (s°) + %gua (") vy,

where Y = y* + '} (xo, xﬁ). We notice that gy can be taken 1 only in the case when the
orthogonal distribution to the riemannian flow is integrable.
A quadratic time-dependent constraint has the form

L(x', ¥y y") = %w(t)

This applies in the particular case of a decelerated motion of a free particle, studied ini-
tially in [12] and then in [22], where the explicit form of the trajectories are obtained. In this
case (1) = %, when @ = 2 1.

We have

=27 (20)

0

5 - d
It follows that ¥ = ¢; /. Since y° = ;t

, it follows that the trajectories have the local form
XE = ng) (t) + dp,

where ¢; and d; are constants and @ (¢) € f Vo (H)dt, i.e. a primitive of /¢ (¢).
In the hamiltonian form, we obtain

dp; _ ﬁp-
dt 20"

thus in accordance with formula (20).
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