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Abstract

A variational principle for mechanical systems and fields subject to
nonholonomic constraints is found, providing Chetaev-reduced equations as
equations for extremals. Investigating nonholonomic variations of the Chetaev
type and their properties, we develop foundations of the calculus of variations
on constraint manifolds, modelled as fibred submanifolds in jet bundles.
This setting is appropriate to study general first-order ‘nonlinear nonitegrable
constraints’ that locally are given by a system of first-order ordinary or partial
differential equations. We obtain an invariant constrained first variation formula
and constrained Euler-Lagrange equations both in intrinsic and coordinate
forms, and show that the equations are the same as Chetaev equations ‘without
Lagrange multipliers’, introduced recently by other methods. We pay attention
to two possible settings: first, when the constrained system arises from an
unconstrained Lagrangian system defined in a neighbourhood of the constraint,
and second, more generally, when an ‘internal’ constrained system on the
constraint manifold is given. In the latter case a corresponding unconstrained
system need not be a Lagrangian, nor even exist. We also study in detail an
important particular case: nonholonomic constraints that can be alternatively
modelled by means of (co)distributions in the total space of the fibred
manifold; in nonholonomic mechanics this happens whenever constraints affine
in velocities are considered. It becomes clear that (and why) if the distribution
is completely integrable (= the constraints are semiholonomic), the principle
of virtual displacements holds and can be used to obtain the constrained first
variational formula by a more or less standard procedure, traditionally used
when unconstrained or holonomic systems are concerned. If, however, the
constraint is nonintegrable, no significant simplifications are available. Among
others, some properties of nonholonomic systems are clarified that without a
deeper insight seem rather mysterious.
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1. Introduction

This paper is concerned with the problem of existence of a variational principle providing
nonholonomic equations of motion as equations for extremals. Similarly as in classical
mechanics of systems subject to holonomic constraints, motion equations of a Lagrangian
system in the presence of constraints depending on velocities can be investigated from a
‘mechanical’ and a ‘geometrical’ point of view. The former approach reflects the physical
understanding of constrained dynamics as motions in the original configuration space subject
to reactive forces expressing the constraints. Mathematically this leads to equations of motion
with Lagrange multipliers. In nonholonomic mechanics they take the form as follows, first
conjectured by Chetaev [4]:

oL _doL _ W i<o<m (1.1

dg7 drage  "age SOs '
where m is the dimension of the configuration space,

f4t.q°,4°) =0, Il<a<k<m, (1.2)

are equations of constraints, and pu, are Lagrange multipliers. Chetaev equations have to
be solved simultaneously with equations of the constraints (1.2), providing in this way a
system of m + k mixed first- and second-order ODEs for m + k functions: constrained curves
c(t) = (¢°(t)) and Lagrange multipliers . Various geometric settings for Chetaev equations
are subject of many papers (e.g. [3, 6-10, 14, 23, 25, 26]), a recent generalization to field
theory is also available [1, 16, 30, 29].

We adopt the latter viewpoint reflecting a geometrical understanding of constrained
dynamics as motions on the constraint manifold. =~ Mathematically the dynamics are
described as solutions of a reduced system of equations where the unknown reaction forces
are absent (equations ‘without Lagrange multipliers’, equivalent with Chetaev equations).
A geometric setting providing reduced equations is due to [24] (Lagrangian systems
subject to nonholonomic constraints in mechanics), [14] (general mechanical systems with
nonholonomic constraints) and [16, 19, 20] (field theory). In a frequent situation of a first-
order mechanical Lagrangian system subject to first-order nonholonomic constraints, reduced
equations read as follows:

9 Z d al: 9 m—k+a d. o m—k+a
St (B )0 i<s<m—k, (1.3)
dg® dt ag* ag’ dr 9g°
where the functions g”*** are defined by
qm7k+a — gm7k+a(t7q0"ql’ . ’quk)’ 1 g a g k, (14)

i.e., (1.4) are equations of the constraints (1.2) in normal form, L is the Lagrangian L restricted
to the constraint submanifold, L, is a shorthand notation for
oL "

La=W(I,q",q'l,---,qm’ LT e™), (1.5)

and the ‘constraint derivative’ operators read

ac 9 agm7k+a 9

85_3 s+ 9 dgm—k+a’
q q q q

B} . . (1.6)
dC 0 IS .5 0 m—k+a 0 (S P 0
— = —+ E ’ + E —_— + E ’ .
dt ot - 4 3q5 — 8 8qm—k+a p— q aqs
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There is a natural question if nonholonomic equations (1.3) can be obtained from a
variational principle as corresponding equations for extremals (Euler—Lagrange equations).
It is well known that the standard variational principle does not apply to this situation. The
application of a variational procedure to nonholonomic linear and nonlinear constraints is
troublesome in many points (cf [2, 9, 22, 27]). Analysing the problem, it turns out that
answers to the following questions have to be found.

e How to generalize the principle of virtual displacements? We need a geometrically
satisfactory concept of ‘nonholonomic virtual displacements’ and reactive forces
compatible with the constraints.

e What are variations compatible with a nonholonomic constraint?

e What is a constrained Lagrangian system? Surprisingly, a ‘Lagrange function’ defined
on the constraint is not sufficient to obtain nonholonomic equations of motion. Moreover,
as found in [18], where a concept of variationality for nonholonomic systems has been
proposed, based on a relation between the Euler—Lagrange operator and the exterior
derivative, a non-Lagrangian system may become variational if subject to an appropriate
nonholonomic constraint.

In the present paper, we answer these questions and obtain a variational principle for
mechanical systems and fields subject to nonholonomic constraints. We stress that our point
of view is to consider dynamical systems given on a constraint manifold, and governed
by reduced equations as equations of motion. The results that might be rather surprising
appear through a careful analysis of basic concepts (such as variations, virtual displacements,
Lagrangians, etc) and the geometry of nonholonomic constraints.

In section 2 we recall from [11] how the invariant first variation formula on fibred
manifolds is obtained, suitable for description of unconstrained and holonomic Lagrangian
systems in mechanics and field theory. Keeping this procedure in mind, we can better
understand differences appearing due to the presence of nonholonomic constraints.

Solution of the nonholonomic variations problem needs a deeper understanding of first-
order differential constraints and related geometric structures. We study differential forms and
vector fields on nonholonomic submanifolds in section 3, and prove a ‘constraint version’ of the
theorem on decomposition of differential forms into contact components. We also generalize
the prolongation of vector fields to the constrained situation. Techniques we develop are
used in the next section to obtain and prove the results on constrained variations. The key
to a correct concept of nonholonomic virtual displacements, or admissible variations, is the
canonical distribution [14, 16, 23]; we recall it in section 3.3.

In the last section we develop foundations of the calculus of variations on constraint
manifolds. Our setting is appropriate to study general first-order ‘nonlinear nonitegrable
constraints’ that locally are given by a system of first-order ordinary or partial differential
equations. We obtain an invariant constrained first variation formula and the corresponding
equations for extremals (‘constrained Euler—Lagrange equations’) both in intrinsic and
coordinate forms, and show that, indeed, the latter equations are the same as Chetaev-reduced
equations ‘without Lagrange multipliers’.

It is important to stress that we pay attention to two possible settings: first, when
the constrained system arises from an unconstrained Lagrangian system defined in a
neighbourhood of the constraint, and second, more general, when an ‘internal’ constrained
system on the constraint manifold is given. In the latter case a corresponding unconstrained
system need not be Lagrangian, or even need not exist. (In this context, we recall the interested
reader that necessary and sufficient conditions on ‘constraint variationality’, generalizing the
famous Helmholtz conditions, have been obtained in [18]).
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We also study in detail an important particular case: nonholonomic constraints that can be
alternatively modelled by means of (co)distributions in the total space of the fibred manifold.
In nonholonomic mechanics this happens whenever constraints are affine in velocities [14], in
field theory, however, the situation is not so simple [16]. It becomes clear that (and why) if
the distribution is completely integrable, i.e., the constraints are semiholonomic, the principle
of virtual displacements holds and can be used to obtain the constrained first variational
formula by a more or less standard procedure, traditionally used when unconstrained or
holonomic systems are concerned. If, however, the constraint is nonintegrable, we shall see
that remarkable simplifications are no longer available, and the ‘general approach’ has to be
applied.

In the last section we illustrate the nonholonomic variational principle on a few examples,
and discuss in detail main differences compared with a traditional approach and expectations
based on experience with unconstrained and holonomic systems.

To give insight into the nonholonomic variation procedure for the moment, let us consider
an easy example of a free particle moving in R? under a nonintegrable constraint on velocity.
The unconstrained motion can be described by sections of the fibred manifold R x R® — R,
(i.e., by graphs of curves in R?), and comes from the Lagrangian 1-form A = L dt, defined on
R x TR?, where

1, .2
L = 3smv~. (1.7)
Variations of curves in R? are generated by vector fields
d d d
o022 (1.8)
ox ay 0z

and induce variations of prolonged curves in the evolution space TR®, generated by
prolongations of the variation vector fields in R?, providing the Euler—Lagrange equations

mi =0, my =0, mz = 0. (1.9
It is important to note that the same result is obtained if in the action function the Cartan form
®; = —imv*dt + mx dx + my dy + mz dz, (1.10)
in place of the Lagrangian L dt is considered. Assume a nonholonomic constraint given by

equation

V=1,  1>0, (1.11)

or, in a normal form,
F=g=+t —x%2— 3% (1.12)

This equation defines a submanifold ¢ : Q — R x TR? of codimension one in R x TR>. In
O the constrained dynamics take place; hence Q has the meaning of a genuine evolution space
for the constrained system. The manifold Q carries the canonical distribution that determines
admissible ‘virtual displacements’; it is annihilated by 1-form

t X ¥

——dt+—dx +=dy +dz. (1.13)
8 8 8

The constrained variation principle will concern variations of graphs of curves in this

submanifold. We shall show that the constrained action function comes from the 1-form

¥ = —3mt dt + mx dx + my dy + mg dz, (1.14)
and that the constrained variations are generated by vector fields
d t 0 0 y o
2.9 2.2 (1.15)
ox goz dy goz
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(tangent to Q). Note that these variations do not come from variations in R x R3-a typical
property of nonholonomic constraints. As a result we then obtain constrained Euler—Lagrange
equations that in this case take the following form:

(14 &2 JmAy o omE o (14 y? JmEy omy (L16)
mi — —y—=—=0, m — —X%—-—==0. .
g? 2 282 Y g? g? 2g2

2. A reminder of the first variation formula on fibred manifolds

In what follows, we consider smooth manifolds and mappings. In coordinate formulae,
summation over repeated indices applies.

Let # : Y — X be a fibred manifold with an orientable base X,dimX = n >
I,dimY = n+m (m > 1). We denote by m, : J'Y — X the r-jet prolongation of 7,
andm,; : J'Y — J°Y,r > s > 0, the canonical jet projections. For the sake of simplicity of
notations we also consider » = 0 and write Y = J°Y, w = 7, etc. In this paper, we mostly
use the first and second jet prolongations, J'Y and J?Y.

If dimX = 1, local fibred coordinates on Y and the associated coordinates on J'Y
are denoted by (#,¢”), and (t,q",qf, ...,q;’), respectively; if, in particular r < 2,
we write (¢,9%,4°,¢°). In the case of dimX > 1 we use notation (x',y°), and
(xi,y",y;,...,y;n_jr),where1 <o<m1<i, ji,...,jp <n,j1 < < Jpr.

A mapping § : X — J"Y defined on an open set U C X is called a section of m,
if m, 0 § = idy. Sections of m can be prolonged to sections of m,,r > 1. Recall that
if y is a section of 7, in fibred coordinates y () = (¢, y°(¢)) (resp. y(x') = (', y(x')),
then J"y is a section of 7, J"y (t) = (t, y° (¢),dy°/dt, ..., d"y°/dt") (resp. J y(x') =
Yy (xh), dy/axt, ..., 8"y /axt - dxi)).

A section ¢ of m, is called holonomic if 6 = J"y for a section y of .

A form n on J'Y is called contact if J"y*n = 0 for every section y of m. n is called
horizontal or 0-contact if izn = 0 for every m,-vertical vector field £ on J"Y. For 1 < k <gq,
a contact g-form 7 is called k-contact if for every m,-vertical vector field & on J"Y, ign is
(k — 1)-contact. By Krupka’s decomposition theorem, every g-form n on J"Y is canonically
decomposed into a sum of uniquely determined g-forms on J'*'Y, a horizontal form An, 1-
contact form pin, ..., g-contact form p,n, called the horizontal, 1-contact, ..., g-contact
component of n, respectively [11]. Hence,

T, N =hn+ pin+-+ pyn. 2.1)

For a function, f, this formula gives us

7y, df = hdf +pidf, (2.2)

where hd and p;d are the horizontal derivative and the contact derivative operator,
respectively. In fibred coordinates, components of / d are the well-known total derivative
operators

d R 9
if dimX = 1: — = —+ pp——
if dim ar Y ;an g7
- (2.3)
d 9 9
ifdimX > 1: —=——+> 7 1<i<n
dx! dx! = 8yjl- Jk

Components of p; d are partial derivatives, 9/d¢q;,0 < k < r, resp. a/ay;___jk, 0<k<r.



J. Phys. A: Math. Theor. 42 (2009) 185201 O Krupkova

Vector fields on Y that are 77 -projectable (i.e., their projection is a vector field on X) admit
prolongations to vector fields on J"Y, r > 1. Recall that, in fibred coordinates, if

=" vg7 esp. §=&/ 457 L 2.4)
=& — , resp. =& — —, .
ot 8 age P axl TS ye
(where £° = £°0(¢), resp. £/ = £/(x')) then
r - o 8 r - [ 8
VE=E+) resp. JE=E+) & oo (25)
k=1 9k k=1 Vi
where the higher components take the form
o dg/g—l o dgo o dslql“‘jk—l o 851
§ =4 "W g TSP &jijii = i Vil g (2.6)
We note that prolonged vector fields are symmetries of the contact ideal.
Throughout the paper we use the following shorthand notation:
wo=dx' Ao Adx", w; = I35 Wo,
and
ifdimX =1: o’ =dq° —¢%dt, @’ =dg¢° — ¢° drt,
ifdim X > 1: w“:dy"—y;’dxj, wf:dyf’—yfidxj.

A dynamical form E of order 2 is defined to be a 1-contact form on J?Y, horizontal with
respect to the projection onto Y. In fibred coordinates, £ = E,w’ Awy, where E;, 1 < o < m,
are functions on an open subset of J2Y. Second-order dynamical forms represent systems of
second-order differential equations, ordinary if dim X = 1 and partial if dimX = n > 1, for
sections of the fibred manifold 7.

Let us briefly recall some concepts and results on the first-order variational calculus on
fibred manifolds, due to Krupka [11] (see also [12] or [13]).

A first-order Lagrangian is a horizontal n-form A on J'Y . In fibred coordinates A = Ly,
where L is a function on an open subset of J'Y. A Lepage equivalent of X is an n-form p
such that hp = X and p; dp is a dynamical form. If dim X = 1 then X has a unique Lepage
equivalent, the well-known Cartan form,

oL
O, =Ldt + —a°. 2.7
aq°

For dim X > 1 a Lepage equivalent is no longer unique; the family of Lepage equivalents of
A takes the form

p=0;,+dv+u, (2.8)
where
oL
®;, = Lwy + —UCL)(r Nwj (29)
8yj

is the Poincaré—Cartan form, v is an arbitrary contact (n — 1)-form and p is an arbitrary at
least 2-contact form. It has to be stressed, however, that the (n + 1)-form p; dp depends only
upon the horizontal part A of p, i.e. is the same for all Lepage equivalents of the Lagrangian
A; it is called the Euler—Lagrange form of A, and denoted by Ej.

The procedure providing the ‘unconstrained’ invariant first variation formula and Euler—
Lagrange equations on fibred manifolds can be summarized as follows.

6
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Let Q2 be a piece of X (i.e., a compact connected n-dimensional submanifold of X with
boundary). Denote by Sq () the set of sections of 7, domains of which are neighbourhoods
of Q. Given a Lagrangian A on J'Y, the function

Siq:Se(m) 3y — f Jly*r e R (2.10)
Q

is called the action function of A over 2.

Note that since we are interested in critical paths in Y, the action of any n-form n, such
that hn = A, coincides with the action of the Lagrangian A. In particular, over every piece 2
of X, the action of )\ is the same as the action of any of the Lepage equivalents p of X,

Sia=5)q. (2.11)

To get a correct concept of variation (1-parametric deformation) of a section y € Sq (),
one has to consider 7 -projectable vector fields on Y. The point is that such vector fields transfer
sections into sections: if £ is a projectable vector field on Y and &, (on X) is its projection, and
{&.}, resp. {¢o,} are the corresponding local 1-parameter groups, we get a 1-parameter family
of sections, y, = ¢My¢0_ul , defined in a neighbourhood of ¢, (£2), and called variation of the
section y induced by &. Thus, for a fixed section y and a fixed ‘variation vector field” & we
get a real function

u— Ty (2.12)
Pou (€2)

The arising function

d
8Sq:Sa@) >y — <—/ leu*k> - / J'yL, aeR (213
du Jg,, @ =0 o

is called the first variation of the action function of the Lagrangian X over 2, induced by &, or
the first variational derivative of S; o by §. It should be stressed that since the operator £ ,,
preserves the decomposition of forms into the horizontal and contact components, we have
also

880 =685, (2.14)

for every Lepage equivalent p of A. Explicitly,

/le*ﬁﬂgxz/ 'YL, p. (2.15)
Q Q

The first variation formula is a decomposition of the above integral into a sum of two terms
such that the first one does not depend upon ‘derivations of variations’ (the Euler-Lagrange
term) and the second one is a boundary term. With Lepage forms the decomposition is available
in an invariant (geometric) way simply by using Cartan’s formula for the Lie derivative of p.
The first variation formula then can be stated either in the integral form as

ley*Ejlszf le*ijlsdp+/ Jly*dijgp
Q Q Q
:/ le*ijlgd,o+/ le*i_llgp, (2.16)
Q Q2

or in the infinitesimal form

L,k =hipgdp+hdipgp. 2.17)
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Note that due to properties of Lepage forms (up to a projection) hi iz dpo = hijpepidp =
hi j2¢ Ey, so that indeed, the first term on the right-hand side of the first variation formula is
the Euler—Lagrange term, and we may equivalently write

fjly*ﬁjl x:f Jzy*ijzéEx+/ J'yripep, (2.18)
Q § Q a0
or

Ejlg)":hilzéEk'l'hdillép' (219)

From the above form of the first variation formula it is immediately seen that the first
variation formula does not depend upon a choice of the Lepage equivalent p of A, i.e. it reads

LJ‘EA' :hij2EEx+hdijls®A. (2.20)

Consequently, also the ‘boundary term’ providing conserved currents is completely determined
by the Lagrangian. This can easily be seen also by a direct computation as follows: since
p = 0, +dv + u, where v is contact and  is at least 2-contact, we get

]’ldi_]ls,():]’ldijlg@)L +hdl-‘/1§dl), (2.21)
since di ji¢ pu is contact as the exterior derivative of a contact form. Moreover,
hdijigdv="hLy:dv =0, (2.22)

since dv is contact and L ji; preserves contact forms.

A section y of m is called an extremal of A on Q if the first variation of the action of A on
Q vanishes for every vertical vector field & on Y with the support in 7 ~!(£2) (such a vector
field is often called a fixed-endpoints variation). y is called extremal of X if it is an extremal
on every piece 2 C X.

Equations for extremals of a Lagrangian are called Euler—Lagrange equations. Using the
first variation formula, it can be proved that they are as follows [11].

Theorem 2.1. Let ) be a Lagrangian on J'Y. A section y of  is an extremal of X, if and
only if y satisfies one of the following equivalent conditions.

(1) E, 0 J?y =0.

(2) Forevery vertical vector field& on Y, J' y*ipe dp = 0, where p is (any) Lepage equivalent
of .

(3) For every projectable vector field & on Y, le*ijlg dp = 0, where p is (any) Lepage
equivalent of M.

(4) For every vector field ¢ on J'Y, le*igdp = 0, where p is (any) Lepage equivalent of A.

(5) In every fibred chart (x', y°) on Y, y satisfies the system of differential equations

JdL d oL
ay’  dx/ 9y?

=0, 1<o <m. (2.23)

Remark 2.2. Note that the above variational principle applies to unconstrained systems and
to systems with holonomic constraints (indeed, geometrically, a holonomic constraint in Y is
a fibred submanifold 7|y : Q — X of the fibred manifold 7 : ¥ — X).

Before turning to a possible generalization to nonholonomic systems, let us stress two
remarkable points appearing in the variation procedure:

8
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o Virtual displacements. The geometric setting gives a justification and precise formulation
to an ‘obvious fact’ that ‘derivations of variations are variations of derivations’, observed
and used in classical mechanics of unconstrained systems and systems with holonomic
constraints. Indeed, in the above geometric language this statement means nothing but
the elementary property that for any variation {y,} of asectiony of 7 : ¥ — X

J' ) = ') (2.24)

for all admissible values of the parameter u.
Another formulation of the same property can be given in terms of ‘virtual displacements’
appearing in D’Alembert’s principle: since infinitesimal virtual displacements are
represented by vertical vector fields on Y (resp. on the holonomic constraint submanifold
Q C Y), induced virtual displacements in J'Y (resp. in J! Q) are prolongations of these
vector fields.

e Lepage forms. For a Lagrangian system, the action is

Sa(m) s>y — f J'y*p e R, (2.25)
Q

where p is a Lepage form. The pleasant fact that p can be replaced by its horizontal part
(Lagrangian 1) is a favourable feature of the prolongation structure of the manifold J'Y

(resp. J' Q).

3. Nonholonomic constraints

3.1. Constraint submanifolds in jet bundles

By a nonholonomic constraint in J'Y we mean a submanifold Q C J'Y, fibred over Y. This
means that we have the fibred manifolds 7719 : Q — Y where 7 o is the restriction of the
projection 7y g : J'YY > Yt0Q,and 7, : Q — X, where 7, = 71 ]o. We also use the explicit
notation ¢ : Q — J'Y for the canonical embedding and write

G°ot=¢g%, respectively, y7 ot = g7. (3.1
By definition of Q,
dg° 0g7
rank ( g > =m—k, rank <ijv) =nm — K, (3.2)
agY A

where k, resp. « is the codimension of Q (we exclude the cases k = m, k = nm when Q is the
image of a section of J'Y — Y—trivial fibres).

The contact ideal on J'Y gives rise on Q to the induced contact ideal, consisting of
pullbacks by ¢ to Q of contact forms on J'Y. The contact ideal on Q is generated by 1-forms

~0

@° =10’, 1<o<m, (3.3)

and their exterior derivatives.
If dim X = 1, then a constraint Q C J'Y of codimension k (1 < k < m) is locally
defined by a system of k first-order ordinary differential equations

f4t.q%,4%) =0, I <ax<k, (3.4)
where the functions f¢ satisfy the rank condition
a a
rank( f ) =k, 3.5
ag°
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or, equivalently, by equations ‘in normal form’

qm7k+a — gm7k+a(t,qa’c-11’ . ’quk)v 1 g a < k (36)
Hence, the embedding ¢ is explicitly given by equations
g’ ot=4¢", I1<s<m—k, Gk o = gkt 1<a<k. (3.7

On the submanifold Q we have adapted coordinates (¢, ¢, ¢°), where 1| <s < m — k.
If dim X = n > 1, then a constraint Q C J'Y of codimension k (1 < k < nm) is locally
defined by a system of k first-order partial differential equations

Oy, ) =0, I<a<k, (3.8)
where the functions f* satisfy the rank condition
8 o
rank fﬂ =K, 3.9
ays

where 1 < o < x numberrows and o, j, 1 <o < m, 1 < j < nnumber columns.

Adapted coordinates on Q are denoted by (x', y°,z7),1 < J < mn — k. Here 7’
stands for the coordinates y/ for appropriate p’s from the set {1, 2, ..., m} and I’s from the
set {1,2,...,n}; let us denote this set of pairs of admissible indices by 7. Note that due to
the rank condition (3.9) equations f* = 0 are locally equivalent to x equations of the form
2 = g7,y 7)) for (0, j) ¢ T (cf (3.2)).

Constraints can be naturally prolonged to higher order jets. The first prolongation Q of the
constraint Q is a submanifold in J2Y, consisting of all points J?2y such that J!y € 0, x € X.
Locally Q is defined by the equations of the constraint and their derivatives, precisely,

d a
f4=0, dft =0, 1<a<k, (3.10)
respectively, in normal form,
-m—k+a __ _m—k+a m—k+a __ dgm7k+a 11
ifdimX =1, and
df* .
f¥=0, d.:O, 1<a<k, 1<i<n, (3.12)
xl
respectively,
o o o dgj .
yj :gj, yﬂ:@’ (O‘,J)¢j, 1<l<n (313)

if dim X = n. Note that generally Vi # Y-

We also use notation? : O — J2Y for the canonical embedding. The manifold Q is fibred
over Q, Y and X, the fibred projections are simply restrictions of the corresponding canonical
projections of the underlying fibred manifolds. We write 7, : O — X, a1t 0 — Qand
0" Q — Y. On Q we use adapted fibred coordinates, denoted by (¢, ¢%, ¢*, §*), 1 <o <
m,1 <s <m—kifdimX = 1 and by (xi,y",zj,zjj.) if dim X = n.

In what follows, whenever using coordinates on Q or Q, we mean adapted coordinates
of this kind.

On Q there arises the induced contact ideal generated by the 1-forms

@' =dq* —¢*dt, @k = dgmhre _ gmmira gy &' =d¢* —g*d,  (3.14)
respectively,

@ =dy” — g7 dx/, &’ =dz/ —z]dx/, (3.15)
and their exterior derivatives.

We have a natural concept of a contact symmetry on Q, resp. Q, as a vector field on Q,
resp. Q, that is a symmetry of the induced contact ideal.

10
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3.2. Vector fields and differential forms on constraint submanifolds

The contact structure on the constraint and its prolongations enable us to consider constrained
prolongations of vector fields as follows: let & be a vector field on Y. We call a vector field ¢
on Q the first constrained prolongation of &, and denote it by J!&, if ¢ is a contact symmetry
onQand T7 - ¢ =& o . Similarly, we call ¢ on Q the second constrained prolongation
of &, and denote it by ché, if £ is a contact symmetry on 0 and Ty - t=¢to 2.0-

Also modules of differential forms on constraint manifolds inherit an additional structure
due to the existence of the fibred and contact structure.

A g-form n on Q is called horizontal with respect to the projection 77 if i;n = 0 for
every mj-vertical vector field ¢ on Q. Quite similarly we define horizontality with respect to
the projection 77| o onto Y, and several concepts of horizontality for forms on Q (note that one
has forms, horizontal with respect to the projection 7, onto X, 7, ¢ onto Y and finally 75
onto Q).

By recurrence, a contact g-form 1 on Q (respectively, on Q) is called i-contact,
i=1,2,...,q, if for every 7;-vertical vector field ¢ on Q (respectively, ,-vertical vector
field ¢ on Q) the contraction of n by ¢ is (i — 1)-contact (here 0-contact means horizontal
with respect to the projection onto X).

We have structure theorems, similar to the decomposition theorem in the unconstrained
case:

Theorem 3.1. Let g > 1.

(i) Denote by A%(Q) the module of g-forms on Q that are horizontal with respect to the
projection 71 onto Q, and by AqQ*i’i(Q) its submodules of ,-horizontal (i = 0) and
i-contact forms (i = 1,2, ...,q). Then

AL =2 (D @ AL (D) @@ AY(D). (3.16)

This means that every form 1) € A"Q(Q) is in a unique way decomposed into the sum of a
horizontal form and i-contact forms, i = 1,2, ...q.
(ii) With analogous notations as above,

ALQ) =A@ AT () @@ AYI(0). (3.17)

In view of the above theorem we can consider for every ¢ > 1 the projectors of the
module AqQ(Q) onto the particular submodules in the decomposition (3.16). We denote

h AqQ(Q) — AgO(Q), and p; : AqQ(Q) — AqQ*i’i(Q),l < i < ¢, and speak about the
horizontal and i-contact component of a form 7 € AqQ(Q).

Since, in particular, for every g-form n on Q its lift 75 belongs to AqQ(Q), we obtain
the following corollary.

Corollary 3.2. For every g-form n on Q one has a unique decomposition into a sum of a
7y-horizontal form and i-contact forms, i = 1,2, ...q, on Q as follows:

Ty =hn+pin+--+ pgn. (3.18)

Proof. The prooonf the theorem is based on transformation properties (zf horizontal and
contact forms on (. It is convenient to work in the basis of 1-forms on (, adapted to the
induced contact structure, that is, (dxi L%, &7, dzJJ. ) The condition # € AqQ(Q) means that
the coordinate expression of 7j does not contain the differentials dzjj. . Hence, in a chart, )
is expressed as a sum of the following g-forms: 7}y containing wedge products of the dx'’s

11
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only, #; that is a sum of forms containing the wedge product of g — 1dx'’s and exactly
one of the contact 1-forms @, ®”, f; being a sum of terms that contain the wedge product
with exactly two of the forms @, &, etc, up to #), that contains the wedge products of g of
the @, ®’’s. Obviously, fjy is a horizontal form, #; is 1-contact, etc. The decomposition
fi = fo + 1 + - - - + §}, is, however, invariant with respect to fibred coordinate transformations
(the number of @°, &”’s in a wedge product of dx’s, @°’s and &”’s does not change). O

Applying the above corollary to (locally) exact 1-forms on Q gives an invariant splitting
of the exterior derivative d to the horizontal and contact part, 75 | d = h d+ p;d. The operator
hAdhasn = dim X components as follows,

dc a a a ol
= +qs +gm7k+a +qs . (3-19)
de ot dg* dgm—k+a 9g*
respectively,
de _ 0 Lo 00 (3.20)
TR dy° P '
and is called the constraint total derivative.
For convenience of notations we also put
d a a d a a
<= _—44° gk — = —+gl—. (3.21)
de ot ag* dgm—k+a dx’  9x! ay°

With the help of notations introduced above it is easy to write explicit formulae for a
vector field Jclé. For dim X = 1 we obtain the following result (if dim X > 1, the formulae
are more complicated, however, the computation is straightforward):

Theorem 3.3. Let dim X = 1. A projectable vector field & on 'Y,

0 0 o 0
§=§ 5+$ Py (3.22)
admits prolongation to Q if and only if
déé—mfkﬂl B 8gm7k+a Em7k+b _ agmfkﬂz EO . 8gm7k+a gl
dr aqm—k+b ot aql
9 m—k+a d/%-l P m—k+a d/EO
+ 8 s gm—k+a 98 Al ) D5 (3.23)
agl  dr ag! dr
Then
d/f;‘_l . d’ 50 9
Jc'g=.s;:+<(°1—t— lé_t> PP (3.24)

It is obvious how to consider higher order prolongations of a constraint @ C J'Y, and
how to treat horizontal and contact forms in the higher order situation. In this paper, however,
higher order constraint structures will not be needed.

3.3. The canonical distribution

As discovered in [14] and [23] for mechanics and in [16] for field theory, every nonholonomic
constraint Q C J'Y carries a natural structure, called the canonical distribution, denoted by C.
It should be stressed that this structure gives a geometric meaning to ‘virtual displacements’ in

12



J. Phys. A: Math. Theor. 42 (2009) 185201 O Krupkova

the space of positions and velocities, and to the concept of ‘reactive forces’ (see [14] and [16]
for a nonholonomic D’Alembert’s principle and introduction and study of Chetaev forces).

Mechanics. If dim X = 1 then the canonical distribution is a corank k distribution on Q, where
k = codim(, annihilated by the following system of k linearly independent smooth contact
1-forms:

m—k
9fa do™m— k+a

<p“=<].€ ot>@"=a)’""+“—z L I<a<k (325
9g° 9g°

s=1

Note that the condition rankC = constant means that C — Q is a bundle over Q (a subbundle
of the tangent bundle T Q — Q); it is also called the Chetaev bundle.

The ideal in the exterior algebra on Q generated by the 1-forms ¢“, 1 < a < k, is called
the constraint ideal, and is denoted by Z(C®). Differential forms belonging to the constraint
ideal are called constraint forms.

Equivalently, the canonical distribution can locally be spanned by a system of 2(m — k) + 1
smooth vector fields on Q:

k
ac 8 o kea agm k+a 8
— = — 4 —
or ot 2:: (g 121: aq! ¢ dgm—F+a
agm k+a 9
= — 1<s<m—k, (3.26)
m +Ll

d

—, 1<s<m—k.
ag’

In what follows, we shall call vector fields belonging to the canonical distribution Chetaev
vector fields. Note that every Chetaev vector field takes the form

m—k
d
Z ZO ZS C S_
T Z 2L P50
m—k
ad ad
:ZO_+ )
ot — ag’
k m—k gm —k+a
N N ) e T) DL ISR
a=1 s=1 =1

where the components Z% 75, 7% of Z are functions of the variables t,q9°,4%),1 <o <
m,1 <s<m-—k,onQ.

Itis immediately seen that the family of Chetaev vector fields need not contain vector fields
projectable onto Y. Moreover, the canonical distribution C need not contain prolongations of
vector fields defined on Y, even if it is projectable.

Remarkably, the following theorem holds, first observed and proved in [14].

Theorem 3.4. The constraint Q is given by equations affine in the first derivatives if and only if
the canonical distribution on Q is 7 o-projectable (i.e., the projection D of C is a distribution
onY).
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Note that in the affine case, if we denote g’"’k*“ = A%+ B{q°, the distribution D is locally

spanned by vector fields
k k

0 0 0 0
— + ¢ —+ZB;‘—, 1 <s<m-—k, (3.28)
ot —~ aqukﬂz 36]3 — aqm7k+a
or, annihilated by 1-forms A% df + B¢ dg® — dg™ ", 1 < a < k.

An important particular case concerns semiholonomic constraints, properties of which
can be summarized as follows [14, 15].

Theorem 3.5. Given a nonholonomic constraint Q C J'Y, the following conditions are
equivalent:

(1) Q is semiholonomic.

(2) The canonical distribution C on Q is completely integrable.

(3) C on Q is projectable onto Y, and its projection D = T, o.C is completely integrable.
(4) The constraint ideal Z(C) is closed.

(5) Functions g™ % defining locally the constraint satisfy

(g =0, 1<a<k, (3.29)

where E¢ denotes the C-modified Euler—Lagrange operator, in components defined as
follows:

dc d. o
& = -—— 1<s<m-—k, (3.30)
’ dg® drag*
where
d 0 0 o0
== g+ —. (3.31)
de ot aq* 0q°
(6) Functions g"~*** defining locally the constraint are affine in velocities and satisfy
£e(g" M =0, 1<a<k, (3.32)
where
c 0 d, o
1<s<m—k. (3.33)

S T Bgs  droags
Above, d./dt = d./dt — G*3./34".

An easy computation with the help of theorem 3.3 gives us that for semiholonomic
constraints, the projections of vector fields d./d¢ and d./d¢',1 < | < m — k, admit the
prolongation to Q. This means that vector fields JI(TJ_TL() - 0./0t) and J! (Twy0- 80/8611) are
along Q tangent to Q, and belong to the distribution C. Indeed, computing the prolongation
condition of theorem 3.3 we obtain in the case of 3./d¢’ and 9. /dt, respectively:

d_::agm—kﬂz agm—k+a agm—k+h agm—k+a _ d_éagm—kﬂz B acgm—k+a

_ - = =0,
dr 34! dgm—k+b Jg! aq! dt 94! dq!
d_/c gm—k+a B agm—k+a e 8gm—k+a kb agm—k+b Ny agm—k+a
dr aq! dgm—k+b aq! ot
_ 8gm7k+a ql B d_:: agm7k+a q~l .\ agm7k+a agm7k+bq.l
aql dr 86'11 3qm—k+b 36'11
8Cgm—k+a d 8gm—k+a ]
q dr 9q

in view of the above theorem. Summarizing, we have the following theorem.

14
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Theorem 3.6. The canonical distribution C of a semiholonomic constraint is spanned by
vector fields J1&, where & belongs to the projection D of C, and 7 o-vertical vector fields.

Remark 3.7. Note that by the above theorems, constraints linear or affine in velocities
can be alternatively modelled by means of a distribution on Y, and similarly, semiholonomic
constraints can be modelled by means of a completely integrable distribution on Y. The
geometric description of nonholonomic constraints by a distribution on Y (on a ‘configuration
space’, or ‘space of events’) is quite popular and frequently used. The reader should, however,
keep in mind that using such a model in mechanics means that exactly constraints affine in
velocities are considered, while in field theory this is no longer true [16].

To better understand the structure of the constraint ideal, it is worth noting that

de® = ¢¥* + 2-contact form + constraint form, (3.35)

where (with the above notations)

ng—k+a
Yl = —EL(" T Adt + ————a" AdgP, (3.36)
04" 9g*
hence,

Py = —Eg" e A dt. (3.37)

Field theory. If dim X > 1, the situation is more complicated (see [16]). The canonical
distribution C on Q is annihilated by the following system of xn smooth contact I-forms

) are
¢“-’=<afaot)&)", I<a<k, 1<j<n, (3.38)
Yj

that, however, are not linearly independent. Moreover, the rank of C need not be constant
(C — Q need not be a bundle over Q).
We can see that at each point in Q,

o

0
corank C = rank <3fo o L) < min{m, kn}, (3.39)

J
where the right-hand side matrix has «n rows labelled by «, j, and m columns, labelled by
o. We say that the constraint Q is regular if the matrix (3.39) has a constant rank, k, where
1 < k < m. We then call k the constraint dimension of Q.
If the constraint Q is regular, then C is locally annihilated by a system of k linearly
independent 1-forms of (3.38), and we may assume generators of C in the following normal
form
m—k

ot =a" M =Y "Gl 1<a<k, (3.40)
s=1

where G¢ are appropriate functions.

Similarly as above, by constraint forms we shall mean differential forms belonging to the
constraint ideal on Q, generated by the 1-forms ¢, 1 < a < k.

The canonical distribution of a regular constraint can locally be spanned by a system of
smooth vector fields

8‘3 _ 0 : m—k+a a_s 0
axi  9xi + aX:I: (gi o G‘Ygi) gym—k+a ’ 1

N
/A
=
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k

§ 1<s<m—k, (3.41)
s aom—k+a
— ay +a’

0
9z’

hence Chetaev vector fields become vector fields on Q of the following form:

1< J <nm—k,

nm-—k

8 i ZZS L Z ZJ 0z’
) B , ek nm—« 5
= Z67 +Z;Zs By +21:( (I)g,m k+a+ZGa z 08,)) dym- Som—kea T Z P

— 0z
(3.42)

Zz0

One can see that C can be spanned by vector fields projectable onto X.

Similarly as in mechanics, the family of Chetaev vector fields need not contain vector
fields projectable onto Y, so that the canonical distribution C need not contain prolongations
of vector fields defined on Y. We have the following result (see [16]).

Theorem 3.8. The following conditions are equivalent.
(1) C is 7 g-projectable (i.e., the projection D of C is a distribution on Y).
(2) The relation

aG¢

=0 3.43
P (3.43)
holds.
(3) The constraint Q is locally given by equations
ff=f=A7+Bly’ =0, rank(B“) =k, (3.44)

where 1 < a = (a,i) < /c_codunQ,l\ <k, 1<i<n.
(4) The constraint Q is defined by a distribution on Y, locally annihilated by 1-forms

A%dx" + Bdy®, rank(BZ) = k, (3.45)
where 1 < a < k.

Note that equations (3.44) represent only a particular form of PDE’s affine in the first
derivatives. Thus in field theory, constraints modelled by a (co)distribution on Y represent
only a ‘small family’ of affine constraints: for example, the constraint y; + y7 = 0 does not
come from a distribution on Y. This makes nonholonomic field theory distinct from mechanics,
where all constraints affine in the first derivatives can be modelled by a distribution on Y.

A constraint Q is called semiholonomic if the constraint ideal is closed, i.e., the canonical
distribution C is completely integrable [16]. It can be shown that the canonical distribution
on every semiholonomic constraint is 7 o-projectable [16]. Hence, every semiholonomic
constraint can be alternatively modelled as a weakly horizontal' completely integrable
distribution of corank k on Y. Moreover, in complete analogy with mechanics, semiholonomic
constraints in field theory agree with the prolongation structure in J'Y. Analysing the
canonical distribution in the same way, we get the same result as in theorem 3.6: the canonical
distribution C on a semiholonomic constraint is spanned by vector fields of the form JCIS where
& belongs to the projection D of C, and 7, g-vertical vector fields.

! The ‘weak horizontality’ is expressed by condition rank(B5) = k and means that sections of  are among admissible
integral mappings.
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The following theorem will be very useful to simplify many formulae and calculations?.

Theorem 3.9. Every regular nonholonomic constraint Q C J'Y has the following properties.
(1) The forms py de®, 1 < k < a, are 1 g-horizontal.
(2) For every constraint 1-form ¢, p) dg is 7, g-horizontal.
(3) The following identities are true:
Ge (dcgj 3 dfgf) _ 987 B
T dx! dx/ dx! dx/
(dégf B dég?> I (3.47)
dx! dx/ / P '
m—k+a

dx! dx/
agj ag’

a _ a J —
€l =Gy g ——55—=0. (3.48)

, (3.46)

Ga

s

Proof. Computing dg® we obtain
dp* = d@" " —dG* A @' — G* dd°
= —dg" ™ A dx/ —dGY A @' + G dg) Adx

/oS ; m—k+a
(G“—dcgf S8 ) dx’ A dx/

¥ odxt dxi

38l d.Ge  dgrh A
+<G“ Sy r_ 2 @ A dx/

oy T dd oy
dgs  agm ke . 9.Ge 3G
wesSn S5 ) g pand - L5 e — S dy A
8yr a7’
( ags' agr(l—k+a a

; G
a J J —b s  =b _5
Gs 8ym_k+b - aym_k+b> @ AN d)CJ — W(p A\ @ . (349)

S oyt dx/ ay”

a s a m7k+a )
* (Ggaij = gf—) & Ad)
z

acgs. d.G¢ acgl?17k+a .
i)ldqf’:(G? Ly —=——r - @ Adx’

az’

agi ag;nfkﬂz L '
+ (G? Jym—k+b — gym—k+b @7 Adx. (3.50)

Since for each a the ¢* is contact, dp? is also contact. Hence

_ dégv d/Cgm—k+a agv 8gl?1—k+a . A
hdg® = (G“ L ) G - ) ) dx Ady

S dxi dx! $oazd oz’

dc s dc m—k+a ) ,
= (G“ & _ g’—) dx' Adx! =0, (3.51)

¥ dxi dx!
and we can see that (3.46) holds. We also get (3.47) and
2 With theorem 3.9, some results previously obtained in [16, 20] are simplified. In particular, formula (3.48) is

significant, saying that all the functions C§ i vanish. Due to this identity, some important formulae, e.g. constrained
Poincaré—Cartan form or constrained equations of motion, take a more friendly coordinate form.
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9o g™ —k+a Py §om—k+a
Gyi&_ji__>4_(ca§“_£;__leo Vi, j, (3.52)

*9z7 az’ *9z7 dz’ !

meaning that (3.48) are true.

Substituting (3.48) into (3.50), we obtain the first assertion of theorem 3.9.

Finally, if ¢ € C°, we have ¢ = F,¢% hence dp = F,d¢* + dF, A ¢“, and (since ¢* are
contact forms) p; dp = F,p; dp® + hdF, A ¢*. Assertion (2) now follows from (1). O

For convenience, let us write

P gm7k+a d, Ga 9 r
ref m—k+ay _ “°9Jj _ SMs 7% ma
&, (gj ) = oy 1 By Gy, (3.53)
a gm—k+a d Ga a gr
cf m—k+ay _ “€9j s R AT
gS (gj ) - ays dx/ dys re (3.54)
With this notation,
. 9,G aG¢
_ / m—k+a\ =r CYs —r = s J ~
d(p”——é’,c(gj )a) /\dx’—a—yra) Awy—ﬁdz A @°
0g’ ggmha A 9GY
a J J =b Jj _ s =b =5
+ (Gs dym—ktb  gym—k+b ¢" A dx! aym—k+b(p A (3.55)
) agg agl?l—k+a )
_ a m—k+a\ -.r a J J —b
prdet = =& (gf )@ Adx/ + (G‘v gyt~ gym—keb | ¢ Adx/, (3.56)
and dp“ A w; = ¥ + 2-contact form + constraint form, where
1//“ _ _g/c( m7k+a)—s 8Gf =5 d J X 3.57
¢ =—&r(g] @ Ao+ et AT Ao, (3.57)
1.e.,
pivd = —&5(g1 )@ A . (3.58)

The above formulae will be useful later when we shall study constrained variations.

Remark 3.10. Theorem 3.9, item (1) or (2), is a rather surprising property of nonholonomic
constraints: in factitclaims that the canonical distribution of a regular nonholonomic constraint
is optimal in the sense that C°, hence the constraint ideal, is generated by Lepage forms. This
property can be viewed as an important intrinsic definition of the canonical distribution and the
constraint ideal. Although constraint 1-forms ¢¢ are of local nature (as local generators of the
codistribution C°), their intrinsic characterization is that they are Lepage forms; the horizontal
components of these forms are then Lagrangians for the constraint Q (for more details we
refer to [16], the concept of the Lagrangian constraint).

4. The first variation formula on a nonholonomic constraint

Consider a nonholonomic constraint Q C J!'Y. Our aim is to propose a variational principle
on the constraint submanifold Q, providing Chetaev-reduced equations as equations for
‘constrained extremals’.

It is important to note that we have to distinguish two distinct cases as follows:

e A variational principle for a constrained to Q Lagrangian system that is originally defined
onJ'Y;
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e A ‘true’ variational principle on Q: the integrand of the action is a differential form on Q:
it need not come from an ‘unconstrained’ Lagrangian system on the surrounding manifold
Jy.

4.1. Admissible sections, nonholonomic virtual displacements

Admissible sections are solutions of the equations of the constraint. This means that they have
to end in the constraint submanifold Q C J'Y, otherwise speaking, they are sections of the
fibred manifold &, : Q — X. Every admissible section § has a counterpart in Y it is a section
yofr:Y — X, given by

y =000 .1

Often we are interested in holonomic admissible sections (i.e., § = J'y). In this context we
also speak about admissible sections of m : Y — X: a section y of r is called admissible for
Qif J'y is admissible.

We can immediately see that the following proposition holds.

Proposition 4.1. Given a regular nonholonomic constraint Q C J'Y, holonomic admissible
sections are integral sections of the canonical distribution C on Q. Consequently, for every
admissible section y of w, J'y is an integral section of C.

Proof. If y is a section of 7 such that ImJ'y C Q, then for all constraint 1-forms
¢, 1 < a <k, weobtain J'y*p? = 0, since J'y*®° =0forall1 <o < m. O

A correct concept of admissible variations is, contrary to the unconstrained case, difficult
and not so straightforward: the key to this concept is the canonical distribution: as pointed out
in [14], nonholonomic virtual displacements, or admissible variations are realized by Chetaev
vector fields.?

It is important to note that to obtain variations (deformations) of admissible sections
one has to consider Chetaev vector fields that are projectable onto X. Indeed, variations of
a section of Q induced by a projectable vector field provide a 1-parametric family of maps
that all are sections of the constraint manifold. Precisely, if Z is a 7;-projectable vector field
belonging to the canonical distribution, and ¢, respectively ¢y, is the local 1-parameter group
of Z, respectively of the 77;-projection of Z, then for every parameter u € (—e¢, €) from an
appropriate e-neighbourhood of 0 € R, the composed mapping

84 = Pudoy, (4.2)

is a section of ;. In this way we get a 1-parameter family of admissible sections {3, }, induced
by Z.

Looking at formulae (3.27) and (3.42) defining Chetaev vector fields, and having in mind
theorems 3.4 and 3.8, we immediately realize a rather surprising property of nonholonomic
variations. Namely, there is no direct concept of nonholonomic variations of an admissible
section y of m, unless the canonical distribution is projectable onto Y. In the latter ‘simple’
situation, we have a proposition as follows:

Proposition 4.2. Let Q C J'Y be a regular nonholonomic constraint. Assume that the
canonical distribution C is 7t g-projectable, denote D its projection. Let y be an admissible

3 Note that, nonholonomic ‘virtual displacements’ take place in the manifold Q, i.e. in the space of events and
constrained velocities.
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section of w. Given a mw-projectable vector field & € D with the local 1-parameter group
Yy, u € (—€,€), then

Yu = Vu¥Vou' s u € (—€,e) (4.3)

is a 1-parameter family of sections of w : Y — X such that for every u, y, is the projection of
an admissible section X — Q.

If Q is semiholonomic then (4.3) is a 1-parameter family of admissible sections of
Tm:Y—> X

Proof. Let £ € D, and choose Z € C such that & is the 7 g-projection of Z. Denote
@u, u € (—¢, €) the 1-parameter group of Z. Then

Yu 00 = 71,00 ¢u, and bou = You- (4.4)
Consider the deformation of the section J'y by Z, i.e. the family of sections
Su=¢uoJdyogy, u € (—¢,e€). 4.5)

Then for every u, the projection of §, takes the form

Vu=T1008 =T0oduodyody =vuompo v oy =vuoyoyy. (4.6
as desired.

If O is semiholonomic, we have J'y, = J'(Vuy¥y,) = J'¥u o J'y o yy,!. Since
J'y is a section of 77; and the vector field J!& belongs to the canonical distribution C, so
that it is tangent to the manifold Q, we get for all points x from the domain of y and for all
u € (—e, €) that J'y, (x) = J'y, (J'y (¥, (x))) € Q. This means that all y, are admissible
sections. O

If the canonical distribution is not projectable onto Y, taking an admissible section y of
and a ‘variation vector field’ Z € C, we get a family of admissible sections of the constraint Q

Su=ud vy, 4.7

First of all, sections §,, of this family need not be holonomic (i.e., a deformation (variation) of
prolongation of an admissible section of 7 need not correspond to a prolongation of a section
of ) which is a violation of the ‘classical’ principle of virtual displacements. Moreover, the
projection of {3,}, i.e. the family of sections of 7 of the form

Vu = 7100 d v b5, (4.8)
need not be induced by a vector field on Y.

4.2. The nonholonomic first variation formula for ambient Lagrangian systems

Given a nonholonomic constraint Q C J'Y and a Lagrangian A on J'Y we shall introduce a
variational principle for sections of the constraint Q such that the extremals of the constraint
action are solutions of the reduced nonholonomic equations.

First, let us summarize main points to be considered:

e The variational principle is formulated for the fibred manifold 7; : Q — X,dim X = n,
endowed with the canonical distribution C.

e Admissible paths are sections of the fibred manifold 7; : 0 — X.

e Admissible variations are 7;-projectable vector fields belonging to the canonical
distribution (Chetaev vector fields).

It remains to specify the integrand of the action function. In this section we shall assume
that the constrained system arises from an unconstrained Lagrangian system on J'Y.
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As above, ¢ : Q — J'Y is the canonical embedding of a nonholonomic constraint in
J'Y, C is the canonical distribution on Q. Given a Lagrangian A on J'Y, it is known that the
corresponding constrained Lagrangian system is not simply the horizontal n-form ¢* X (see e.g.
[14, 15]).

Definition 4.3. By a constrained (to Q) system defined by a Lagrangian A on J'Y we shall
mean the differential n-form t*p, defined on Q, where p is a Lepage equivalent of ).

As we know, for dim X = 1 the only choice is p = ®; (the Cartan form), while for
dim X > 1 we have p = O, +dv + u, where ®, is the Poincaré—Cartan form, v is a contact
form and p is a 2-contact form; the latter forms need not be determined by the Lagrangian.

For the sake of clarity it is worth considering the case dim X = 1 (constrained curves)
and dim X > 1 (constrained fields) separately.

Mechanics. Let dim X = 1. Given a Lagrangian A on J'Y and a nonholonomic constraint Q
in J'Y, there arises a unique constrained system 1*®, defined on Q.

Let us recall a useful relation between (*®,, the constrained to Q Cartan form of A, and
©,+3, the (local)* Cartan form of the constrained Lagrangian [15]:

Proposition 4.4. Let us write

A=0A=(Loudr=Ldrt, 4.9)
o; = *,\_Ldt+2—:—id)’ (4.10)
x 2 .
and
oL
L,=——ou, 1<a<k. 4.11)
aqm—kﬂt

The form 1*®;_ locally splits into two terms as follows:

"0, = O7 + L,¢°, (4.12)

i.e. the difference 1*®, — O is a constraint form.

Definition 4.5. Let 2 C X be a piece of X (for simplicity we can take Q = [a, b],a < b).
Denote by Sq (7)) the set of sections of the projection @1 : Q — X, whose domains are
neighbourhoods of Q2. The function

Sq(®t1) 268 — / 3*1*0; € R, (4.13)
Q
will be called the constrained (to Q) action function of the Lagrangian A over 2.

Let Z be a 77;-projectable vector field belonging to the canonical distribution, and {¢, },
respectively {¢o,} the local 1-parameter group of Z, respectively of the 7;-projection of Z.
Given a section § € Sq(7;), we get for every u (from an appropriate e-neighbourhood of
0 € R) a deformed section §, = ¢u8¢&¢1 of 77, defined in a neighbourhood of ¢, (£2); the
1-parameter family {8, } is called constrained variation of § induced by Z.

In this way, every 7T;-projectable Chetaev vector field Z induces a real-valued function

u— 5O, e R. (4.14)
bou ()

4 Note that the ‘Cartan form of the constrained Lagrangian’, ®;, need not be globally defined on Q.
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Differentiating at u = 0 we get the following function on the set Sq(7T;):

d
Sa(#) 268 — <—/ 8;&*@1) = / 3*L,"0; e R; (4.15)
U J o, () u=0 Q

we shall call it the first constrained variation of the action function of A over 2, induced by Z.
Remark 4.6. Applying the same procedure to the 1-form £,:*®, in place of (*®; we obtain
the second constrained variation of the action function of A over Q2 as the second Lie derivative

of 1*®;, and in the same way we easily get higher constrained variations (induced, in general,
by different Chetaev vector fields).

Let us turn back to the first constrained variation. To study constrained sections of the
fibred manifold = : Y — X, we have to restrict the domain of definition Sq(7T;) of the
function (4.15) to the subset Sé’z (71) of holonomic sections of the projection 77y, i.e. to sections
of 71 : Q — X of the form § = J'y where y € Sq(r). Then the first constrained variation
(4.15) can be regarded as a function

Sa.o(m) 3y — f JYL, 0, e R (4.16)
Q
defined on a subset of sections of the projectionw : Y — X.

Remark 4.7. It should be stressed that the restricted first constrained variation cannot be
obtained via a ‘variation procedure’ from a certain ‘action’ defined on the set Sq o () (see
proposition 4.2 and the discussion around).

Applying to (4.16) Cartan’s formula for the decomposition of Lie derivative, and keeping
notations introduced so far, we obtain the following theorem:

Theorem 4.8. Let ) be a Lagrangian on J'Y. Given a nonholonomic constraintt : Q — J'Y,
the constrained first variation formula takes the form

/ JWL, e, = / Jly*ig* de, +/ Jly*digi*e;, (4.17)
Q Q Q
or, has an equivalent expression
/ JYWL,*e, = / J'y¥i (dO; + Loy®) + / Jly*di 05, (4.18)
Q Q Q
where Z is any 7t-projectable Chetaev vector field.
Proof. First we show that (4.17) and (4.18) are equivalent. From (4.12) we obtain

(*d®, = dO; + L,¥* + 2-contact form + constraint form, (4.19)

where the 2-forms ¢ were defined in (3.36). Applying to this formula contraction by Z and
the pullback by J 1 y, we can see that the last two terms vanish. Indeed, the contraction of a
constraint form by a Chetaev vector field Z is a constraint form, hence contact, and similarly
a contraction of a 2-contact form (by any vector field) is a contact form, vanishing along
prolongations of y. Finally, (4.12) and iz¢” = 0Va, gives us iz*©, = iz O7.

It remains to prove that (4.17), respectively (4.18), represents a decomposition into a
‘constrained Euler—Lagrange term’ and a boundary term. The latter is obvious, since

/le*dizc*@)A:/ Jly*ife,. (4.20)
Q 191
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Hence, we have only to show that the term J!y*i,1*d®,, or, equivalently, the horizontal part
of iz1*d®,, does not depend upon the ‘first-order components’ of the vector field Z, i.e. the
components Z° at 3/9¢°, 1 < s < m — k. This is easily seen from (4.18). Indeed,

hiz(dO5 + Ly¥®) = hizp1(dO5 + L,y*) = (Ssc(l—,) — Laé'f(g’”’k*"))ZS dt, (4.21)
proving that the term
f Jly*i*de, = / J'y*i (dO5 + Lay®) (4.22)
Q Q
really has the meaning of a ‘constrained Euler-Lagrange term’. |

Remark 4.9. The vector field Z need not be a symmetry of the (induced) contact ideal on
Q; hence £, need not be compatible with the decomposition of the 1-form (*®, into the
horizontal and contact component. Indeed, in general,

L,h*@; = L") # hL,* 0, (4.23)

so that on the left-hand side of the constrained first variation formula one cannot put the Lie
derivative of the ‘constrained Lagrangian’, £, A, instead of £,1*®,.

Let us compute the term that appears as the horizontal part of £,:*®;; hence substitutes
the role of a ‘transformed constrained Lagrangian’: taking into account that Z is a Chetaev
vector field (iz¢* = 0V a) and the constraint forms ¢ are contact, we obtain up to a contact
form (indicated by dots)

,Czt*®)L = ‘Cz Op. + Ez (La(pa)

. Aoy . .
=£Ztk+a—qlﬁzw +LoL,0% + -

a(L
=L, + %(iz d@' +diz@") + Laiz dg® + - - -
q
a(L .
=L+ %(z0 dg' = Z'dt +d(Z' — ¢'Z°) + Laizyp + - - -. (4.24)
q

After splitting to the horizontal and contact component we finally obtain

- — _ d(Lov) (d.Z! d.z° .
_ m—k+a 1 -1 >0 . [ 1
hL,* @, = L) — <La€f(g WZ'—¢'Z") — 24 < a q - Z dr

(4.25)

(note that the form above is defined on O C J2Y).
Hence, we can conclude:

Proposition 4.10. With the notation 1*). = X = L dt the integrand on the left-hand side of the
constrained first variation formula (4.17), resp. (4.18) reads

J])/*EZL*G)\ — JZ)/*[;CZ)_\, _ (Lagf(gm—k+a)(zl _q-lzo)

AL (d.Z A
-—=—-d=—-7'))|a. (4.26)
agl \ dr dr
If, in particular, the constrained variation Z is a contact symmetry then
/ JYWL, 0, = / JYy*L,h. (4.27)
Q Q
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Remark 4.11. If Q is semiholonomic then, as we have seen, every constrained variation Z € C
such that§ = T o - Z # 0, is a contact symmetry, moreover, Z = Jclé. Hence,

/le*ﬁjlsc*®k=/ JYL, k (4.28)
Q ¢ Q ¢

for every m-projectable vector field & € D, where D is the projection of the canonical
distribution.

Field theory. Now, let dimX = n > 1. Consider a nonholonomic constraint ¢ : Q —
J'Y, codimQ = «, and its canonical distribution C. To avoid technical problems with points
of discontinuity of generators of C, in what follows, we assume the constraint Q be regular,
and put rankC = k, where k is a constant, 1 < k < m.

Similarly as in mechanics, we have a local splitting of the constrained Cartan form (*®;
of a Lagrangian A on J'Y, as follows (cf [16] and (3.48)):

*0; = O3 + Lig" A wj, (4.29)
where
_ aL 0z’
Or = Loy + — —— &' Aw; (4.30)
daz’ 9y}
is the local ‘Cartan form’ of the constrained Lagrangian (*A = X, and
A oL
L'[; = P Ool. (431)
ayj

Definition 4.12. Let A be a Lagrangian on J'Y, p its Lepage equivalent. The constrained
action function of p over a piece Q2 of X is a real function

So(1) 38 — f 8**p e R. (4.32)
Q

Consider a 7T;-projectable Chetaev vector field Z on Q. Given a section § € Sq (7)),
consider its constrained variation induced by Z,

Su - ¢u8¢0u7 ue (_Ev E) (433)
and the induced function
u— Syt p € R, (4.34)
bou ($2)

Differentiating at u = 0 as usual, we get the first constrained variation® of the action function
of p over 2, induced by Z; it reads

d
Sa(f) 28 —> <—/ 5,’;[*,0) = / 8*L,*p € R. (4.35)
du Jgo, ) o J2

Restricting to constrained sections of the fibred manifold w : Y — X, i.e., restricting the
domain of definition S (771) of (4.35) to the subset of holonomic sections of the projection 77y,
we get the function

Sqo@m) >y — / J'WL,p eR, (4.36)
Q

3> Again, higher constrained variations are easily obtained: applying the same procedure (with eventually another
Chetaev vector field) to the n-form £, 1*p in place of (*p we obtain the second constrained variation of the action
function as the second Lie derivative of ¢* p, and so on for higher constrained variations.
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defined on a subset of sections of the projection w : Y — X. Keep in mind that the restricted
first variation of the action usually(!) does not come from a variation of action defined on
sections of 7.

The decomposition of the Lie derivative gives us the constrained first variation formula
for a Lepage form p. However, to a Lagrangian A, we have a family of Lepage equivalents.
We know that for an unconstrained first-order Lagrangian, the first variation formula does not
depend upon a choice of its Lepage equivalent. Hence, we also wish to clarify the impact of
nonuniqueness of p in the presence of constraints. The results are summarized as follows:

Theorem 4.13. Let L be a Lagrangian on J'Y. Given a nonholonomic constraint
t: Q — J'Y, for every 7 -projectable Chetaev vector field Z on Q the constrained first
variation formula reads

/le*ﬁzt*pszly*izt*dp+/ J'y¥izcp, 4.37)
Q Q a0

where p is a Lepage equivalent of A.

Moreover, the first term on the right-hand side of (4.37) does not depend upon a choice
of a Lepage equivalent of )\, and the other terms depend only upon the at most 1-contact part
0 =0; +pidvofp,ie., (4.37) is the same as

/le*LZL*szjly*izt*d®,\+/ J'y*ige, (4.38)
Q Q 0Q

where ©, is the Poincaré—Cartan form of A.
The constrained first variation formula has also the following equivalent form

/le*ﬁzt*ezfjly*iz(d®x+ ng;‘)+/ J'y¥iz(O5 + py di*v). (4.39)
Q Q R

Proof. First, we show the independence of (4.37) upon a choice of the at least 2-contact part
of p. Every Lepage equivalent of a first-order Lagrangian A reads p = O, +dv + u, where v is
a contact and y is at least a 2-contact form on J'Y. Then £,i*p = £,1*®; + L,1*dv + L, 1* u.
However, (i is a 2-contact form on Q; hence the Lie derivative of (*iu by any vector field
yields a form that is at least 1-contact. This means that £,¢* vanishes along J 'y, so that

ley*Ezt*pzf JI)/*EZL*9=/ le*izt*d9+/ JYy*iz*0.  (4.40)
Q Q Q Q2

Let us show that also the right-hand sides of formulae (4.37) and (4.38) are the same. For the
first term we have

Jly¥igtdp = Ty i (dO; +dp) = J'y*ifde;, (4.41)
since iz(1*du) is contact. The second term becomes J'y*izt*p = J'y*izi*(0 + fi),
where fi is at least 2-contact. Contraction of [ is contact, and vanishes along J'y, hence
Jy¥igtp = Jly*i 0.

Now, let us prove equivalence of (4.38) and (4.39). By (4.29) and (3.57) we obtain
*d®, = dO5 + L} w;‘+ constraint form +2-contact form. However, the contraction with a
Chetaev vector field of the last two terms is a contact form, vanishing along J'y. Computing
the second integrand we get J'y*izi*0 = J'y*iz(O5 + Lig" A w; +* p; dv), however, the
form Liiz((p“ A wj) is contact, and t*p; dv = pidi*v.

Finally, we have to show that in the constrained first variation formula the term
J'y*iz1*d®, does not depend upon the ‘first-order components’ of the vector field Z, i.e.

the components at 3/dz”. This is, however, immediately seen from (4.39), if we look at the
definition of the forms © and ¥/{. |
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We can conclude that for different Lepage equivalents py, p» of a Lagrangian, constrained
equations of motion are the same, however, conservation laws may be different, and the
difference depends upon the contact form 6, — 6.

Remark 4.14. Note that the above theorem indeed presents a correct constrained first variation
formula, since the ‘Euler-Lagrange term’ does not depend upon the first-order components of
the vector field Z, i.e. components at 3/9z” .

Besides the integral constraint first variation formula we have also its differential version,
that we shall call infinitesimal constraint first variation formula. It obviously takes one of the
following equivalent forms:

hL,p = hizi*dp+hdizgi*p, (4.42)
RL,1*0 = hizt* dO; + hdiz "6, (4.43)
hL,*60 = hiz(dO; + Liy) + hdiz (O3 + py di*v). (4.44)

Definition 4.15. We define the constrained Euler—Lagrange form of A as follows:
EA = [_71L* d@))h (445)

It is immediately seen that it holds.

Proposition 4.16.
E)L = L*p1 d("))\ = L*EA. (446)

Writing the constrained Euler—Lagrange form in fibred coordinates adapted to the constraint,
we obtain the formulae
m—k
E; = p1(dO5 + Ly = Z ES(L, Ly)®* A wy+ constraint form,  (4.47)
s=1
where for dimX =1
E(L. La) = E/(L) — L& (8" ™)

_ 3CZ dc aZ acgm—k+a dc agm—k+a
N ¢ dg* e ags )’

(4.48)

and fordimX =n > 1

ES(L, L) = EX(L) — LI (g7 )

J

e e Bl B B
ays  dx/ ay;  9y* 9y} 4

(8T d.Ge o deg) - 4.49)
oy’ dx/ ays "’ '

Components of Ej are called constrained Euler-Lagrange expressions of A.
Finally, the constrained first variation formula can also be expressed with the help of the
constrained Euler—Lagrange form, to read e.g. as follows:

/le*ﬁzt*éz/Jzy*izE,\+/ J'y*iz6. (4.50)
Q Q Q2
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4.3. Nonholonomic Euler—Lagrange equations

With the constrained first variation formula it is easy to obtain equations for constrained
extremals—the nonholonomic Euler—Lagrange equations.

First note that the concept of a ‘fixed endpoints’ variation over a piece 2 of X is defined
in complete analogy with the unconstrained case: it is a 77;-vertical Chetaev vector field on Q
with the support in 77, Q).

Given a constrained Lagrangian system ¢*p on Q, a section y of 7 : ¥ — X is called its
extremal over Q, if ImJ'y C Q, and

/ JWrL, o p =0, (4.51)
Q

for every ‘fixed endpoints’ variation Z over 2. y is called an extremal of (*p, if it is an
extremal of t*p over every piece 2 of X such that 2 C Dom y.

The following theorem gives both intrinsic and coordinate versions of equations for
extremals of nonholonomic systems, i.e. of ‘constrained Euler—Lagrange equations’.

Theorem 4.17. Let A be a Lagrangian on J'Y, p its Lepage equivalent, 1 : Q — J'Y a
nonholonomic constraint. Let y be a section of w such that ImJ'y C Q. The following
conditions are equivalent:

(1) y is an extremal of the constrained system (*p.
(2) For every i -vertical Chetaev vector field Z on Q and any constraint (n + 1)-form ¢

J'y¥iz(d*p +¢) = 0. (4.52)
(3) For every it|-projectable Chetaev vector field Z on Q and any constraint (n + 1)-form ¢
Jly*¥iz(dfp +¢) = 0. (4.53)
(4) For every Chetaev vector field Z on Q and any constraint (n + 1)-form ¢
Jly*iz(dtp +¢) = 0. (4.54)
(5) The constrained Euler-Lagrange form E; vanishes along J*y, i.e.,
E,oJ?y =0. (4.55)
(6) v satisfies the following system of differential equations
(E(L) — L,EL(E" M) o JPy =0, (4.56)
ie.,
ML _ &Ly, <a°gm_k+a & agm,_m) =0 (4.57)
ags  dr ag® ag’ dr  0g°
ifdimX = 1 and
(E(L) — LiES (g ™)) o Py =0, (4.58)
ie.,
&L _ do DL _ %85 OL _ <a°g71_k+a _ &0y % ;G“> —0 (4.59)
ay*  dx/ay;  9y* 9y} “ ay’ dx/ ays "

ifdim X = n > 1, respectively, together with the equations of the constraint.

Equations (4.52)—(4.54) do not depend upon a choice of a Lepage equivalent p of A, so
that they may be equivalently written with ®, _in place of p.

Proof. The constrained first variation formula (4.37) gives us that y is an extremal of (*p iff
for every 7;-vertical Chetaev vector field Z

Jly*izdifp = 0. (4.60)
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Indeed, it is sufficient to note that every 7;-vertical vector field can be expressed as a sum
of vector fields with compact supports on appropriate pieces of X. Next, since any constraint
(n + 1)-form ¢ on Q reads ¢ = ¢ A 1, where ¢V € C° and 5 is an n-form on Q, we have
izo =iz(@WM An) = —p"D Aizn. The latter is, however, a constraint form, vanishing along
J'y (since it is contact). Thus, we have proved equivalence of (1) and (2).

Equivalence of (1), (5) and (6) is easily seen from the following expression of the
constrained first variation formula

/le*ﬁzc*pzf J2y*iZEA+/ Jly*dizp. (4.61)
Q Q Q

Indeed, by analogous arguments as in the previous case, y is an extremal of ¢*p iff for every
7t1-vertical Chetaev vector field Z

J*y*izE, = 0. (4.62)
Using the expression (4.47) for E;, we obtain
0= J%y*izE, = Jzy*(ﬁstwo + a constraint form) = Jzy*(SSCZSwO),

where Z* are components of a 7;-vertical Chetaev vector field. Using the requirement that this
condition has to be satisfied for every 77;-vertical Chetaev field, and looking at the generators
of the canonical distribution C, we conclude that this is the case iff (6) holds. The latter is,
however, a coordinate form of (5).

Let us show that (2) implies (4) (the converse is obvious). Let Z be an arbitrary Chetaev
vector field. Then it can be locally splitted as Z = Zi% + Z,, where Z, is -vertical.
Assuming (2), we have for any constraint (n + 1)-form ¢ (by similar arguments as above)

Tyriz@cp+ @) = Iy (Zisppat'dp) = J2y* (Zisjpe Es) = =y " (E52'0" N o) = 0,
since £ = 0, due to the already proved equivalence of (2) and (6).
The equivalence of (2) and (3) is proved exactly by the same arguments.

The independence upon a choice of p is now trivial, being an immediate consequence of
equivalence of the corresponding equations with (5) or (6). (|

Note that the requirement that vector fields appearing in the intrinsic constrained Euler—
Lagrange equations be Chetaev vector fields is essential. Indeed, given a vector field ¢ on Q
not belonging to the canonical distribution, we have
J'riedtp = Iy tic prditp = Iy i By = TRy (ESC wo — ESG0@° A wi +ic (0 A wp)),
where ¢! is a constraint 1-form. If y is an extremal, then J'y*i, d*p = J'y* (i, oV - wp) #
0.

We have seen that given a Lagrangian A on J 'Y, the constrained Euler—Lagrange equations
do not depend upon a choice of a Lepage equivalent p of A, i.e. they are the same for all Lepage
equivalents p of A. This is, however, important, since for different Lepage equivalents of A,
the Lagrangian A on J'Y gives rise to different constrained Lagrangian systems *p on Q.

Using this result, the following definition can be stated: given a Lagrangian A on J!'Y, a
section y of w : ¥ — X is called a constrained extremal of A, if InJ'y C Q, and

/ JYW L, p =0, (4.63)
Q

for (any) Lepage equivalent p of A, and every ‘fixed endpoints’ variation Z over 2, or,
equivalently,

/ IO, =0, (4.64)
Q
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for every ‘fixed endpoints’ variation Z over 2. y is called a constrained extremal of X if it is
its constrained extremal on every piece 2 of X such that 2 C Domy.

Remark 4.18. Constrained Euler-Lagrange equations in item (6) of the above theorem
are the reduced nonholonomic equations (so-called ‘Chetaev equations without Lagrange
multipliers’). In a different way these equations have been deduced in [15, 24] (mechanics)
and [16, 20] (field theory).

Note that constrained Euler—Lagrange equations are determined by L, defined on the
unconstrained evolution space, or by k + 1 functions LandL,, 1<a<k (respectively, k + 1
functions L and L2, (a, j) ¢ J) on Q, where k (respectively «) is the number of equations
defining the constraint. The constrained Euler-Lagrange equations cannot be determined by
the restricted Lagrangian L alone, unless ¢ = 0 (1&7 = 0), i.e. unless the constraint is
semiholonomic. In this sense, a constrained Lagrangian is a (local) n-form

k
Ae = Ldr + Z L,¢°, resp. Ac = Lwg+ Z Lé(/)“ Awj, (4.65)
a=1 (a,))¢T

that cannot be replaced by a single function on Q.

4.4. An alternative variational principle for simple nonholonomic and semiholonomic
constraints

We have seen that the family of nonholonomic constraints contains a geometrically significant
subfamily—constraints that can be modelled by a distribution on Y; according to [14] such
constraints are called simple nonholonomic constraints. Recall that in mechanics this family
is quite large and important, since it contains all nonholonomic constraints affine in velocities;
on the other hand, in field theory it is only a certain subfamily of ‘affine’ constraints.

Below we shall present a modification of the nonholonomic variational principle suitable
for description of this particular situation.

On Y consider a weakly horizontal distribution D of a constant corank k < m (hence of
rank n + m — k); recall that weak horizontality means that D has a vertical subdistribution
of rank m — k (sections of 7w are among admissible integral mappings) [13]. As mentioned
earlier, D gives rise to a constraint Q C J'Y and the canonical distribution C on Q (equations
for holonomic sections of 71 : O — X are equations for integral sections of D, i.e. admissible
sections of w are integral sections of D, and it holds that C projects onto D).

Semiholonomic constraints.  First, assume that D is completely integrable, i.e., the
nonholonomic constraint is semiholonomic. 1In this case D is spanned by m-projectable
vector fields £ on Y such that Jclé € C. Moreover, the vector fields J!& are symmetries of the
induced contact ideal on Q, meaning that the Lie derivative preserves decomposition of forms
into contact components. All this means that the variational principle does not much differ
from the unconstrained and holonomic one:

o Integral sections y of the distribution D such thatIm J'y N Q # @ are admissible sections,
since their prolongations satisfy equations of Q. Indeed, if y is an integral section of D
then y is an integral section of a vector field £ € D, and hence J'y is an integral section
of J'&. However, J'& along Q is tangent to Q and equal to J!&, so that if for some
xeX,J'y(x) € QthenImJ'y C Q, meaning that y is an admissible section of 7.

e Admissible variations in Y are -projectable vector fields belonging to D.
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o Admissible variations in Y obey the principle of virtual displacements. Indeed,
deformations of an admissible section y of 7 by projectable § € D induce deformations
of J'y by J!& € C that all are holonomic sections of Q: J'y, = (J'y),, Yu.

e We can restrict the constrained action to the subset of admissible sections of w. The
variation of the restricted action is well defined and equal to the restriction of the variation
of the constrained action.

o In the integrand of both the action and the variation of the action, only the horizontal part,
i.e. the restricted (to Q) Lagrangian, 1"\ = 2, is essential.

Summarizing, given a Lagrangian A on J'Y, we have the constrained action function

Sa.o(m) 3y — / Jly*p = / Jly*x e R, (4.66)
Q Q

and for every m-projectable vector field & € D the first variation of the constrained action
induced by & is computed in a standard way; this computation gives

Sa.o(m) 3y — / T Lpgtp = f J'y*Lpeh € R. (4.67)
Q Q

(cf with (4.36)). Now, the semiholonomic first variation formula takes one of the following
equivalent forms:

/le*z:,gsxzf le*ijclgdz*p+/ J'y*ipgtp, (4.68)
Q Q I
/le*ﬁjgsxzf le*i,c.éd@ﬁ/ Iy e Oy (4.69)
Q Q Q2
‘We can see that
E, =" p, dOy, (4.70)

and semiholonomic Euler—Lagrange equations are equations for integral sections of D, such
that

. o.L d. oL
dimX =1 —_— - —— =0,
ag®  dr 9g° @71
L L '
dim X > 1 bl de OL _
dy*  dx/ ay;

Simple nonholonomic constraints. The next case to be discussed is such that the distribution
D is not integrable. Now, D is spanned by projectable vector fields & on Y however, at the
points of Q, J'& need not be tangent to Q (Jclé need not be defined). This means that & € D
need not have a counterpart Z in C that would be a symmetry of the induced contact ideal on
0, and consequently, the Lie derivative along Z does not preserve decomposition of forms into
contact components. We conclude that:

e Integral sections of the distribution D are projections of admissible sections of Q.

e Admissible variations in Y are -projectable vector fields belonging to D.

o Admissible variations in Y do not obey the principle of virtual displacements: deformations
of an admissible section y of w by projectable £ € D induce deformations of J'y by
Z € C such that £ is a projection of Z; however, the deformations need not be holonomic
sections of Q (J'y, # (J'9).); the J'y, even need not be sections of Q (ImJ'y, need
not be a subset of Q). Instead, we have a nonholonomic principle of virtual displacements
that for simple nonholonomic constraints takes the form

') = 84, Vu = 71084 (4.72)
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(for all u € (—e€,¢€)), where {3,} is a deformation induced by a Chetaev vector field,
and {y,} by its projection onto Y. It can be briefly stated as follows: ‘every admissible
variation of derivation induces a variation in the space of events’.

o We cannot restrict the constrained action to a subset of admissible sections of m, since
deformations (—¢,€) > u — ¢,J'y¢o, need not belong to the subset of holonomic
sections of the projection 7T, so that the composition

u— 8, =g J vy, — Sip (4.73)
$ou (2)
would not be defined.
o In the integrand of the action and the variation of the action one cannot forget about the
contact part (the restricted Lagrangian A is not sufficient).

Summarizing, there are no significant simplifications available, and the situation is similar
to the general case: the constrained action is

Sq(T) 26 — / 8**p e R, (4.74)
Q

its variation induced by a 77| and 77 o-projectable Chetaev vecor field Z takes the form

d
So(#1) 3 8 — (—/ SZL*,O> - / §°C,0*p0 € R, (4.75)
du Jy, ) w—o o

and can be restricted to constrained sections of the fibred manifold 7 : ¥ — X (admissible
sections of ) to become

Sqo@m) >y — / J'WL,p eR, (4.76)
Q

as in the general case. Note that, however, in this case sections belonging to Sq o(w) are
integral sections of D.

4.5. A general nonholonomic first variation formula

The second (and more general) possibility is to consider a variational principle such that not
only variations, but also the system to be extremized is defined on the nonholonomic constraint
submanifold, without any reference to the ‘ambient space’ J!'Y. It is apparent that we need
to say what such an ‘inside Lagrangian system’ should be. Naturally we do require that if
an ‘inside system’ arises from a Lagrangian (or better from its Lepage equivalent p) on J'Y
as (*p, then the results are reduced to the previous ones. Accounting all this, we can deduce
that the integrand of the action of an ‘inside nonholonomic variational principle’ cannot be a
horizontal form, or even a function on Q (a ‘Lagrangian’). It must be an n-form with similar
properties as Lepage forms in the unconstrained situation—for a constrained action we need
the concept of a constrained Lepage form [211°.

Definition 4.19. Let Q C J'Y be a nonholonomic constraint. We call a differential n-form p
on Q constrained Lepage form if p| dp is 7, o-horizontal.

6 Indeed, there is no reason to assume a priori that the action of a differential form and of its horizontal part should
be the same; and as we have seen, this really is not the case, unless the constraint is semiholonomic. Moreover, for
the first variation formula we do need the Lepage property assuring that the action integral is related to a dynamical
Sform.
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First-order constrained Lepage forms take the following coordinate expression:

m—k 9T, k
. . 1. - _ 7 i) a
ifdimX = 1: p_Ldt+Zaqlw +ZL,,§0,
=1 a=1
. - aL ag, \ _
ifdimX > 1: p = Lwy+ Z P Z L{j# @° A ;i
J=(0,i)eJ w.p)¢J
+ Z LP®" Aw, + 1, (4.77)
w,p)¢J

where p is an arbitrary at least 2-contact n-form on Q.
Let Q C J'Y be a nonholonomic constraint, C the canonical distribution on Q.

Definition 4.20. By a Lagrangian system on a nonholonomic constraint Q we shall mean a
constrained Lepage form p on Q.

From now on, the setting and procedure to obtain constrained action, variation of the
action, first variation formula and Euler—Lagrange equations is the same as in the case of
constrained ambient Lagrangian systems: only ¢*p should be replaced by p.

Note that the action, first variation and Euler—Lagrange equations cannot be obtained
provided only one function on Q (a ‘constrained Lagrange function’) is given: indeed, they
depend upon a choice of k + 1 functions L, L,1<a<kifdmX =1, respectively k + 1
functions L, LY, where (v, p) ¢ 7, if dim X > 1.

It is worth noting that in this case a corresponding unconstrained system need not exist,
and if it exists it need not be Lagrangian. We refer the reader to [18] for more details on
non-Lagrangian systems on J'Y that become (constrained) Lagrangian systems if subject to
an appropriate nonholonomic constraint. For illustration, we give an example of such a system
below.

5. Examples of nonholonomic variational systems

In this section we give examples of mechanical systems subject to nonholonomic constraints,
that are ‘constraint-variational’, however, cannot be obtained via the traditional variational
procedure. As we have seen, this concerns ‘true’ nonholonomic systems, i.e. systems that are
not semiholonomic (the constraints are nonintegrable).

In the examples below, we consider a nonholonomic constraint Q of codimension 1, given
by a single equation, in normal form denoted as

q" =g(t.q°.4"), (5.1)
where | <o < mand1 <! < m — 1. Hence, we write g instead of gl, and similarly, ¢
instead of (pl for the corresponding constraint form; in this notation,

m—1

0g . m
0= —Z—.(dql —¢'dr) +dg™ — gdt. (5.2)
=0 aql

Recall that main points characterizing the nonholonomic variational procedure (making
it different from the unconstrained, holonomic and semiholonomic ones) are the following:

e The constrained Lagrangian system, constrained variations, etc are defined on the
constraint manifold Q that represents the evolution space for the constrained system.

32



J. Phys. A: Math. Theor. 42 (2009) 185201 O Krupkova

e In place of a ‘constraint Lagrangian’ we shall have a 1-form
Ac=Ldt+Lgp, (5.3)
i.e. the constrained system will locally be represented by two functions, L, L, (and as we
know, cannot be reduced to a single function) on Q.”

e Constrained variations are projectable (onto the base) Chetaev vector fields living on Q,
that are not prolongations of vector fields on the ‘space of events’ Y.

The examples are chosen in such a way that

o the first nonholonomic system arises from a Lagrangian system, subject to a constraint
linear in velocities, i.e. representable as a nonintegrable distribution on Y;

o the second nonholonomic system arises from a Lagrangian system, subject to a constraint
quadratic in velocities, i.e. not representable as a distribution on 'Y,

e the third example illustrates the most general possibility that has no counterpart in
‘constrained Lagrangian mechanics’. Namely, the original (unconstrained) mechanical
system is not Lagrangian; however, the arising nonholonomic system is variational as a
constrained system.

5.1. Example of a Lagrangian system subject to a linear nonintegrable constraint

We shall consider a free particle of mass m = 1 moving in R* along a curve the angular
coefficient of which is proportional to the time that has passed from the beginning of the
motion [28]. We have the fibred manifold 7 : R x R*> — R with canonical coordinates
(t, x, y), and the first jet prolongation JI(R x RZ) = R x TR? with coordinates t, x,y,%,9).
The unconstrained system is given by the Lagrangian

A=Ldt =1 +3)dt (5.4)

onR x TR?, and the constraint Q C R x TR? (the evolution space of the constrained system)
is given by equation

cti —y =0, (5.5)
where c is a constant. Putting
y =g x,y,X)=ctx, (5.6)

we get the constraint equation in normal form. Now, (7, x, y, X) are adapted coordinates on
Q. In these coordinates, the constraint form ¢ on Q, annihilating the canonical distribution C,
reads

d
(p:—a—‘?(dx—xdt)+dy—gdt:—ctdx+dy. (5.7)
X

The canonical distribution C would be completely integrable if the ideal generated by the
1-form ¢ would be closed, i.e., if dp = —c dt Adx = ¢ A n for some 1-form 1 on Q. However,
an easy computation shows that no such n exists. This means that the constraint ideal is not
closed, i.e. the canonical distribution C is not completely integrable, i.e. the constraint Q is not
semiholonomic.

Let us compute admissible variations: the canonical distribution is spanned by the
following three vector fields:
¢ a ( ag x) d a dc a 0dg 0 a a

a
— = — 4 — +— = — +ct—, -, (58)
at ot dx dx 0xdy ox ay ax

7 If we considered k constraints, the ‘constraint Lagrangian® A, would contain k + 1 ‘Lagrangian functions’. In a
more geometrical setting, instead of a Lepage form (in mechanics a Cartan form ®,) in the integrand of the action
there appears a constraint Lepage form that cannot be determined by a horizontal form (a Lagrangian) on Q.
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so that we get (projectable onto R) Chetaev vector fields = admissible variations of the form

Z=12 9 +Z 9 + ta +7Z 9 (5.9)
=Zy— — +ct— -, .
% T \ax T By 9%

where Zy, Z, Z, are arbitrary functions on Q, Zy = Zy(t).
In order to write the constrained action of the Lagrangian A we shall need the Cartan form

aL aL 1
®, = Ldr+ a—_(dx —xdn) + a—.(dy —ydr) = —E(xz +32)dr +x dx + ydy. (5.10)
X y

The constrained system is the 1-form (*®,. Locally it can be represented by a ‘constraint
Lagrangian’

* dL 1, 2.2 .
A=A+ —ot)o=-x"(1+ct")dt + ctigp. (5.11)
ay 2
Now, we have the constrained action
1
Sa(@1) 38 — / 5O, = / 5* ()'cdx +ctxdy — §x2(1 +c2z2)dz> eR, (5.12)
Q Q
and, given a Chetaev vector field Z, the variation of the constrained action induced by Z
1
Sa() 3 8 — / §*L,1*0, = / 8*L, (x dx +ctidy — 5xz(l + %) dt) eR.  (5.13)
Q Q
Restricting the domain of definition to holonomic sections, § = J!y, we finally obtain
1
Sa.o(@) >y — / Jl)/*[:zt*@l = / le*ﬁz (x dx +ctxdy — 5)'62(1 + %) dt>
Q Q
1. . . . 1 22 2.2
= J y¥izd xdx+ctxdy—§x (1+ct7)dr
Q

1
+ / (xa +%) (2, - -xzo)) oJy. (5.14)
a0 2
To compute the constrained Euler—Lagrange equation it is sufficient to consider vertical
Chetaev vector fields. We obtain
hizd (% dx + ctx dy — 132(1 + %) dr)
= hiz(di Adx +ctdi Ady +cidt Ady —x(1 +c2t?) dx Adr)
=h(Zydx — Z1dx + ct Zody — ¢*t2Z, dx — 2tk Z1 dt — (1 + *t2) Z, dr)

= — (@(1+1%) + 1) Z, dt, (5.15)
giving the constrained Euler—Lagrange equation
i(l+ )+t =0. (5.16)

It is worth noting that the canonical distribution C is, indeed, projectable onto a
nonintegrable distribution D of rank 2 on the evolution space R x R?: D is annihilated
by following 1-form —cz dx + dy on R x R?, or, equivalently, spanned by vector fields

= 9 9 ta 5.17
$_$05+§1<£+C5>' (5.17)

As we have seen, vector fields belonging to D such that & = &y(¢) induce nonholonomic
variations of paths in R x R%. We can also easily check that these vector fields do not admit
prolongation to Q. Computing the prolongation condition we obtain

d(&ct) 0 g dg, dgd dg \ d
cGie) 08, 08, 08,  08d& (08 VA& s g
dr ay ot ax ax dt ax dr
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i.e.,
&1c = cx&. (5.19)

This is a linear equation in x, having the only solution &, = 0, §y = 0. Hence, for no nonzero
vector field £ € D, the vector field J'£ along Q is tangent to Q, meaning that prolongations of
vector fields belonging to the distribution D do not induce variations of curves in the evolution

space Q.

5.2. Example of a Lagrangian system subject to a nonlinear constraint

The second example concerns a relativistic particle considered as a nonholonomic system
[17], illustrating a Lagrangian system subject to a nonlinear constraint. We have seen that
such a constraint cannot be represented by a distribution on the evolution space; however, is
modelled as a submanifold Q in the evolution space of the original (unconstrained) system,
with the canonical distribution C on Q.

We consider a fibred manifold 77 : R x R* — R and its jet prolongation 77; : R x TR* —
R, with global fibred coordinates denoted by (s, g%, ¢°), 1 < o < 4, where R* is endowed
with the Minkowski metric —(dg')? — (dg?)? — (dg*)?+(dg*)*. Let A, = L ds be a Lagrangian
on R x TR4,

3
1 - 4N2 2 P\2 el
L=—2mo | @ =) @M | +6:4" =¥, (5.20)
p=1
where my > 0 is a constant (the rest mass of the particle), and (¢,) = (A, —V) and ¢
are functions on R*, representing a 4-potential and a scalar potential, respectively. Let a
nonholonomic constraint Q in R x TR* be given by the equation

3
@Y= @ =1, (5.21)
p=1
expressing the relativistic condition on the 4-velocity. Assume ¢* > 0, and take for the
constrained system the evolution space

0, CQCRxTR*: ¢t =g6,9°,4".4*.¢") = (5.22)

with adapted coordinates (s, g%, ¢'), 1 <1 < 3.
The nonholonomic system on Q. is given by the 1-form (*®,, where ®, is the Cartan
form of the Lagrangian A,

3
aL 1 -
On=Lds+ 20’ =~ 3mo G4 - ;W —Ag" + V@t +y | ds
3
+ Y (mog” + A,)(dg” — ¢ ds) — (mog* + V) (dg* — ¢* ds), (5.23)
p=0

and ¢ is the canonical embedding of Q. into R x TR4, q4 oL=g.
It is convenient to consider on R x TR* — {c']4 = 0} other coordinates (s, ql, t, v, q“), 1<
I < 3, better adapted to a three-dimensional observer, defined as follows:

—— S (5.24)
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In these coordinates, the constraint Q. is given by the equation
7 ! (5.25)
q9 = —F7— .
V1T —?

and the constrained Lagrangian system takes the form

O, = (;mo - )ds + Z < -+ A,) dg' — (% + v) dr. (5.26)
— v

We shall find admzsszble variations. The canonical distribution C on Q. is annihilated by
an 1-form

3 .l 3
p=-Y g g ds)+ [dgt — |1+ @2 ds
=0 /1+ Z‘Zzl(ql’)z p=I
3
=dr - v'dg' — V1 —22ds, (5.27)

or, equivalently, spanned by seven vector fields

) a d a a d
—C=—+(g gq>—=—+ 1 —v2—,

ds  Os aq! dg*  3s ot

9 d 3 ad d d

2o LB Ly (5.28)
8q dq! 8ql 8q 9! at’

8 vl
Let us write the constrained variational principle. The constrained action is

SQ(T_[l) 56 —> / 8*L*®A
Q

LGB

- (% + V) dt) cR. (5.29)
—v

For a fixed Chetaev vector field Z € C, the variation of the constrained action induced by Z is

89(7_'[1) 56 —> / S*EZL*G),\
Q

3
1 movt ) .
= [ ((zmo—y)ds+Y (== +4)d
/sz ((2 0 1/f> ;(vl—vz ')

- (%+V) ) cR. (5.30)
—v

Restricting the domain of definition to holonomic sections, § = J'y, and putting

z=z0% g0
s 9q’ ag!

=20%+Zzlaiql+<2:z’v’+z°\/1 )—+Zz\/ a —, (5.31)
1 1
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we get the first variation of the constrained action in the form

Sqom)sy — /ley*ﬁzt*(ax
1% 1 : mov' ! mo
:fQJ VL, ((Emo—w) ds+;<ﬁ+m) dg' — <ﬁ+v> dt)
L s 1 s mov! ; mg
=), ’Zd(<z’"°“”) D () - () ‘”)
+/m <Z(A; —vuhz! - <%m0 U+ vﬂ) ZO) oJly. (5.32)
l

Taking for simplicity vertical Chetaev vector fields (Z° = 0), we obtain the constrained
Euler-Lagrange equations by a straightforward computation. Similarly as in [17] we can
write them as equations for sections y (s) = (s, (s), ¢' (¢ (s)) in the form

d [ mov R . 9A v dy
— | —) = tA— — —gradV —+1—v2grady — ———. 5.33
o (m> V X I o gra v grad ¥ N ( )

Finally, note that the vector fields d./ds, 8./dq' € C are not projectable onto R x R*,
i.e., the distribution C on Q. does not have a counterpart on R x R* This means that
nonholonomic deformations of admissible sections J'y passing in the evolution space Q.
induce deformations of sections y of 7 (projections of the admissible sections) that are not
induced by vector fields on R x R*.

5.3. Example of a constrained non-Lagrangian system

Our last example is an illustration of a mechanical system that, if unconstrained, is not
Lagrangian; however, under a nonholonomic constraint it turns into a constraint Lagrangian
in our sense.

Following [5], let us consider equations of motion

mi + Bx —mG =0, my + By =0, (5.34)

describing a particle moving with friction in a gravitational field, and subject to the following
nonholonomic constraint (representing conservation of the mechanical energy)

ImG*+39%) —mGx = c, (5.35)

where c is a constant. The evolution space of the constrained system is the manifold
Q C R x TR?, defined by the above equation. On Q,, where

. [2¢ .
y=g=,—+2Gx —i? >0, (5.36)
m

we obtain the constraint equation of motion

) )
mi (1+x—2> —mG <1+x—2) —0. (5.37)
g g

This equation is variational: it comes from the nonholonomic variational principle

So(1) 38 — / §*p e R, (5.38)
Q
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where the constrained Lepage form reads as follows:

_ 2c
p=—-2mGxdt — <m‘/ — +2Gx — )'62) ®, (5.39)
m

where ¢ is an 1-form, annihilating the canonical distribution C,
9 . .2
¢=——‘?(dx—xdz)+dy—gdt=dy+fdx—(x—+g> dr. (5.40)
0x g g

Substituting into p we obtain the constrained action

/2
Sq(T) 28 — / §* <2€dt —midx —m = +2Gx — i dy) e R. (5.41)
Q m

Let us check that this constrained action provides the desired equation of motion.
Admissible variations (Chetaev vector fields) take the form
e dc a d d i? X\ 0 a
Z=Z0—+Zl—+22—. =Z0—+Zl—+ Z() g+ — —Zl— —+Zg—..
at ox ox at ox g g/ dy ax
(5.42)

Note that also in this case the canonical distribution is not projectable onto R x R?, so that
variations of sections in Q. induced by Chetaev vector fields are not associated with variations
induced by some vector fields in R x R2.

Writing the constrained first variation formula

1« ) 2c .
J'y*L, | 2¢dr —mx dx —m,/ — +2Gx — x*dy
Q m
1 s ) 2c .
= | J'y¥izd|2cdt —mxdx —m,/ — +2Gx — x2dy
Q m

— 2mGxZy) oy, (5.43)
aQ
and taking vertical Chetaev vector fields, we can easily obtain the constrained Euler-Lagrange
equation:

_ . 2c
hiz d(cht —mxdx —m/ — +2Gx —)'czdy>
m

s, . mG mx
= hiy (—mdx/\dx— —dx /\dy+—dx/\dy)
8 8
. mG .2 mi? .
= mx—mG——zx +—X Z,dt =0. (5.44)
8 8

Since the above relation holds for arbitrary Z;, we finally obtain equation (5.37).

Note that the constrained system in this example can be described either by the constraint

Lepage form p (5.39), or by two ‘Lagrangian functions’

_ 2c )
L = -2mGx, Ly =—-m,/ — +2Gx — i2. (5.45)
m

Since dL/dx = 0, we obtain in this case the constraint Lagrangian 1-form equal to p, i.e.
2c )
Ae = —2mGxdt — | my/ — +2Gx — X2 | @. (5.46)
m
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