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ABSTRACT. A k-symplectic framework for classical field theories subject to
nonholonomic constraints is presented. If the constrained problem is regular
one can construct a projection operator such that the solutions of the con-
strained problem are obtained by projecting the solutions of the free problem.
Symmetries for the nonholonomic system are introduced and we show that
for every such symmetry, there exist a nonholonomic momentum equation.
The proposed formalism permits to introduce in a simple way many tools of
nonholonomic mechanics to nonholonomic field theories.
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1. INTRODUCTION

During the past decades, much effort has been devoted to the differential geo-
metric treatment of mechanical systems subject to nonholonomic constraints. To
a large extent the growing interest in this field has been stimulated by its close
connection to problems in control theory (see, for instance, [7) [10]). In the litera-
ture, one can distinguish mainly two different approaches in the study of systems
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subjected to a nonholonomic constraints. The first one, commonly called nonholo-
nomic mechanics, is based on the d’Alembert’s principle. This principle specifies
from the constraints a subbundle of the tangent bundle, representing the admissible
infinitesimal virtual displacements. The second one is a constrained variational ap-
proach called vakonomic mechanics [2]. As is well know, the dynamical equations
generated by both approaches are in general not equivalent [I1].

In this paper we will study an extension of nonholonomic mechanics to classical
field theories with external constraints. Nonholonomically constrained field theories
have already been studied in the literature. The mathematical framework for a
nonholonomic field theory that has been proposed in [6] involves, among others, a
generalization of d’Alembert’s principle and of the so-called Chetaev rule that is
commonly used in nonholonomic mechanics to characterize the bundle of constraint
forms representing the admissible reaction forces. The constrained field equations
for classical field theories, are then derived in a finite-dimensional multisymplectic
setting. In [42] the authors continue and extend the work described in [6].

The multisymplectic formalism, was developed by Tulczyjews school in Warsaw
(see, for instance, [2I]), and independently by Garcia and Pérez-Rendén [13] [14]
and Goldschmidt and Sternberg [16]. This approach was revised, between others,
by Martin [30, BI] and Gotay et al [I7] and, more recently, by Cantrijn et al [9] (see
also [25] and references therein).

An alternative way to derive certain types of the field equations is to use the
k-symplectic formalism. The k-symplectic formalism is the generalization to field
theories of the standard symplectic formalism in Mechanics, which is the geomet-
ric framework for describing autonomous dynamical systems. In this sense, the
k-symplectic formalism is used to give a geometric description of certain kinds of
field theories: in a local description, those theories whose Lagrangian does not de-
pend on the base coordinates, denoted by (¢!, ..., t*) (in many of the cases defining
the space-time coordinates); that is, the k-symplectic formalism is only valid for
Lagrangians L(q*,v%) and Hamiltonians H(q’, p/*) that depend on the field coordi-
nates ¢* and on the partial derivatives of the field v, or the corresponding moment
pf. A more general approach has been given in [29] using the k-cosymplectic for-
malism.

Ginther’s paper [19] gave a geometric Hamiltonian formalism for field theories.
The crucial device is the introduction of a vector-valued generalization of a sym-
plectic form, called a polysymplectic form. One of the advantages of this formalism
is that one only needs the tangent and cotangent bundle of a manifold to develop it.
In [34] Giinther’s formalism has been revised and clarified. It has been shown that
the polysymplectic structures used by Giinther to develop his formalism could be
replaced by the k-symplectic structures defined by Awane [3,[4]. So this formalism
is also called k-symplectic formalism (see also [26] 27, 28] [29]).

Let us remark here that the polysymplectic formalism developed by Sardanashvily
[15] [39] [40], based on a vector-valued form defined on some associated fiber bundle,
is a different description of classical field theories of first order than the polysym-
plectic (or k-symplectic) formalism proposed by Giinther (see also [20] for more
details). We must also remark that the soldering form on the linear frames bundle
is a polysymplectic form, and its study and applications to field theory, constitute
the n-symplectic geometry developed by L. K. Norris in [32, [35, [36, 37, [38].

The purpose of this paper is to give a k-symplectic setting for first-order classical
field theories subject to nonholonomic constraints. In the k-symplectic setting
we will construct, under an appropriate additional condition, a kind of projection
operator that maps solutions of the free problem into solutions of the constrained
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problem. Nonholonomic symmetries are introduced and we show that for every
such symmetry, there exist a nonholonomic momentum equation which reduces to
a conservation law when the constraints are absent.

We analyze some particular cases, for instance, the case of a constraint subman-
ifold M obtained as k-copies of a distribution D in () has special interest. In this
particular case, we construct a distribution H on T}Q = TQ® .%. TQ (i.e. the
Whitney sum of k copies of T'QQ) along M such that for each w, € M, H,, is
a k-symplectic subspace of the k-symplectic vector space (T, (T} Q),wi (wg), .. .,
Wk (wq); V(wg)) where (wi,... ,wk; V) is the k-symplectic structure obtained from
L. Thus if we restrict the k-symplectic structure of T1'Q to H, the equations of
the constrained problem take the usual form for a free problem at each fibre of H.
This procedure extends that by Bates and Sniatycki [5] for the linear case.

The scheme of the paper is as follows. In Section 2] we recall some basic ele-
ments from the k-symplectic approach to (unconstrained) Lagrangian classical field
theories. In SectionBlwe discuss the construction of a nonholonomic model for first-
order Lagrangian Classical field theories with external constraints and we obtain
the corresponding nonholonomic field equations. Next, in Section [ we construct,
under an appropriate additional condition, a projection operator which maps so-
lutions of the free problem into solutions of the constrained problem. In Section
we derive the nonholonomic momentum equation. In Section [6] we analyze some
particular cases and in Section [ we briefly analyze the Hamiltonian case. Finally
in Section [8 we conclude with some general comments.

All manifolds are real, paracompact, connected and C'°°. All maps are C*°. Sum
over crossed repeated indices is understood.

2. k-SYMPLECTIC LAGRANGIAN FIELD THEORY

2.1. Geometric elements.

2.1.1. The tangent bundle of k'-velocities of a manifold. Let 7q : TQ — Q be the
tangent bundle of Q. Let us denote by 7}}Q the Whitney sum 7Q® .*. &T'Q of k
copies of TQ, with projection 7 : T} Q — Q, T(Vigs - -+ Vkq) = q, Where vaq € TqQ,
1<A<LE.

T!Q can be identified with the manifold J§ (R¥, Q) of the k'-velocities of Q, that
is, 1-jets of maps o : RF — Q with source at 0 € R*, say

JNRFQ) = TQ® .*. oTQ
j&qa = (Vig>--->Vkq)
where q = 0(0), and vaq = 0. (O)(a% 0). T!Q is called the tangent bundle of

kl-velocities of Q (see [33]).
If (¢%) are local coordinates on U C @ then the induced local coordinates (¢, v?),
1<i<n,onTU = Tél(U) are given by
qi(vq) = qi(Q)a Ui(vq) = Uq(qi)

and the induced local coordinates (¢*,v%), 1 <i<n,1 <A<k, on T} U =771(U)
are given by

qi(vlqa cee 7vkq) = ql(q)a Ufé&(vlqa cee ,’qu) = UAq(qi) .
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A. Vertical lifts of vector fields from Q to T.Q.

Definition 2.1. For a vector Xq € T,Q, and for A=1,...,k, we define its vertical
A-lift (Xq)Y as the local vector field on the fiber 771(q) C T} Q given by
d
(Xq)VA (wgq) = ﬁ(vlq’ VA1 VAq t 85X gy VAtigs - - s Vkq) o

for all points wq = (vig, ..., Vkq) €T () C TEQ.

. 0
In local coordinates, if Xq = a* =—| then

Bql}q
(Xa) VA (1rq) = 0 =2

— 2.1
@ ovy (2.1)

Wq

If X is a vector field on @ then we define its vertical A-lift to Tle, 1< A<LE,
as the vector field XV4 given by

. 0 . 0 . 0
Va _ [ . Va _ 7 ‘ _ 7 i
X" (wg) = (X*(a) o0 q) (wgq) = X"(aq) AN (X" o7)(wq) A
then
Va i 9
XA = (X 07') _
ovy
where X = X? a,.
aqt

B. Complete lift of vector fields from @ to Tle.

Let ® : Q — Q be a differentiable map then the induced map T} ® : TLQ — T} Q
defined by T ®(jlo) = j3(® o o) is called the canonical prolongation of ® and, it
is also given by

T (v1g. . tkq) = (Bu(@(v1g). - u(@)(vig)) -
where v1q,...,Ukq € TqQ, q € Q.

If Z is a vector field on @), with local 1-parametric group of transformations hg :
Q — @ then the local 1-parametric group of transformations T} (hs) : TR Q — TQ
which is the flow of the vector field Z€ on T!Q, called the complete lift of Z. Its
local expression is

o . ;07" 9

72°¢=7"—= — 2.2
8q7’ U4 8qj a’UfZ ’ ( )
. 0
where Z = 7' —.
oq*
C. Canonical k-tangent structure.
The canonical k-tangent structure on TQ is the set (S*,..., S*) of tensor fields

of type (1,1) defined by
SA(wq)(qu) = (7« (wq)(qu))vA (wq), forall Zy, € Ty, (T Q), wWq € T; Q,
for each A =1,..., k.

From (Z1)) we have in local coordinates

ga- 2 ® dg (2.3)
ovYy
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A
The tensors S can be regarded as the (0,...,0,1,0,...,0)-lift of the identity tensor
on @ to T} Q defined in Morimoto [33].

In the case k = 1, S! is the well-known canonical tangent structure (also called
vertical endomorphism) of the tangent bundle (see [12| [1I8, 22]).

D. Canonical vector fields.

Let us denote by A the canonical vector field (Liouville vector field) of the
vector bundle 7 : T}'Q — Q. This vector field A is the infinitesimal generator of
the following flow

VR TIQ — THQ V(s V1, -+ Vkq) = (€°V1q, -+, € Vkq),

and in local coordinates it has the form

A:ZZWB%%.

i=1 B=1

A is a sum of vector fields Ay + ...+ Ag, where each A, is the infinitesimal
generator of the following flow 4 : R x TLQ — T1Q:

A
¢ (S,’Ulq, ‘e ,’qu) = (’Ulq, ‘e ,’UA_lq,es UAqva—‘rlq; ‘e ,qu)

and in local coordinates each A 4 has the form

n ; a
AA:ZUA(M 1<A<k. (2.4)
i=1

2.1.2. Second-order partial differential equations in Tle.
k-vector fields and integral sections.

Let M be an arbitrary smooth manifold.

Definition 2.2. A section X : M — T!M of the projection T will be called a
k-vector field on M.

Since T} M is the Whitney sum TM& .%. &TM of k copies of TM, we deduce
that to give a k-vector field X is equivalent to give a family of k vector fields
X1,..., X, on M defined by projection onto each factor. For this reason we will
denote a k-vector field by (X1, ..., Xk).

Definition 2.3. An integral section of the k-vector field X = (X1, ..., Xk), passing
through a point q € M, is a map : Uy C RF — M, defined on some neighborhood
Uy of 0 € R¥, such that

P(0) = q, ¥« (t) <6%L) =XA(0t)) , fortelUy,1<A<Ek

or, what is equivalent, 1 satisfies that X o = ), where (1) is the first prolon-
0

gation of v to T} M defined by
0
ﬁ t) 771/)*(1—’) <ﬁ t)) .

Yy UycRF — TIM
t — PW(t) = by = <1/)*(t)<

A k-vector field X = (X1,...,Xk) on M is integrable if there is an integral section

passing through every point of M.
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In local coordinates, we have

. e
POt = (W(tl,...,t’“), afA(tl,...,t’“)) J1<A<k 1<i<n, (2.5)
and v is an integral section of (Xy,...,X}) if and only if the following equations
holds:
oYt i .

In the k-symplectic formalism, the solutions of the field equations are described as
integral sections of some k-vector fields. Observe that, in case k = 1, the definition

of integral section coincides with the usual definition of integral curve of a vector
field.

Second-order partial differential equations in T} Q.

The aim of this subsection is to characterize the integrable k-vector fields on
T} Q whose integral sections are first prolongations ¢ of maps ¢ : R¥ — Q.

Definition 2.4. A k-vector field £ = (&1,...,&) on TEQ, is called a second order
partial differential equation (SOPDE) if it is a section of the vector bundle T\t :
THTIQ) — TLQ; that is,
Tiro(&,..., &) = ldrg
or equivalently
Te(wq)(§a(wg)) = va, forall A=1,...k,

where wgq = (v1g, ..., vk,) € TEQ.

In the case k = 1, this is just the definition of a second order differential equation
(SODE).

From a direct computation in local coordinates we obtain that the local expres-
sion of a SOPDE & = (&1,...,&) is

o .0 . 0
alq'vi) =vas5+(Ca)pmry 1<SA<EK, (2.6)
dq ovg

where (£4)% are functions on T} Q.

If ¢ : Rk —>‘T,€1Q is an integral section of & = (&1,...,&k), locally given by
P(t) = (Y'(t),¢¥5(t)), then from Definition and ([Z06) we deduce

oy’ i 0 i

e YO | OV AT @)

From (Z8) and (21 we obtain the following proposition.

Proposition 2.5. Let £ = (&1,...,&k) be an integrable SOPDE. If ¢ is an integral
section of & then v = ¢, where (1) is the first prolongation of the map ¢ = To1p :
RF % TQ 5 Q, and ¢ is solution to the system of second order partial differential
equations

¢t

alig . )
—i5 () = (§a)B(8'(t), 9:C (t)) 1<i<n;1<AB<k. (2.8)

ottot?
Conversely, if ¢ : RF — Q is any map satisfying (Z3) then ¢V is an integral
section of & = (&1,...,&k). ]
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From (Z8) we deduce that if £ is an integrable SOPDE then (£4)% = (€)Y for
Al A,B=1,....k

The following characterization of the SOPDE’s, using the canonical k-tangent
structure of T}}Q, can be obtained from [23)), Z4) and (Z.6).

Proposition 2.6. A k-vector field £ = (&1, ..., &) on TEQ is a SOPDE if, and only
if, SA(€a) = Aa, foral A=1... k.

(Proof) This is a direct consequence of the local expressions (Z3)), (Z4) and
(Z0) of S, A4 and &4, respectively. n

2.2. Lagrangian formalism: k-symplectic Lagrangian systems. Consider a
Lagrangian function L : T} Q — R. We now define the action integral

3(6) = /U (Lo M) (),

where d*t = dt' A...Adt* is a volume form on R¥, ¢ : Uy C R* — Q is a map, with
compact support, defined on an open set Uy and ¢ : Uy ¢ RF — TLQ denotes
the first prolongation of ¢. A map ¢ is called an extremal for the above action if

d
%3(7-5 o Qb)

for every flow 75 on @ such that 74(q) = q for all q in the boundary of ¢(Up). Since
such a flow 7 is generated by a vector field Z € X(Q) vanishing on the boundary
of ¢(Uyp), then we conclude that ¢ is an extremal if and only if

/UO ((LZCL) o ¢<1>) (t)d"t =0,

for all Z satisfying the above conditions, where Z¢ is the complete lift of Z to T} Q.

=0
s=0

.0
Putting Z = Zlﬁ, taking into account the expression (22) for the complete lift
q .
Z°¢ and integrating by parts we deduce that ¢(t) = (¢*(t)) is an extremal of J if

and only if
/ iﬁﬂpﬂ )2
Uo otA It 81}2 »M (1) aqi

A=1
for all values of Z%. Thus, ¢ will be an extremal of J if and only if
. (2.9)

iﬁ_@£ >_%
— otA le \ 9vy lo (¢) g 1o (v)

The equations (29 are called the Fuler-Lagrange equations for L.

] Zid*t =0,
M (t)

We will now give a geometric version of the above equations.

We introduce a family of 1-forms 02 on T{Q, 1 < A < k, using the k-tangent
structure, as follows
0 =dLoS* 1<A<Ek,

which are locally given by

oL
GA - - dql
ovy
If we denote by wi = —df7, in local coordinates we have
; oL O*L ; ; 0L ; ;
A 7 _ 7 7 J
wy =dg' Nd — | = z—=—=dq" Nd¢’ + ———dq" Ndvy . 2.10
L =dg (3Uf4> R B e (2.10)
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Definition 2.7. The Lagrangian L : T}Q — R is said to be regular if, and only

. . 0?L . )
if, the matric | ——— | is not singular.
v’y v
Remark 2.8. Let us observe that L regular if and only if (w?,...,w¥) is a polysym-
pletic form and (wi,...,w¥;V = Ker,), is a k-symplectic structure (see [34]) (See

appendix for the introduction of some basic concepts on k-symplectic vector spaces).
o

Since (TEQ,wt,...,wk;V) is a k-symplectic manifold (see Appendix), we can
define the vector bundle morphism,

0L THTNQ) — TH(TQ)

X=(Xy,...,.Xp) QﬁL(Xl,...,X)—tracerBwL ZZXAwL

We now denote by X% (T}Q) the set of k-vector fields &, = (€1,...,&F) on T'Q
which are solutions to the equation
where E;, = A(L) — L. The famlly (TEQ,wi, Er) is called a k-symplectic La-
grangian system. If each &7 7 is locally given by
9 9
A Avi Y AN i
& = (&) g + (fL)B—avjg )

then (€1,...,€%) is a solution to (I if, and only if, (£7)? and (£41)% satisfy the
system of equations

0°L — 0°L (&) — 627[’ (gA)j = ﬁ _oL
dgiow),  0gi vy r vl dv LB A@qiavi 9q"’
9*L Avi o’L
j i (gL) = J ; A
OvpOvy Ovp0vy

If the Lagrangian is regular, the above equations are equivalent to the equations

PL ;oL oL
B i <i<n1<A<E, 9.12
8qj avh A 8’UA8’UB (é‘L ) a i ( )

and , ,
(7)" = vl - (2.13)

Thus, if L is a regular Lagrangian, we deduce:

o If &, = (£1,...,&F) is solution of (ZITI), then it is a SOPDE, (see (Z13)).
e There are solutions of (ZI1)) in a neighborhood of each point of 7}'Q and,

using a partition of unity, global solutions to (2IT]).

e Since &, = (€1,...,€%) is a SOPDE, from Proposition 25 we know that if
it is integrable then its integral sections are first prolongation ¢(*) : R¥ —
TLQ of maps ¢ : R¥ — @, and from (ZI2) we deduce that ¢ is solution of
the Euler-Lagrange equations (2.9]).

So, equations (ZII)) can be considered as a geometric version of the
Euler-Lagrange field equations.

o The equation (ZIT)) in the case k = 1 is 1cwy, = dEy, that is the dynamical

equation of the Lagrangian formalism in Mechanics.
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Along this paper the family (7}Q, w3, Er) will be called a k-symplectic La-
grangian system.

3. NONHOLONOMIC LAGRANGIAN CLASSICAL FIELD THEORY

We now bring constraints into the picture. Suppose we have a Lagrangian k-
symplectic system on T}Q, with a regular Lagrangian L. Let M — T}Q be a
submanifold of T}!Q of codimension m, representing some external constraints im-
posed on the system. Although one can consider more general situations, for the
sake of clarity we will confine ourselves to the case that M projects onto the whole
of @, i.e. 7(M) = @ and, the restriction 7|5 : M — Q of 7 to M is a (not necessarily
affine) fibre bundle.

Since M is a submanifold of T}}Q, one may always find a covering U of M con-
sisting in open subsets U of T} Q, with M N U # ), such that on each U € U there
exist m functionally independent smooth functions ®, that locally determine M,
ie.

MNU = {wg = (v1g,-..,0k,) € TRQ| Pa(wg) =0 for 1< a<m}.

The assumption that 7| is a fibre bundle implies, in particular, that the matrix
(09,/0vY)(wq) has maximal rank m at each point wqg € MNU.

3.1. The bundle of constraint forms. We now introduce a special subbundle F’
of rank m of the bundle of R¥-valued 1-forms on T}}Q defined along the constraint
submanifold M. The elements 1 of F are R*-valued 1-forms defined along M which
are semi-basic, i.e. n vanishes on the 7-vertical vector fields.

The bundle F is locally generated by m independent R¥-valued 1-forms 7, that
locally read
o = (s, ) = (Maidd’, - .1 4dd") | (3.1)
for some smooth functions 72, on M C T}}Q. The independence of the forms 7,
clearly implies that the m X kn-matrix whose elements are the functions nfi, has
constant maximal rank m (let us observe that m is exactly the codimension of M).
F is called the bundle of constraints forms.

Remark 3.1. One interesting case is when F' is determined by M through ap-
plication of a “Chetaev principle”. If the constraint submanifold is giving by the
vanishing of m functionally independent functions ®, on T}Q, F is generated by
the following R*-valued forms:

0By, 0D,
ot q""’av,g

Na = (ST (dDy), ..., S (dD,)) = ( dq') .

<&

3.2. The constraint distribution. In the sequel, we will show that the constraint
bundle F' gives rise to a distribution § along M, called the constraint distribution.
As above, take F' generated by m RF-valued 1-forms 1, = (n},...,1*) of the form
G.D.

Firstly we introduce the following vector bundle morphisms
0 T(THQ) — (L) (ThQ)
X = O (X)=(xwh,. .. axwh),

where for an arbitrary manifold M we denote by (Tkl)* M the Whitney sum T* M@ .%.
@T*M of k-copies of T*M.
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For each a, (a = 1,...,k), let Z, € X(T;Q) be the unique local vector field on
T'Q defined by

7e(Za) =0 and Q) (Za) = — 1. (3.2)
If we write 5
Zo = (Zo) == + (Za)y—
(#) 5  Gelb s
we deduce from (ZI0) and B2) that
(Za)' =0, (Za)pmrmt =44
Ovpovy

which determines the (Za)fg uniquely, since L is supposed to be regular.
One obtains that:

’ 9
A
Za:WIZJBnaia VK
U

vty O
The independence of the vector fields Z,, is consequence of the independence of
the 1-forms 7n,. Thus the vector fields Z, span a m-dimensional distribution §,

which we will called the constraint distribution. This distribution 8 will be used in
Section (@l

. 27,
where (W}5) denotes the inverse matrix of the Hessian matrix <7> .

3.3. The nonholonomic field equations. Summarizing, we are looking for a
nonholonomic field theory built on the following objects:

(i) a regular Lagrangian L;

(ii) a constraint submanifold M < T}}@Q which can be locally represented by
equations of the form ®,(q¢",v%) =0 for &« = 1,...,m, where the matrix
(0®,/0v") has maximal rank m;

(iii) a bundle F of constraint forms and an induced constraint distribution
8, both defined along M, where F' is generated by the m independent
semibasic R*-valued 1-forms (B.1)).

To complete our model for nonholonomic field theory, we now have to specify
the field equations. We will now introduce the definition of a solution of the non-
holonomic constrained problem using a generalization of d’Alembert’s principle.

3.3.1. The d’Alembert’s principle. Proceeding as in the case of unconstrained field
theories, we introduce the following definition:

Definition 3.2. A map ¢ : Uy C RF — Q defined on an open set Uy C Q with
compact support, is a solution of the constrained problem under consideration if
M (Uy) € M and

[ (€znyosm) @it o,

Uo

for each vector field Z on @ that vanish on the boundary of ¢(Uy) and such that
1zc1) = 0 (33)

for all n of the bundle F of constraint forms.

.0
Putting Z = Z lﬁ and taking into account the expression (2:2) for the complete
q
lift Z¢, it is easily seen that the condition (B3] translates into
ndZ=0, 1<a<m, 1<A<Ek,
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where 72, are the coefficients of the constraint forms introduced in (B

One can verify that ¢(t) = (¢%(t)) is a solution of the constrained problem if

and only if
/ > 2 ())&
Uo otA ¢ 81}2 oM (t) aqi

A=1
for all values of Z satisfying (3.3).

Therefore, a solution ¢ would satisfy the following system of partial differential
equations:

oL - 2’“: 9 <8L
9q' ety 4= 0t e \ vy

1 Zid*t =0,
M (t)

_ ya A (1) _
qb(l)(t)) /\Ana1(¢ (t)) (Z 1,...,n),

(3.4)
o.(6V() = 0 (a=1,...,m).
As usual, the (a priori) unknown functions A4 play the role “Lagrange multipliers”.

The equations (B4 are called the nonholonomic Lagrangian field equations for the
constrained problem (compare with [42]).

3.3.2. Geometric description of the nonholonomic Lagrangian field equations. Con-
sider the following system of equations:

O (X1,..., X)) —dEp € (B, XaeTM, 1<A<k (3.5)
along M.
One obtains

Proposition 3.3. Let X = (X1,...,Xx) be an integrable k-vector field solution of
(35). We have
(i) X =(Xy,...,Xk) is a SOPDE.
(ii) If M) = (¢'(t),D¢" /Ot™) is an integral section of X then ¢ is solution of
the nonholonomic Lagrangian field equations [34).

(Proof) Let X = (X7y,..., X)) be an integrable k-vector field solution of (B3H).
Taking into account that nZ = nZ.dqg", (see (B.I)) one obtains that the equation
B3) can be written as follow:

k
D ixwit —dEL = A3 0, dg’ (3.6)
A=1

where E;, = AL — L.
If each X 4 is locally given by

.0 0
Xa=Xa) 5z o,

then (Xi,...,X}) is a solution to (B.6) if and only if (X 4)" and (X )% satisfy the
system of equations

+(Xa)5

0%L 0*L . ;

— — — Xa4) =

<8qi8vf4 aqﬂavaX) ((Xa) va)
0? 0%L oL
J g _ 7= — \a B

8q]8111 ( A) 8’[}‘738 f4( A)B aq1> B 'laq»
82L [ 7

((Xa)' —v}) =
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If the Lagrangian is regular, then (X4)/ = Ui‘, that is (X1,...,Xx) is a SOPDE,
and the above equations are equivalent to the equations
0’L 0%L . 0L
Aqi O’ Va o (Xa)i
q’ 0V, ovYy Ovyg

B_a_qi = —)\%7’]51 (z:l,,n)

(3.7)
(Xa) = vy (A=1,....k).

We will now prove (44).
Let ¢ = (¢'(t), 04’ /Ot*) be an integral section of (X1, ..., X}) passing through
a point wq € M, that is,
g . 0%
=, (Xa)poeM=_—""1\. 3.8
g Xa)5 o0 = g (3:8)
Substituting (38)) in the first group of equations ([B.1]) we obtain the equations

A (2..)-2
- otA It (’91}2 oM (t) (’9qi
which are the first group of equations in (3.4]).
Finally, from (38 and since X A|M € TM we have
_ i %a j 0%, 09" 09, N ¢l 00,  0(Pg 0 o)
- A og Bovl, ~0th og' " 0tAotB gvf,  oth e
then ®,0¢() is a constant function and since ¢(1) (0) € M one obtains @, (¢ (0)) =

0 and thus @, (¢ (t)) = 0, that is, the second group of the equations in (Z4).
Therefore, we conclude that ¢ is solution to the equation (34). ]

PN (0) =wq e M, v} 0V

_/\% 7]51(¢(1)(t)) (izla"'vn)v

s

0= XA(Pn)

+ (Xa)

4. THE NONHOLONOMIC PROJECTOR

The purpose of the present section is to show that for a nonholonomic first-order
field theory in the sense described above, one can construct, under an appropriate
additional condition, a projection operator which maps solutions of the equation
2II) for the unconstrained Lagrangian problem into solutions of the nonholonomic
equations (B.0).

Given a constrained problem with regular Lagrangian L, constraint manifold
M C T}}Q and constraint distribution 8, we now impose the following compatibility
condition: for each wq € M

T M N 8(wq) = {0} . (4.1)

If M is locally given by m equations ®, (¢, v,) = 0 and, if 8 is locally generated
by the vector fields Z,, (see Subsection B2), a straightforward computation shows
that the compatibility condition is satisfied if and only if

det(Za(Pp)(wq)) # 0,

at each point wq € M. Indeed, take v € T, (M N §(wq). Then v = v*Z,(wgq), for
some coefficients v*. On the other hand, 0 = v(®g) = v*Z,(Pg)(wq). Hence, if the
matrix (Zo(®g)(wq)) is regular, we may conclude that v = 0 and the compatibility
condition holds. The converse is similar: let us suppose that the compatibility
condition holds. If the matrix (Zo(®g)(wq)) is not regular, then there exist some
vector v = v*Z,(wq) # 0 such that v(®g) = 0 and thus v € T, [ M N 8(wgq);
therefore we conclude that if the compatibility condition holds, then the matrix
(Za(P3)(wgq)) is regular.
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We now have the following result.

Proposition 4.1. If the compatibility condition [@Il) holds, then at each point
wq € M we have the decomposition

T (Th Q) = Tw, M & 8(wq) .

(Proof) The proof immediately follows from (@I and a simple counting of di-
mensions:

dim Topy M @ 8(wq)

dim Ty, M + dim 8(wq)
= (n+nk—m)+m=n+nk=dimT,, (T;Q).
]

We now introduce the following notation: Th(T}!Q) denotes the restriction of
T(T!Q) to the submanifold of T} Q, M.

The direct decomposition of T (7}}Q) determines two complementary projection
operators P and Q:

P:T(TiQ) = TM, Q=I-P:Tn(TiQ)—S§,

where I is the identity on Th(7{}Q). The projectors P and Q are respectively
written as follows:

P=1-C"Z,2dds, Q=C*’Z,2dds,
where (€%7) is the inverse of the matrix (Co g := Zo(®s)).

The direct sum decomposition of T (7} Q) determines the following decompo-
sition of T} (T}}Q) along M:

T (1:Q) = TrM & &
where for each wq € M, &, is given by
Suwy = 8(wq)® . F. &8(wq) -
If § is locally generated by the vector fields Z,, then
{(Z4,0,...,0), (0, Z4,0,...,0), ...,(0,...,0,Z,), (a=1,...,m)}

is a local basis of &.

The direct sum decomposition of T (T Q) along M determines two complemen-
tary projection operators P and Q:

P (T)wm(TiQ) = TiM,  Q: (T)w(ThQ) — 6,
given by P(Xiwg, - s Xkwg) = (P(Xtwg)s -+ s P(Xkw,)) and Q =7 — P, where J is
the identity on (T}))n (T2 Q). Here (T}1)(T}}Q) denotes the restriction of T} (T Q)
to the constraint submanifold M.
Proposition 4.2. Let £, = (&, .. ,fﬁ) be a solution of the free Lagrangian prob-
lem, i.e., &1 is solution to the equation ZI1)), then &L = iP(ﬁL‘M) is a solution

to the constraint Lagrangian problem.

(Proof) By definition of P, we know that ?(gL‘ ) = ( (fi’M), e P(fé’M))
with P(ff‘M) € TM. Therefore ( (§L‘M f‘ ) is a solution to (B3] if
A

and only if QF (P(&‘M), o ,P(gL‘M)) dEL € ().
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We have

M
= (sh] - Q] )oet] —Quet] ) - dE
k k k
== iyagwi=—) Migwi=) M€ ).
A=1 A=1 A=1

Thus we conclude that &, p = (P(fi‘M), e f.P(ff‘M)) is a solution to (3.30]).m

Remark 4.3. In the particular case k = 1 we recover the results in [23] o

5. THE NONHOLONOMIC MOMENTUM EQUATION

In this section, we derive the nonholonomic momentum equation, the nonholo-
nomic counterpart to the well-know Noether theorem. More precisely, we prove
that for every nonholonomic Lagrangian symmetry there exists a certain partial
differential equation which is satisfied by the solutions of the constrained problem,
reducing to a conservation law when the constraints are absent.

Let G be a Lie group and g its Lie algebra. Consider an action ®: G x Q — Q.
The Lie group G acts on T} Q by prolongation of ®, i.e.

Ty (01 vky) = (Ta®y) (01, (Tay) (v,).
Definition 5.1.

(i) We say that the Lagrangian L is invariant under the group action if L is
invariant under the induced action of G on TLQ.

(ii) We say that the Lagrangian L is infinitesimally invariant if for any Lie
algebra element & € g we have 58 (L) = 0, where for a vector field X on Q,

X denotes the complete lift of X of Q to TLQ and &g is the fundamental
vector field defined by

ola) = d% ®(exp(sé),a)|,_, a4€Q.

When §S(L) =0, then g will be called an infinitesimal Lagrangian sym-
metry.

Let us now assume that G leaves invariant L, M and F":
LoTt®, =L, Tie,M)CM and (T}®,)*(F)CF

for all g € G.

We consider the vector bundle g over @, defined as follows: denote by g'(q)
the linear subspace of g consisting of all £ € g such that

fg(wq)JF =0 forallwg € MNT ! (q).

We assume that the disjoint union of all g¥'(q), for all q € @ can be given the
structure of a vector bundle g% over Q.

To any section E of g¥, one can associate a vector field EQ on @ according to the
following definition:

o(a) := [§(d)lq(q) - (5.1)
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Definition 5.2. For each A, the A*-component of the nonholonomic momentum
map (J™)4 is the map (J™)4 : M — (Sec(g?))* constructed as follows: let & be
any section of g¥', then we define (J"h)‘&i1 along M as

nhyA __ , _
(J )g —Zgg

where EQ is the vector field associated to E according to (B1)).

o1, (5:2)

Remark 5.3. In the particular case k = 1, corresponding to the Classical Mechan-
ics, the above definition coincides with the definition of nonholonomic momentum
map introduced by Marsden et al in [§]. o

Remark 5.4. The map (J"")# is the nonholonomic version of the A*-component

- A

JO, ..., &...,0) =04 (€r3q), of the momentum map on the polysymplectic man-
ifolds T} @ defined in [34] when we consider the polysymplectic structure given by
wi = —dof 1< A<E. 3

The relevant role of the nonholonomic momentum map lies in the nonholonomic
momentum equation.
Definition 5.5.
(i) A nonholonomic Lagrangian symmetry is a section E of g¥ such that
€6(L) =
(ii) A horizontal nonholonomic symmetry is a constant section of g¥'.
Theorem 5.6. If ¢: Uy C R* — Q is a solution of the nonholonomic field equa-

tions, then for any nonholonomic Lagrangian symmetry & the associated compo-
nents of the momentum map (J”h)‘gi1 (A=1,...,k) satisfies the following nonholo-

nomic momentum equation:

k d k
v nh nh
> 7 ( (7 s<¢<t>>) > Vs o
A=1 A=1

along M.

(Proof)

~ 5 0L ;08 oL
_ C Q
0=8W) =55 T3, o,

From ([B4) and taking into account that £q(¢(t)) € g¥ one obtains that the
above identity is equivalent to

d (oL 96h 0L  d ([~ OL d =\' oL
f%w(ﬂ)”aaw w(fQ@>‘(dt—Af>Q@’ (5:3)

where the latter equality is consequence of

1€ = 5y Colo0)) = 5 (5] _ewtetio®)) o))
d

ds

oq’ A_(?J

S=

,&x 3§Q gQ 4z i
(s 5 rE(6(6)) - o(t) + o ( g)Q.

Finally, from (5.2]) and (&3] one obtains
k

d n k n
AZ atA ((J h)?w(t))) =>.( h)th Es(t)”
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[ ]

Corollary 5.7. Ifg 18 a horizontal nonholonomic symmetry, then the following
conservation laws holds:

k
.
> oA (™) =0-

A=1

Remark 5.8. If we rewrite this section in the particular case £k = 1 we reobtain
the Section 4.2 in [§]. o

6. PARTICULAR CASES

6.1. Holonomic constraints.

A distribution D on @ of codimension m induces an submanifold M — T}Q
defined as follows: (vig,...,Vkrq) is an element of M if v44 € D(q) for each A (A =
1,...,k). In coordinates, if the annihilator D" is spanned by the 1-forms ¢, =
Ya;dg’ (@ = 1,...,m), then M is the set of solutions to the mk equations &2 =
@aivf‘l =0.

If D is integrable, the constraints induced by D are said to be holonomic: in
this case, ¢(1) takes values in M if and only if ¢ takes values in a fixed leaf of the
foliation induced by D, and we conclude that the constraints can be integrated to
constraints on Q.

6.2. Linear constraints induced by distributions on Q.

The constrained problem: Let Dy, ..., Dy be k distributions on @) and we consider
the constraint submanifold M = D; ® ... ® Dy, of Tle

If we will assume, for each A (A =1,...,k), that D4 is defined by the vanishing
of m 4 functionally independent functions ¢, , on @, then proceeding as above we
obtain that the constraint submanifold is given by the vanishing of m =m;+...+
my, independent functions 7 where

P, (Vigs s Vkg) = T 00, (Vag) = (Pan)iva -

For the bundle F' of constraints forms we take the bundle along M, generated
by the m RF-valued 1-forms

* % 4%
ni, = (ST(dDE ), ..., SF(dD2 ) =(0,...., T Par,--.,0).

Nonholonomic field equations: In this particular case, a straightforward computa-
tion shows that the equations (3.4) become:

52 (2),.) &
=t otA Iy 811?4 »(M (t) aqi

4 (¢M(t)) = 0 (aa=1,....,ma,A=1,... k).

= A (pan)i(e(®) (=1,....,n),

6D (1)

The constraint submanifold M = D® .k. @D. Let D be a distribution on Q. The
particular case D1 = ... = Dy = D has special interest. As above, if we assume
that D to be defined by the vanishing of m functionally independent functions ¢,
on , then the constraint submanifold M = D& .%. ®D is given by the constraint
functions

@ﬁ(vlq, cUkg) = (Pa)i Uf4 =0.
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We will denote by DV the distribution on T}Q defined by (D¥)? = (1*¢,) (see
[24, 23] for the case k = 1). Next, we will prove the following two results (see
Appendix for technical definitions).

Lemma 6.1. Dy, s k-coisotropic in (Twa (TRQ),w] (wg), . .., wh (wg), V(wg)) for
all wg €M, i.e. (D“)j;q C Dy, .

(Proof) In fact, since (DV)? is locally generated by semi-basic 1-forms, we deduce
that

(DY), = S(wq) C Vuo (TRQ) € Dy,
for all wq € M, where (D")5;. = {Uny € TQ : w7 (Uug, Wu,) =0, ¥V Wy, €
D}jjq} denotes the k-symplectic orthogonal of Dy, and Vi, (TLQ) the vertical dis-
tribution of T} @ at the point wq. ]

Proposition 6.2. The following properties are equivalent:
(i) The compatibility condition holds, that is, TM N8 = {0}.

(ii) The distribution H = TMND" along M is k-symplectic in the k-symplectic
vector bundle (T(TLQ),wi, ... ,wk V)

(Proof) If TM NS = {0} then
TMNS =TMnN (D) =0

and
Tuo(T3Q) = Ty M@ (D). Vuwg € M.

Hence from Lemma we obtain

(D) = (TwgMN (D)ug) © (DY), = Hug ® (D*)is, = Hug @ 8(wq) -

Therefore, from a straightforward computation, we obtains that H,, NH, qu = {0}
or, equivalently, that H,, is a k-symplectic vector subspace of (T, (T1Q),wi (wq),
L wh(wg), Vi )-

Conversely, assume that for each wq € M, Hy, is a k-symplectic subspace in
(Two (TQ), w (wq), - - ., wh (wq), Vi, ), that is Hy, N Hiﬁq = {0}. Take

Z € TuM N 8(wg) = Tu,MN (D?)y. C TuwgM N (DY)wy = Hau, -

w,

Since wit(wg)(Z,Y) =0 for all A (A=1,...,k) and for all Y € H,,, we conclude
that Z € Hy,_. Thus Z € Hy, N Hy, = {0} and therefore Z = 0. n

Consider now, the restrictions wfl and dg Er, to H of wf and dFp, respectively.
Since Hy, is k-symplectic for each wq € M, there exist a solution on H of the
equation

k
ZZXAW}L‘[:dHEL- (6.1)
A=1
The above equation may be considered as the k-symplectic version of the char-
acterization of nonholonomic mechanics in the case of linear constraints given by

[5].
Proposition 6.3. If £r v is a solution to the constrained problem, i.e. {rv =
(&Jv[a - ,523\,[) satisfies B0, if and only if £r v is solution of the equation (GI).
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(Proof) &1, v is solution of (B8] then &1,y is a SOPDE and §f’M € Ty M.
On the other hand, since &z, 3 is a SOPDE we have

T 0a(€fa) = (Pa)ivh =0,
along M, and thus fﬁM € (D")w,- Therefore fﬁM € H and ;5 is trivially a
solution of equation (GI). Conversely, if (X7i,...,Xk) is solution of the equation
1) then for each A (A = 1,...,k), X4 € H C TM and it is evident that
(X1,...,X}) is solution of (B3). |
6.3. Linear constraints.

In the local picture, L is subjected to linear constraints defined by m local
functions ®,, : T{Q — R of the form

k k
(I)a(’l}lq, oo 7vkq) = q)a(qlavjéx) = Z(Ng)l(q) ’UlB = Z Mf(qu)ﬂ
B=1

B=1
where uf be mk 1-forms on @, 1 < a < m, 1 < B < k, locally given by uf =
(uB)idq'.
We consider the constraint submanifold

M= {wg = (v1g,-.-,Vk,) € TRQ : Po(wq) =0 Va}
of dimension nk —m.
We now denote by D the distribution on @ given by D% = (u5).

Proposition 6.4. Let L be a regular Lagrangian and X = (X1,...,Xg) is an
integrable k-vector field which is a solution of

k
Y ix,wit —dEL € (DY), Xa|, €TM (6.2)
A=1

where (DY) =< 7*uB >. We have
1) X = (Xy,...,Xk) is a SOPDE.
i) If o) = (¢'(t), 09 /0t?) is an integral section of X, then ¢ satisfy the

equations (3.4).

0P,

oYy

(Proof) Let us observe that n = S4"(d®,) = dq' = (u?))idq' = 7" p2 and

thus, in this particular case, (D)% = (n7).

Therefore, the equations ([G.2]) are equivalent to equations (3] for the case of
linear constraints. ]

6.4. Constraints defined by connections

Suppose that @ is a fibred manifold over a manifold M, say, p : @ — M is a
surjective submersion. Assume that a connection I' in p : @ — M is given such
that

TQ=HeVp,

where Vp = ker Tp. We take fibred coordinates (¢%,¢%), 1 <a<n-m, 1 <a<
m, n = dim . The horizontal distribution is locally spanned by the local vector

fields
AN 0 b 9]
YV - = _ 1o By~
) aq a(q,q)aqa,
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where Y stands for the horizontal lift to Q of a vector field Y on M, and I'%(¢, ¢%)
are the Christoffel symbols of I'. Thus, we obtain a local basis of vector fields on

Q,
0

H,, V,=—1}.
{ 7o)
Its dual basis of 1-forms is
{na = dq", na =TG dg" +dq”}.
We deduce that H? is locally spanned by the 1-forms {n,}.
In this situation we have
TIQ=Ho . *. cHaVp.k. aVp,
and for each vector v, 1 < A < k we can write
a (07 a a a « 8 a « (0% 8
VA= Vaga TG T UA(a_qa - a@) + (045 +UA)@ =vi +oy
We define
M=Ha®.* oH Cc T}Q;
then wq = (v1g,...,0,) € M if and only if va, € H for all A = 1,..., k, which
means that
v =—vql'ey forall A=1,...,k
Thus,
M = {wqg€TEQ : vG =—v4T% 1 <A<k}
= {quTle D Pal(va,) =0, 1< A<E}.
With the 1-forms ¢, = I'Y dg® + dg® on () we shall consider the 1-forms 7%¢,
on T} Q. We now consider the equations
QﬁL(Xl, oo, Xg) —dEL € (T%¢0q)

(6.3)
Xaly €TM, 1<A<k.

As in the above example, in this particular situation, these equations are equiv-
alent to equations (3.3]).

We write the first equation in (6:3) as follows

k m
Y ix,wit —dEL =) X770,
A=1 a=1

and each X4 as

a0 o 0 o 0 o 0
Xa=(Xa) o + (Xa) 9 + (Xa)B FIn +Xa)B v

From (6.3) we deduce the three following identities:
, OL 5 O°L , OL 5 0°L oL 5

YA Dgu, T A Bgrauy T B g g0 T XA B s o g = ~ela (64)
0’L 9°L 9°L ’L  OL

v +) +(Xa) F_—— = —\I'? (6.5

Aaqbavj A@qﬁavj ( A)BavbBaU% ( A)Bavgavi g™ B (6.5)
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If ) : Up C RF — TEQ, ¥(t) = (¥2(t), 9 (t), ¥4 (t), 15 (t)), is an integral section
of X = (Xy,...,Xk), then from ([64]), (65) and (66]) we deduce that 1) is solution
to the equations

a L e _ oy
W) =S5 ) = S|
k
3 iA ( oL ) _ 3_1; Y
L= OtA \ Ov lu(v) 0gq® ly(t)
S ()
— oA\ ovg Lyt 0g° ly(t)
or, in other words,
a I o A
BEE) =S BEE) =S
o OL o OL

vt o

) _drg oL
®

) B (8L
P(t) dq°

These equations are the nonholonomic Euler-Lagrange equations ([3.4]) for this
particular case.

S (x pedL
e atA ({91)74 P(t) a 8qa ¥

6.5. The nonholonomic Cosserat rod

The nonholonomic Cosserat rod is an example of a nonholonomic field theory
studied in [41] (see also [43]). It describes the motion of a rod which is constrained
to roll without sliding on a horizontal surface.

A Cosserat rod can be visualized as specified by a curve s — r(t) in R, called the

centerline, to which is attached a frame {d;(s),dz2(s),ds(s)} called director frame.
We consider an inextensible Cosserat rod of lenght [. If we denote the centerline
at time t as s — r(t, s), inextensibility allows us to assume that the parameter s is
the arc length. The description of the Cosserat rod can be see in [41].
The nonholonomic second-order model. The model described in [4I] fits into the
multisymplectic framework developed on J!'7, where we have a fiber bundle 7 :
Y — X, where usually X plays the role of the space-time and the sections of this
fiber bundle are the fields of the theory. In this particular case the base space
X is R x [0,1] (time and space), with coordinates (t,s) and the total space Y is
X x R? x S, with fibre coordinates (x,y,6). In this model, the fields are the
coordinates of the centerline (z(¢, s), y(¢, s)) and the torsion angle (¢, s)

Its Lagrangian is given by
1
2

where k = (2")? + (y)?, while the constraints are given by

L=L6" 437 + 567 - 5 (B0 + Kk,

i+ ROy’ =0 and ¢— ROz’ =0.

Here p, o, 3, K and R are real parameters and & = dz/0t, 2’'0x/ds (analogous for
y and ). This model is a mathematical simplification of the real physical problem.

We now modify this model, by a lowering process to obtain a first-order La-
grangian: we introduce new variables z = 2’ and v = 3’ and obtain the modified
Lagrangian

LB + K () + 0)2) + Az — ) + (o — o).

_ P2 2 & a
L—2(x —|—y)+29 5

dt 0vG lu(t)
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where A and p are Lagrange multiplier associated to the constraint z = 2z’ and
v = gy'. This Lagrangian can be thought as a mapping defined on T4Q where
Q =R? x S' x R* = R7, and if we rewrite this with the notation introduced in the
section 1 we obtain a k-symplectic model where the Lagrangian L : T)Q — R is
given by

Jo « I6) K
L= B(0})P+ D))+ (082 - D)2 = ()P + (8))+4° (4" ) +47 (6P —03)
subject to constraints
vl + Rv3v2 =0 and v? — Rulvl =0. (6.7)

In this case the bundle of reaction forces F' is generated by the following forms:
= (dg* + Rv3dg®,0) and my = (d¢® — Rvidg®,0).

The nonholonomic fields equations associated to L are given by

B¢t 9 A
Portart |y~ a2 g
82(;52 ‘ B 8;157‘ -
Porartle a2 le — M
82¢3} _ﬁ82¢3‘ - 6(153} B a;&}
Lot 2021y o le Mol
82(254 6
i (6.8)
g, T EO = 0
82(255 .
t =
s, IO = 0
ot
-l = O
0¢?
PO -5gl, = 0
where A and p are Lagrange multipliers associated with the nonholonomic con-
straints, t = (t1,#?) = (t,s) are the coordinates time and space and the field

¢ : Uy € R? — R7 are the coordinates of the centerline (¢'(t), $?(t)) and the tor-
sion angle ¢3(t). As one can see in the equation (6.8)) the components ¢¢, i > 4 are
determined by (¢!, $?,¢3). These equations are supplemented by the constraint
equations (6.7).

Consider the action of R? x S! on @ according to the following definition: for
each (a,b,0) € R? xS! we consider the map <I>(a’b,9)(q1, o g = (M +a,?+b,¢3+
0,q ...,q").

It is easy to see that the following vector field annihilates F' along M:

~ 0 0 0
_ 2 1
ST e T o
This generalized vector field corresponds with the section € = (—Rv2, Rv}, 1) of
gt

As E(L) = (0 the Theorem can be applied and the nonholonomic momentum

equation (see [43]) hence becomes

R( 82(251 a(bG) 8¢2 _R( a2¢2 a(b?) a(bl 82(253 a2¢3

Pottort ~ o2 ) a2 Pottort ~ a2 ) oz ~ Yoot Voo
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This nonholonomic conservation law can also be derived from the nonholonomic
equations substituting the two first equation in (6.8)) into the three equation. Un-
fortunately, the knowledge of this nonholonomic conservation law does not help us
in solving the field equations.

Remark 6.5. Rewriting the nonholonomic momentum equation in the notation
used in the description of the second order model, we obtain the nonholonomic
momentum equation for spacial symmetries given in [43] into the multisymplectic
setting. o

7. NON-HOLONOMIC HAMILTONIAN FIELD THEORY

We now turn to the Hamiltonian description of the nonholonomic system on the
bundle of k!-covelocities (T}})*Q of Q.

The Legendre map FL: TLQ — (T})*Q is defined (see [19, 29]) as follows: if
(U1q7 et 7vkq) € (Tkl)qQa
d

FL(01g:-- o) () = 22| Llvngs- o va + stq,- - 0k,) -

for each A =1,...,k and uq € TqQ. Locally F'L is given by

oL

FL¢' vl) = (¢'s 5. -
A

Assuming the regularity of the Lagrangian, we have that the Lagrangian and
Hamiltonian formulations are locally equivalent. If we suppose that the Lagrangian
L is hyperregular, the Legendre transformation is a global diffeomorphism.

The constraint function on (7}})*Q becomes ¥, = &, 0o FL™! : (T})*Q — R,
that is,

i ; OH
\Ija(q 7]9;4) = q)a(q 7(%7)7

where the Hamiltonian function H : (T}})*@Q — R is defined by H = Ep o FL™!.
Since locally FL™(¢!, pft) = (¢', a—A), then

D
H=v40FL ' p! ~LoFL™'.

Thus, from (B), one obtains

OH ; _
i = Ua°FLT
OH oL oW, . koo /oL
. = o FL'= 22l — (= oFL !
g’ o ° < opB T BC Az::lé)tf“ (avg ° )

where H% ., are the components of the inverse of the matrix (H5¢) = (92H/0pP opf)).
Note that
oV, _ 0pa

5 Hio =
BC i
ovg,

oFL7 L.
opP
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Therefore, the non-holonomic Hamiltonian equations on (T}})*Q can be written
as follows

o oy*
oty — OtAlY

k
OH oV, . apA
- — _\alT« g_ckz t _ i
8(]1 P(t) CapkB »(t) BC(w( )) Azﬂ OtA |t
0 = \Ija(djl(t)awf(t))

where ¢ : U C R*¥ — (T}})*Q is locally given by v(t) = (1 (t), %7 (t)).
Next we will give a geometrical description of these equations.

Let M C (T})*Q be the image of the constraint submanifold M under the
Legendre map and let F the bundle locally generated by the independent R*-valued
1-form

Na=FL*N,, 1<a<m.

Thus, the “Hamilton equations” for the nonholonomic problem can be rewritten
in intrinsic form as

k
Y ix,wt —dH € (ijy) . Xa|,, €TM,
A=1
where 74 = FL*n2.

8. CONCLUSIONS

We have studied various aspects of first-order classical field theories subject
to nonholonomic constraints in the k-symplectic framework. The study is very
similar to the case of particle mechanics (see [24]) and, also, the results are quite
similar to those obtained in the multisymplectic framework (see [42]) but the k-
symplectic approach seems simpler in many applications. We have shown that
in the k-symplectic approach, the solutions to the equations for the constrained
problem can be obtained by a projection of the solution to the equations for the
unconstrained Lagrangian problem.

We analyze the particular case of a constraint submanifold M which we obtain
as k-copies of a distribution on the configuration space (. In this particular case,
we construct a distribution H on T}}Q along M which is a k-symplectic subspace
in (T(TLQ),wi,...,wk; V) where (w},...,wk; V) is the k-symplectic structure ob-
tained from L. Finally, the nonholonomic momentum map is defined in a similar
way than in classical mechanics. The applicability of the theory is shown in some
examples and particular cases.

APPENDIX: k-SYMPLECTIC VECTOR SPACES

Let U be a vector space of dimension n(k+1), V a subspace of U of codimension
n and w',...,w* k 2-forms on U. For each A (A =1,...,k), ker w* denotes the
subspace associated to w? given by

ker w = {u € U/w(u,v) =0 YveU}.

Definition 8.1. (w',...,w*; V) is a k-symplectic structure on U if

k
wyxy =0, ﬂkerwA:O.
A=1
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We say that (U,w', ... ,w*; V) is a k-symplectic vector space.

Let W be a liner subspace of U. The k-symplectic orthogonal of W is the linear
subspace of U defined by

Wt ={ueU/wh(u,w)=0forallwe W,A=1,...,k}.
Proposition 8.2. The k-symplectic orthogonal satisfies

(i) Ac B= B+ c A+
(i) W c (W)L

Remark 8.3. Unlike what happens in the symplectic vector spaces, in our context
in general dim W + dim W+ # dimU. In fact, considering for instance, the real
space R? equipped with the 2-symplectic structure defined by:

wl=eltne? w?=e?ned V =kere?
where {e!, €2, €3} is the dual basis of the canonical basis {e1, ez, e3} of U = R3.
We consider W = span {e3}, the 2-symplectic orthogonal of W is W+ = span{es}.
In this case, dim W + dim W+ = 2 # dim R3. o

We can now introduce the following special types of subspaces of a k-symplectic
vector space, generalizing the corresponding notions from symplectic geometry.

Definition 8.4. Let (U,w?,... 7ouk;V) be a k-symplectic vector space and W a
linear subspace of U.

W s called isotropic if W C W+.
W is coisotropic if W+ C W.

W is Lagrangian if W = W+,

W is k-symplectic if W N W+ =0.

Proposition 8.5. For every vector subspace W of U the following properties are
equivalent:

(i) Wis an isotropic subspace.
(ii) w(u,v) =0 (A=1,...,k) for all u,v € W.

(Proof) Let us suppose that W is isotropic, then W C W+. Therefore if u, v €
W then w?(u,v) = 0 since u € W+.

Conversely, u € W, then for eachv € W, w4 (u,v) =0 (A =1,...,k). Therefore
uw € W+, Thus we can conclude that W C W+, [

Proposition 8.6. Let (U,w!,...,wk; V) be a k-symplectic vector space and W a
linear subspace of U. W s a k-symplectic subspace if and only if W with the
restriction of the k-symplectic structure of U to W is a k-symplectic vector space.

(Proof) Let us suppose that W is a k-symplectic subspace of (U,w!,...,w"; V).
Consider the restriction wij; to W of the 2-forms w?, we will now prove that

(W, Wiy, ..., whk VNW) is a k-symplectic vector space.
Given u,v € V. N'W one obtains
Wit (u,v) = Wy sy (u,v) =0 (A=1,...,k).

On the other hand, if u € Nkerwi} then w?(u,v) =0 (A =1,...,k) for all v €
W, then u € W+. Therefore, since u € WNW+ = {0} we deduce Nkerwij, = {0}.
Conversely, if u € WNW+ then v € W+, that is w?(u,v) =0 (A=1,... k) for
all v € W. Since u € W we obtain that u € Nkerw{;, = {0} an therefore u =0. m
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Definition 8.7. (Awane [3]) A k-symplectic structure on a manifold M of dimen-
sion N =n+ kn is a family (w?,V;1 < A < k), where each w? is a closed 2-form
and V is an integrable nk-dimensional distribution on M such that

(i) wtvxy =0, (i1) N¥_; kerw® = {0} .

Then (M,w?,V) is called a k-symplectic manifold.

Let us observe that if (M,w?,...,w* V) is a k-symplectic manifold, then for
each z € M, we have that (w},...,wk V) is a k-symplectic structure on the vector
space T, M.
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