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Geometric mechanics on nonholonomic submanifolds

Olga Krupkovd

Abstract. In this survey article, nonholonomic mechanics is presented as
a part of geometric mechanics. We follow a geometric setting where the
constraint manifold is a submanifold in a jet bundle, and a nonholonomic
system is modelled as an exterior differential system on the constraint man-
ifold. The approach admits to apply coordinate independent methods, and
is not limited to Lagrangian systems under linear constraints. The new
methods apply to general (possibly nonconservative) mechanical systems
subject to general (possibly nonlinear) nonholonomic constraints, and admit
a straightforward generalization to higher order mechanics and field theory.
In particular, we are concerned with the following topics: the geometry of
nonholonomic constraints, equations of motion of nonholonomic systems on
constraint manifolds and their geometric meaning, a nonholonomic varia-
tional principle, symmetries, a nonholonomic Noether theorem, regularity,
and nonholonomic Hamilton equations.

1 Introduction

Nonholonomic mechanics is concerned with study of systems the motion of which
is subject to constraints on time, positions and velocities. The interest to investi-
gate mechanical systems with holonomic and nonholonomic constraints goes back
to the 19th century, when D’Alembert’s principle of virtual work and Gauss’ prin-
ciple of least action in presence of constraints were considered. It was discovered
that holonomically constrained dynamics can be understood as motions subject
to reactive forces of a gradient form, given by the constraints. As conjectured by
Chetaev in early 30’s of the last century, nonholonomic equations of motion could
have a similar form, but now the reactive forces should take the form of derivatives
with respect to the velocities [9]. Since that time, Chetaev’s equations have been
tested in many situations and on many examples in mechanics and engineering,
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and it turned out that (contrary to the so-called vakonomic equations proposed as
alternative equations of motion), they really do describe motions of nonholonomic
mechanical systems (see e.g. [6], [12]).

Within the classical analysis approach, only Lagrangian systems subject to lin-
ear integrable (semi-holonomic) constraints have been well-understood. In case of
non-integrable, or even non-liner constraints, a satisfactory, complete theory, sim-
ilar to the analytical dynamics of unconstrained systems, has been missing. On
the other hand, during the last 20 years, in connection with the developments
of geometric mechanics and global calculus of variations, methods of differential
geometry and global analysis have turned out be well suited and helpful for un-
derstanding nonholonomic systems. There have been proposed several geometric
models, appropriate in different situations, applicable to Lagrangian systems in
tangent bundles or in jet bundles. It should be stressed, however, that almost all
the work on noholonomic systems is concerned with the case of constraints linear
(affine) in the velocities. The bibliography is very extensive and it is not possible
to list here all important contributions; we refer at least to [2], [7], [10], [11], [13],
[14], [15], [20], [29], [30], [33], [43], [44], [46], [47], [49] and references therein.

In this article we present the nonholonomic mechanics as a part of geomet-
ric mechanics. However, we should emphasize that we follow the setting where a
nonholonomic system is modeled as an exterior differential system on a constraint
manifold (subbundle of a jet bundle) [29], [30], [33], [35], [39], [51] (i.e., motion
equations appear in the “reduced form”, without Lagrange multipliers). This ap-
proach consistently reflects the geometric character of nonholonomic constraints.
It naturally admits to apply coordinate independent methods and transfer stan-
dard concepts and techniques of differential geometry and the calculus of variations
on manifolds to the situation when differential constraints are present. Moreover,
this approach is not limited to Lagrangian systems under linear constraints. In
fact, both Lagrangian and non-conservative systems are treated in a unique way,
and similarly, a unique geometric model of differential constraints (whatever they
are: linear integrable or non-integrable, or nonlinear) is presented. Within this
setting, a generalization to higher-order systems and constraints, and extension of
nonholonomic mechanics to field theory is straightforward [31], [32], [34], [35], [36],
[41], [42]. Remarkably, the new way of treating and understanding nonholonomic
systems brings new methods for investigating concrete examples of nonholonomic
systems, either with linear constraints (see [19]), or with nonlinear constraints
(see [50] for problems of mechanics and engineering and [38] for applications in the
special relativity theory).

The aim of the present article is to survey, in a consistent way, some of the recent
results on first order mechanical systems. After a brief introduction to the standard
geometric theory of first order mechanical systems in jet bundles (to be found e.g.
in [29] or [40]) we turn to include nonholonomic constraints into the picture. We
are concerned with the geometry of nonholonomic constraints, equations of motion
of nonholonomic systems on constraint manifolds and their geometric meaning,
including also the case of “implicit equations”, a nonholonomic variational princi-
ple, symmetries of nonholonomic systems and a nonholonomic Noether theorem,
and finally we discuss regularity of nonholonomic equations, and nonholonomic
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Hamilton equations. We note that there are also other interesting topics studied
within nonholonomic mechanics, not included in this article, as e.g. the inverse
variational problem in the nonholonomic setting [3], [39], nonholonomic reduction
in presence of symmetries [4], [5], [8], integrability of nonholonomic systems and
Hamilton-Jacobi theory [1], nonholonomic mechanics on Lie algebroids [11], [17],
[44], etc.

2 Mechanical systems in jet bundles

Compared to the classical approach, geometric methods bring a new quality into
the study of mechanical systems. The geometric language leads to an elegant and
transparent formulation of results. It is important that concepts and formulas
can be introduced in an intrinsic (coordinate independent) form: this is not only
convenient for computations, but clarifies the geometric content and enables to
distinguish between local and global results.

In this section we introduce structures for mechanics on fibred manifolds. We
shall deal with both Lagrangian and nonconservative, generally time-dependent
systems, the dynamics of which is described by systems of second order ordinary
differential equations. In our approach, geometric concepts related with differential
equations on manifolds play a central role. For more detailed exposition we refer
to [21], [23], [48], and especially to the book [28] devoted to higher-order mechanics.

2.1 Basic structures

Throughout the paper we consider smooth manifolds and mappings. In coordinate
formulas summation over repeated indices applies.

A smooth mapping Y — X between differentiable manifolds is called submer-
sion if its rank is equal to dim X at each point y € Y. A surjective submersion
m:Y — X is called a fibred manifold. The manifold X is called base, Y total space,
and the map 7 itself projection. The submanifold 7= (x) of Y, where z € X, is
called fibre over x. In case that all the fibres are diffeomorphic to each other, we
speak about a bundle over X.

We shall consider fibred manifolds where dim X = 1. This means that if X is
connected, it is diffeomorphic either to R or S*. We denote dimY = m + 1, hence
m denotes the dimension of the fibres. From the definition of submersion it follows
that to every point y € Y there exists a chart (V,4) on Y and (U, ) on X such
that V' is a neighbourhood of y, U = 7(V'), and the coordinate functions are of the
form ¢ = (t), ¥ = (¢t,¢°), 1 < 0 < m. Charts of this kind are called fibred charts.
Mostly we shall assume that X = R: in this case we choose ¢ on R to be a global
coordinate.

When dealing with dynamics of mechanical systems, we are concerned with a
special kind of mappings between the base and the total space, called sections.
By a section of the fibred manifold 7 : ¥ — X one means a (smooth) mapping
~v: X — Y defined possibly on an open subset W of X, such that woy = idy,. Also,
it is necessary to work with quantities dependent on first or higher derivatives of the
corresponding sections. A precise mathematical setting is based on the concept of
a jet manifold. We say that sections y; and 7, defined on an open set W C X have
contact of order one at a point © € W if 1 (x) = y2(z), and if there is a fibred chart
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around 71 (z) = 72(z) such that the derivatives of the components v{ = ¢y !

and 7§ = ¢y~ ! of the sections v; and ~, at the point ¢(x) coincide. The
latter condition does not depend on the choice of fibred coordinates. In this way
there arises an equivalence relation: the equivalence class can be easily visualized
as a family of sections passing through the same point y € Y and possessing the
same tangent vector. The equivalence class containing a section < is called the
1-jet of v at = and is denoted by Jlv. Collecting all the equivalence classes for
all the points € X one obtains a set naturally endowed with a structure of a
smooth manifold of dimension 2m + 1, denoted by J'Y, and called the first jet
prolongation of the fibred manifold 7 : Y — X. Moreover, the manifold J'Y is
fibred over X (the fibred projection is denoted by 1) as well as over Y (with the
projection denoted by 7y ). Consequently, one has on J'Y coordinates, associated
with fibred coordinates on Y. They are denoted by (¢,¢%,¢°). The construction
can be easily generalized to obtain higher-order jets: For every x € X one considers
equivalence classes of sections passing through the same point over z and having
at o the same derivatives up to the order r. In this way one gets a manifold J"Y,
called the manifold of r-jets of local sections of w, or briefly the r-jet prolongation
of m. Similarly as in the first-order case, one has on J"Y coordinates naturally
associated with fibred coordinates on Y denoted by (¢,4¢%,4¢7,45,...,q°). Instead
of ¢f and ¢§ one often writes ¢° and ¢°. From the definition of J’~ (which is a
point in J"Y) one can see that the values of the coordinate functions at J.+y can
be regarded as the coefficients of the r-th order Taylor polynomial of the mapping
~ around x. The manifold J"Y is fibred over X, Y, and all J°Y, s=1,...,r — 1.
The corresponding projections are denoted by =, : J'Y — X, m.¢ : J'Y — Y,
s JY — J°Y, where s < r. For simplicity of notations, we also write J°Y =Y.
In this paper we mostly use the first and second jet prolongations, J'Y and J2Y.

If v is a section of 7 : ¥ — X then the mapping  — J, v is a section of
the fibred manifold 7. : J'Y — X; it is called the r-jet prolongation of ~ and
denoted by J"v. It is important to note that a section of m,. need not be of the
form of an r-jet prolongation of a section of . A section ¢ of 7. such that 6 = J"y
is called holonomic. For example, in fibred coordinates, a section of J'Y is a
mapping §(t) = (¢, f7(t), g’ (t)) while a holonomic section takes the form Jv(t) =

(t, f7(t), df? /dt).

Remark 1. Classical mechanics is often modeled on fibred manifolds of the form
m: R x M — R, where M is a manifold of dimension m (called the configuration
space). In this case J'Y =R x TM, J?Y = R x T?M and sections of 7 are graphs
of curves c: R — M.

In fibred manifolds, there are distinguished vector fields and differential forms,
adapted to the fibred and prolongation structure.

A vector field £ on Y is called w-projectable if there exists a vector field &, on
X such that T'w.£ = & o m, and w-vertical if it projects onto a zero vector field on
X, ie., Tw.& = 0. In fibred coordinates, projectable vector fields have their 9/t
component dependent on ¢ only, and vertical vector fields have this component
equal to zero.
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Similarly one defines a 7, s-projectable or a m, s-vertical vector field on J"Y,
where 7 > s.

Local flows of projectable vector fields transfer sections into sections. Con-
sequently, m-projectable vector fields on Y can be naturally prolonged to vector
fields on J"Y. The procedure is as follows: Let £ be a m-projectable vector field, &y
its projection, and denote {¢,} and {¢g,} the corresponding local one-parameter
groups. For every u, the mapping ¢, is an isomorphism of the fibred manifold
7 meaning that m o ¢, = ¢g, © 7. Then for every section -, the composition
Yy = Py 0y O (baUI is again a section and we can define the r-jet prolongation of
Py by J"Pu(JLy) = J;Ou(gj)(qhu’ygb&}). Then J"¢ is a local flow corresponding to
a vector field on J"Y, denoted by J"¢ and called the r-jet-prolongation of £. The
vector field J"¢ is both 7,-projectable and =, s-projectable for 0 < s < r, and its
mp-projection, (resp. m, s-projection) is &y (resp. &, resp. J°¢, 1 <s<r—1). In
fibred coordinates, where

_ ¢0 2 o v i
€= 5 +€7 () s (1)

one hasfor 1 <k <r

0 RN 0 déy_ de°
re _ ¢0 7 o (4 h — k=1 _ [ 2
JE=¢ 8t+€ 0q° +;£k oq7 where £ o7 ([ (2)
Above
i—g+“a+”ﬁwﬁﬂi+ (3)
at — ot o T e 0G0

denotes the total derivative operator.

A differential k-form n on J"Y is called m,.-horizontal (resp. . s-horizontal) if it
vanishes whenever at least one of its arguments is a m,-vertical (resp. , s-vertical)
vector field. A k-form 7 on J"Y is called contact if for every section v of 7

Jv'n=0. (4)
Putting
w? =dg° —¢°dt, W’ =d¢° —¢°dt, ..., wl_=dqgl_;—qldt (5)

1 < 0 < m, we obtain a family of local contact 1-forms on J"Y. Remarkably,
the contact ideal on J"Y is locally generated by these one-forms and their exterior
derivatives. We also note that one-forms (5) can be completed to a basis of linear
forms

(dt,w?, ... ,wl_1,dq?) (6)

well adapted to the structure of J"Y. Working in coordinates, it is much more
convenient to use this basis instead of the canonical basis (dt,dq?,...,dq?).

We have an important property of differential forms in jet bundles: Every k-
form n on J"Y, if lifted to J"*1Y, admits a unique and invariant decomposition
into two parts such that in the adapted basis the first and the second part contains
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wedge products of exactly k — 1 and k basic contact forms (5), respectively. We
write

Top1,=hn+pin, 71,1 = Pr—1n+ Pkn (7)

if Kk = 1 and k > 2, respectively. hn is a horizontal form on J"1Y called the
horizontal part of n, p;n is then called the i-contact part of n (we also speak about
a i-contact form). Note that for a function f we get hdf = %dt.

2.2 Fibred mechanics

In what follows, let us consider a fibred manifold 7 : Y — R with dimY = m + 1,
and fibred coordinates denoted by (¢, ¢”), where ¢ is a global coordinate on R.

A dynamical form of order r is defined to be a 2-form E on J"Y which is
1-contact, and horizontal with respect to the projection onto Y. In fibred coordi-
nates £ = E,w? A dt, where Ey,..., FE,, are functions on an open subset of J"Y.
Dynamical forms are appropriate objects to represent systems of ordinary differ-
ential equations on manifolds. In this paper we shall be interested in (at most)
second-order ODE’s. Then E is defined on J?Y and its components E, depend
upon t,¢", ¢, i" (1 < o,v < m). Equation E = 0 determines a submanifold of J?Y
of codimension m. A section «y of 7 is called a path of E if it satisfies F o J2y = 0.
In fibred coordinates this is a system of m (possibly implicit) second order ODE’s

&y &y
dt ' dt?

Eg<t,'y”(t), )zO, 1<o<m (8)
for components of ~.

In what follows it will be sufficient to restrict to the case of so-called J'Y -
pertinent dynamical forms that are distinguished by a significant property: the
corresponding dynamics proceeds in the manifold J'Y (sometimes called the evo-
lution space).

Given a dynamical form E, we say that a 2-form « defined on an open subset
U C J?Y is an extension of E on U if E|y = pya. E is called pertinent with respect
to J'Y if around every point in J2Y it has a local extension « that is projectable
onto an open subset of J'Y. A second order dynamical form E is pertinent with
respect to J'Y if an only if

Eq = Ao(t,q",4") + Bou(t,q",4")d". )
Then every local projectable extension of E takes the form
a=A,w’ Ndt + By w? Nd¢” + F, (10)

where F is a 2-contact 2-form on an open subset of J'Y. The class [a] of 2-forms
(10) is then called the (first-order) Lepage class of the dynamical form E. The
corresponding ODE’s are affine in the second derivatives (accelerations),

dy? dy?y d?y”
p P _
A0 (6270, S5 ) + Bou (8970, ) S = 0. (1)
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Equations (11) can be represented in a form of a Pfaffian system, or vector distri-
bution A on JY, called dynamical distribution of E [27], [32], as follows:

A = span{i¢ca | where ¢ Tuns over all vertical vector fields on J'Y'}

12
= span{A,dt + F,,w” + By, dq", By,w’}, (12)

where F,, are the components of F'.

Remarkably, A need not have a constant rank, and need not be completely
integrable. We say that a dynamical form E is regular if around every point in J'Y
it has a dynamical distribution which is everywhere of rank one [26], [27]. It can be
shown that every regular dynamical form E has a unique global rank one dynamical
distribution. It is locally annihilated by 2m one-forms w? and A,dt + B,,dq¢", or,
equivalently, spanned by one vector field

0 0 )
=~ +4°— — B°YA 1
5 T4 (13)

‘ o~ Mo

This geometrical model is used to study non-conservative time-dependent me-
chanical systems, to classify ODE’s according to their dynamical properties, to
study structure of solutions of both regular ODE’s and ODE’s “in implicit form”
(non-representable by a vector field), to generalize Hamilton’s equations to non-
variational and non-regular equations, to study transformations of ODE’s, and
symmetries and first integrals, to develop exact integration methods based on sym-
metries and transformations (eg. generalized Liouville and Jacobi theorem of the
calculus of variations), to study relations between variational and non-variational
equations (the inverse problem of the calculus of variations, the problem of exis-
tence of variational multipliers), and much more (see eg. [24], [28], [32], [37], [40]
and references therein).

Let us now turn to variational equations.

By a Lagrangian of order r, » > 1, we mean a horizontal form X\ on J"Y. In
fibred coordinates a Lagrangian reads A = L dt, where L is a function on an open
subset of J"Y. To every Lagrangian there exists a unique 1-form 6y on J?"~1Y
such that hfy = X and p;df, is a dynamical form [21]. The 1-form 0, is called
the Lepage equivalent or the Cartan form of A, and the related dynamical form
E\ = p1df) is then called the Fuler-Lagrange form of A. We shall be mostly
interested in first order Lagrangians. In this case A = L dt where L depends upon
t,q°, and ¢7, 1 <o < m, and

OL d oL

oL
Oy = Ldt+ 22w, By = (22 -2
A Ty (aqa dt 0g°

b )w” Adt. (14)

The components of E\ are familiar as Euler-Lagrange expressions, and equations
for paths of an Euler-Lagrange form are called Fuler-Lagrange equations. We note
that the same Euler-Lagrange form can arise from different Lagrangians, possibly
even of different orders. Such Lagrangians are called equivalent; it is known that
Lagrangians A; of order r and Ay of order & > r are equivalent iff around every
point there is a function f of order k — 1 such that Ao = A1 + hdf (where, precisely,
on the place of A\; one has to consider its lift by the projection ).
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Let us recall some important properties of Euler-Lagrange dynamical forms
[26], [28]. First, every second order Euler-Lagrange form is J!'Y-pertinent, since
the Euler-Lagrange expressions are affine in the second derivatives. This means
that E) on J2Y is represented by a Lepage class [a] defined on J'Y. Moreover,
the Lepage class has a distinguished representative, independent upon the choice
of a particular Lagrangian for £ = FE), as follows:

Theorem 2. Given an Euler-Lagrange form E on J?Y, the associated Lepage class
contains a unique global and closed representative ag, defined on J'Y. The 2-form
ag can be expressed by means of the Euler-Lagrange expressions as follows:

- 1/0E, OE,\ , L, 0B o .,
ap = E,w /\dt+7< — — — )w AN + —/w Aw
4\ 0¢v  0¢° ol (15)
" 1/04, O0AL\ , v v
= A,w /\dt+1(8qV —aqa)w Aw” 4+ By,w® Adg,
where OL d OL 0%’L
A, = (16)

o ~a@or P agor
Moreover, for every (possibly local) Lagrangian A of order r > 1 for E, the

Cartan form 0 satisfies the following property: dfy is projectable onto an open

set in J'Y, and on this set,

d&,\ = Oag. (17)

Above,
d_d
dt  dt

9 0 . 0
dqv Ot Ogv
denotes so-called “cut total derivative” applied to functions on J'Y.

Remarkably, also the converse holds true [26], [28], giving us a one-to-one rela-

tionship between wvariational equations and a class of closed 2-forms:

-y

q

¢ (18)

Theorem 3. Let o be a 2-form on J'Y such that E = py« is a dynamical form. If
«a is closed then E is locally variational, meaning that around every point in J'Y
there exists a Lagrangian \ such that over the domain of A\, E = E.

We note that the existence of a global Lagrangian for a locally variational dy-
namical form is related with topological properties of the manifold Y [23].
Euler-Lagrange equations can be obtained from the wvariational principle. Let
us briefly recall the procedure. Denote by Sy, 5 (7) the set of sections of m with
domains around an interval [a,b] C R. Given a Lagrangian A on J'Y, consider the
function
b b
Sjap(m) 37— / JyN = / J'y*0\ € R (19)
a a
called the action function of A over [a,b]. To get a correct concept of variation
(one-parametric deformation) of a section <, one has to restrict to consider -
projectable vector fields on Y: if £ is a projectable vector field on Y with projection
o, and {¢y}, resp. {¢o.} are the corresponding local one-parameter groups, we
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get a one-parameter family {v,} of sections where ~, = gbu'ycbaul is defined in a
neighbourhood of ¢, ([a,b]) C R, called variation of the section v induced by &.
The arising function

d b
&mWﬂ97H</ JWLO :/mffﬁp@eR (20)
’ du
Bou ([a,b]) o

a

is called the first variation of the action function of the Lagrangian A over the
interval [a,b], induced by . The First Variation Formula is a splitting 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 the Cartan form 6, the decomposition is available directly
(without the integration by parts procedure), and in an invariant way [21]:

b b
/ Jl’}/*,CJl&)\:/ Jl’Y*LJlgg)\
a ab b
:/ le* i.]1§d0A+/ d(i(]lge)\ojl’}/) (21)
(lb a
:/ J2y* t72¢Fx + the above boundary term.
a

A section v of 7 is called an extremal of A\ on [a,b] if the first variation of
the action of A on the interval [a,b] vanishes for every vertical vector field £ on YV’
with the support in 7=*([a, b]) (such a vector field is often called a fized-endpoints
variation). v is called extremal of X if it is an extremal on every interval [a,b] C R.

With help of the First Variation Formula one obtains necessary and sufficient
conditions for extremals as follows [21]:

Theorem 4. Let \ be a Lagrangian on J'Y. A section « of 7 is an extremal of
if and only if ~y satisfies one of the following equivalent conditions:

(1) EyoJ%y =0, i.e. v is a path of the Euler-Lagrange form of \.
(2) For every vertical vector field £ on'Y, J'v*ij¢dfy = 0.

(3) In every fibred chart 7 satisfies the system of m second-order ordinary differ-
ential equations
oL d oL

=20, 1<o<m. 22
0q°  dt 0¢° - (22)
Notice the meaning of condition (2) of the above theorem: it is a geometric
interpretation of the Euler-Lagrange equations in terms of a dynamical distribution
of the dynamical form EF = E,. Namely, accounting Theorem 2 we can see that
every Euler-Lagrange dynamical form possesses a distinguished global dynamical

distribution related with the Lepage 2-form ag,

Ap = annih{i¢ap | £ runs over all vertical vector fields on J'Y'} (23)
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called the Fuler-Lagrange distribution [25], [27]. By condition (2) of the above the-
orem, extremals (solutions of the Euler-Lagrange equations) are holonomic integral
sections of the distribution Ag.

Equations for (all) integral sections of the Euler-Lagrange distribution Ag, i.e.
equations

§*icap =0 for every m-vertical vector field £ on J'Y (24)

for sections § of the fibred manifold 7; : J'Y — R are then called Hamilton
equations [16], [27]. In case that rank Ap = 1, i.e., E is regular (as a dynamical
form), rank g is maximal (equal 2m), and the Euler-Lagrange distribution is
spanned by one vector field {. It is, up to a multiplier f, a unique solution of the
equation icap = 0, and is called Euler-Lagrange field [16], or Hamiltonian vector
field. The condition for regularity can be expressed by means of Lagrangians as
follows:

(i) If Ag is defined on J'Y (this means that the Euler-Lagrange equations are
nontrivially second-order equations) the regularity condition takes the form

det(aq,a:(,i].y) £0. (25)

(ii) If ag is projectable onto Y, i.e. Apg is defined on Y, then the regularity
condition takes the form [26]

(26)

0*L %L ) ”

det(aqoaq'u o aqgaqy

This is the case when the Euler-Lagrange equations are first-order equations, i.e.
the corresponding Lagrangians are affine functions in the velocities.

For regular Lagrangians, i.e. satisfying either (25) or (26), the Cauchy problem
has a unique solution, i.e., through every point in the dynamical space (J'Y , respec-
tively Y') there passes a unique mazximal solution of the Euler-Lagrange equations.

The Cartan form ) takes the coordinate form (14). Expressing the same form
in the canonical basis (dt, dq?, d¢%) one obtains

oL

—, H=-L+p,¢°. (27)

0, = —Hdt+ p,dq°, where p, = BF
qO'

If L is not affine in velocities (meaning that Ag is defined on J'Y) then the
“momenta” p, are (local) functions on J'Y. If, moreover, L is regular, we get on
JY local coordinates (t,q°,p, ), called Legendre coordinates. In these coordinates,
Hamilton equations (24) take the “canonical form”

dp,  OH dq° OH

i~ o dt  opy (28)

Up to now we have been interested in the meaning of the first term in the
decomposition of the first variation (21). The second term, however, is important
as well, since it is connected with conservation laws.
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We say that a m-projectable vector field £ on Y is a point symmetry of a La-
grangian A if
LpegA=0, (29)

and a generalized point symmetry of A if it is a point symmetry of its Euler-Lagrange
form, i.e.,

LpeErx=0. (30)

Within the terminology of the classical calculus of variations, point symmetries of
a Lagrangian correspond to infinitesimal transformations that leave invariant the
action integral; similarly point symmetries of the Euler-Lagrange form correspond
to transformations leaving the action integral invariant “up to a divergence”. Equa-
tion (29) and (30) is called Noether equation and Noether—Bessel-Hagen equation,
respectively. It is known that every point symmetry of A is a point symmetry of
E, [22].

Substituting into the First Variation Formula (21) the symmetry condition and
taking account of the extremal condition (2) in Theorem 4 we immediately obtain
the following famous result [45], [22]:

Theorem 5. (Noether Theorem)

(1) Assume that a w-projectable vector field £ on Y is a point symmetry of a
Lagrangian X. Then, along every extremal of A, the function F' = i 1.0y is
constant.

(2) Assume that a m-projectable vector field £ on Y is a generalized point sym-
metry of a Lagrangian X\. Then (locally) L 1A = hdf for a function f, and
along every extremal of A, the function F' = ij1¢0) — f is constant.

Within fibred mechanics one can easily consider also Lagrangian systems subject
to external forces that need not be variational (so-called nonconservative systems)
[32]. More precisely, by a mechanical system on a fibred manifold = we shall mean
a pair (\, @) where ) is a Lagrangian on J'Y and ® is a first-order dynamical form,
called a force. It is generally assumed that A is not affine in velocities (provides
Euler-Lagrange equations that are nontrivially of order two). The corresponding
dynamical form is then F' = E) — 73,9, and equations for paths of E take the

form
oL d OL

oo~ diog
The corresponding Lepage class is represented by the Lepage 2-form

1<o<m. (31)

1,04, O0A, .
a:Ang/\dt—i—f(—_— ; )w"/\w”—i—waU/\dq”
4\ 9¢¥ aq° (32)
=dfy — ® — 1<% — aq)u)w" A w”
- 4\ g 9g° ’
where A, and B,, are defined as above by E, = A, + B,,§" and take the form
oL 0%L 0%L 0L
Aa':i_ P s .V_q)oa Bo’u:_%~ 33
9 0toF 0 d¢” 947 0" (33)
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The motion is described by the dynamical distribution A = annih{ica} where ¢
runs over all vertical vector fields on J1Y.

Using theorems 1 and 2 we can see that the force ® is conservative (potential)
if and only if it is variational (as a first order dynamical form), i.e. if and only if
the 2-form « is closed, hence

1,08, 03,
qﬂri(aqv G

)w” Aw” (34)

is closed. It can be easily verified that ® satisfies Helmholtz conditions [18]. Recall
that in this case the Helmholtz conditions take the form

0%, 09, 0
o¢r  0¢° ’ (35)
0%, 0%, +£8<I>,, B
dqv 0¢°  dt 0¢°
Since we assume the force ® be of the first order, the latter condition gives
0%d,
=0 36
] (30)
i.e. that the force is affine in velocities,
o, = aapqp + b07 (37)

and the first condition (35) then immediately means that the matrix of the coeffi-
cients (aq,) is skew-symmetric. Substituting now (37) to the second condition (35)
we obtain the Helmholtz conditions for a force ® in the familiar form

Ogy = —Qpg,
O0agp ~ Oays  Oap, 0

Oq” dqP dqe (38)
0b,  Ob,  Oay,s 0

oqv  9¢° ' Ot

We note that conditions (38) mean that ® is a Lorentz-type force. From the geomet-
ric point of view, (38) indeed are exactly the closedness conditions for the 2-form
(34).

3 Holonomic constraints

Holonomic constraints on the motion appear in numerous applications in physics
and engineering. Due to their importance they have been considered within ana-
lytical mechanics since the very beginning going back to Lagrange and Hamilton.

In classical mechanics holonomic constraints are constraints on positions of
particles; they may be time-independent (not explicitly depending on time), or
time dependent. In local coordinates (¢',...,¢™) in R™, holonomic constraints
are given by a system of (algebraic) equations

u(t,¢°) =0, a=1,2,...,k<m, (39)
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satisfying the rank condition

a

rank ( Ou

8q0) = k. (40)

The latter condition means that constraint conditions (39) can be expressed in a
form

qm*]”“ = w(t, q, ... ,qm*k). (41)

There are two ways for considering constrained motions:

o Faxternal — with Lagrange multipliers:

The influence of the constraint on the motion is modeled via an external
attractive force, called constraint force, proportional to grad u. Equations of
motion of a Lagrangian system L subject to constraints (39) then take the

form
oL d 0L ou®

o dtog Mo
where pg, 1 < a <k, are Lagrange multipliers. Solutions to the problem are
both curves in R™ satisfying simultaneously the constraint conditions and
the above motion equations, and Lagrange multipliers as functions of time.

1<o<m, (42)

Remarkably, equations of motion (42) can be obtained as standard Euler-
-Lagrange equations from the Lagrangian

L =L+ pau®. (43)

e Internal (geometric) — without Lagrange multipliers:

The point is that the constraints given by equations (39) with the accompany-
ing rank condition have the geometric meaning of a submanifold of codimen-
sion k in R xR™. In terms of the fibred manifolds terminology, the constraint
conditions define a fibred submanifold 7 : ¥ — R of the fibred manifold
pr1 : R x R™ — R. If we denote by ¢ the canonical embedding of the con-
straint submanifold Y into RxR™, and by (¢,¢%), 1 <s <m—k=dimY —1,
adapted coordinates on Y, then equations of motion of a Lagrangian system
L(t,q°,4%) subject to constraints (39) take the form of “standard” Euler-
-Lagrange equations

OL d oL 0
o¢s  dtog

1<s<m-—k, (44)

for the Lagrangian L = L o J': on the manifold J'Y. It is essential that the
latter equations and the equations with Lagrange multipliers above are, as
equations for sections passing in the constraint submanifold (i.e. satisfying
the constraint conditions), equivalent.

In analytical mechanics the manifold Y is called “space of events”, (¢°) are
“generalized coordinates”, m — k is the “number of degrees of freedom”,
JY is called “evolution space” or “phase space”, and L is the “constrained
Lagrangian”.
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Due to the geometric nature of holonomic constraints, holonomic systems are
very well understood within the fibred mechanics setting presented in the previous
section. Indeed, they completely fit with the general scheme of the theory - and
this concerns both Lagrangian and nonconservative systems. In a full generality, if
7 :Y — X is a fibred manifold, a holonomic constraint in Y is a fibred subman-
ifold @ : Y — X of m. Given a dynamical form E on J?Y, on J?Y there arises
dynamical form E = J2?/*E. In particular, given a Lagrangian A on .J'Y we obtain
a Lagrangian A = J'/*\ on J'Y, and the Euler-Lagrange equations of A come from
the restricted Euler-Lagrange form Ey = J%*E).

Note that if 7 : R x M — R, and Y is of the form R x N where N is a
submanifold in M we can speak about a time-independent holonomic constraint,
otherwise 7 : Y — R is a time-dependent holonomic constraint in R x M.

4 Nonholonomic systems on constraint manifolds

In what follows we shall consider constraints on the motion that depend on time,
positions and velocities, called nonholonomic constraints. In this case equations
defining a constraint are first order differential equations. In terms of jet bundles
constraints with this property are submanifolds of the first jet manifold.

As above, let us consider a fibred manifold 7 : Y — R, where dimY = m + 1.
Precisely speaking, by a nonholonomic constraint in J'Y we shall mean a submani-
fold Q C J'Y, fibred over Y. When appropriate, we shall use notation ¢ : Q — J'Y
for the canonical embedding. A constraint of codimension k (1 < k < m) in J'Y
is locally defined by a system of k first order ordinary differential equations

f4(t,q7,¢7) =0, 1<ac<k, (45)
where the functions f¢ satisfy the rank condition
afe
k(55) =k 46
ran i¥a (46)
Due to (46), equations of the constraint take a normal form
qmik+a :ga(t7 qa-7q.17"'7q.m7k:)’ 1 S a S k' (47)

Similarly as in the case of holonomic constraints we can approach the nonholo-
nomic dynamics in two ways:

e FExternal — with Lagrange multipliers:

The influence of the constraint on the motion should be modeled via a con-
straint force. The problem now, however, is that it is not clear how such a
force should look like. In [9] Chetaev proposed the following formula for the
constraint force:

afe

g
where p,, 1 < a < k, are Lagrange multipliers. Fquations of motion of a
Lagrangian system L subject to nonholonomic constraints (45) then read

oL d oL af®
< <
¢ Ao La A 1<o<m, (49)

Fo = —lia (48)
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and are called Chetaev equations. In this case, the integration problem means
to solve a system of m + k mixed first and second order ordinary differential
equations (45) and (49) for m components ¢° (t) of the nonholonomic curves
and k Lagrange multipliers p, (¢).

It should be stressed, that in this case, rather surprisingly, Chetaev equations
do not arise as Euler-Lagrange equations from a Lagrangian analogous to
(43), i.e. R

L=1L+ paf*, (50)

since equations for extremals of (50), called vakonomic equations, take a
different form

oL _dOL__ (0 dOIy_ duwdr
8¢ dtoge M \age T @t age) T dt a¢
Solutions of Chetaev and vakonomic equations are different unless the con-

straints are semiholonomic (linear, integrable), satisfying the integrability
conditions

1<o<m. (51)

du®
¢ = . 52
= (52)
Investigations of different examples indicated that nonholonomic dynamics
obey Chetaev equations. On the other hand, vakonomic equations seem to

be valuable in control theory.

Internal (geometric) — without Lagrange multipliers:

The second approach explores the geometric meaning of nonholonomic con-
straints as submanifolds in jet bundles. In what follows, we shall present
namely this model and the arising geometric structures, first considered in
our paper [29]. Remarkably, within this setting nonholonomic systems and
their dynamics are described by geometric structures on a corresponding con-
straint submanifold, which has the physical meaning of a constrained phase
space. The dynamics are governed by so-called reduced equations which rep-
resent a system of m — k second order ordinary differential equations for
sections of the constraint submanifold (as expected no Lagrange multipliers
enter in these equations). For the study of the constrained systems concepts
and techniques of fibred mechanics can be directly used or quite easily gen-
eralized. In this way, nonholonomic mechanics is a direct extension of fibred
mechanics and admits a straightforward generalization to higher order and
field theory.

Moreover, within the geometric model there arises a new possibility to un-
derstand and study constrained systems. Indeed, one can distinguish two
different situations [39]:

- the constrained system arises from an unconstrained system defined in a
neighbourhood of the constraint

- an internally defined constrained system on the constraint manifold is given,
without reference to the ambient space J'Y; in this case a corresponding
unconstrained system need not exist.
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4.1 Constraint submanifolds in jet bundles
Consider a constraint submanifold + : Q@ — J'Y of codimension k& < m. This
means that we have fibred manifolds 7 : Q — Y where 7 o is the restriction of
the projection 710 : J'Y — Y to @, and 7 : Q — X, where 71 = m1]q.

We define the first prolongation Q of the constraint Q to be a submanifold in
J2Y, consisting of all points J2v such that Jlv € Q, x € X. Locally Q is defined
by the equations of the constraint and their derivatives:

d a
oo, Yo 1<a<k, (53)
dt
respectively, in normal form,
dg®
-m—k+a — 40 --m—k+a — ) 54
q 9%, q - (54)

We also use notation 7 : Q — J2Y for the corresponding canonical embedding. The
manifold Q is fibred over @, Y and X, the fibred projections are simply restrictions
of the corresponding canonical projections of the underlying fibred manifolds. We
erite7’r2:CA2—>X7 7?2712Q—>Qand7?2702QA—7Y.

Usually we shall use on @) adapted coordinates (¢, %, ¢®), where 1 < s <m—k,
and on Q associated coordinates (t,¢°,¢°,4°), 1 <o <m,1<s<m-—k.

The contact ideal on @ respectively Q, is locally generated by one-forms

o = dqs _ (jsdt, (Dm—k+u _ dqm—k+a _ gadt, (55)
respectively,
©0° =dq® —¢*dt, @™t =dgmTFte _goat, O = dg* — §°dt, (56)

and their exterior derivatives.

Due to the existence of the contact structure on constraint manifolds, it is
possible to prolong projectable vector fields from the total space Y to the constraint
and to its prolongations. The procedure was described in [35] and is as follows:

Let € be a projectable vector field on Y. A vector field ¢ on @ (resp. Q) is
called the first (resp. second) constrained prolongation of ¢, and is denoted by J1&
(resp. JZ2&), if ¢ is a symmetry of the contact ideal on @ (resp. Q) and projects
onto £. It should be stressed that not every projectable vector field on Y admits a
constrained prolongation; conditions and formulas can be found in [35].

Similarly as in the unconstrained case, for every g-form 7 on @ one has a unique
decomposition into a sum of a To-horizontal form and i-contact forms, i = 1,2, ...¢q,
on Q [35]; we write

T5an =hn+pin+ -+ pgn. (57)

Applying this decomposition to (locally) exact one-forms on @ we get an invariant
splitting of the exterior derivative d to the horizontal and contact part, 75 ,d =

hd + p1d. The operator hd has the component

d. 0 0 0 0

- _ 2 s Y a9 s O s
i~ ot g 9 agnia T g5 (58)
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and is called the constraint total derivative.
For convenience of notations we also put

d., 0 n 0 0
a o T op m—k+a -

(59)

4.2 The canonical distribution

The most important object in the constraint geometry is the canonical distribution
(also called Chetaev bundle) [29] (see also [43]). Remarkably, it is an internal object
— a bundle naturally arising over every nonholonomic constraint. The canonical
distribution gives a geometric meaning to wirtual displacements in the space of
positions and velocities, and to the concept of reactive (Chetaev) forces; for more
details and introduction of a nonholonomic D’Alembert principle we refer to [29]
and [34].

The canonical distribution for a nonholonomic constraint @ C J'Y is a corank
k distribution C on the manifold QQ, where k = codim @, locally annihilated by the
system of k linearly independent 1-forms

ofe F9gn
@a:<a£001,>w0 omktae _ Z g @’ 1<a<k, (60)
or, equivalently, locally spanned by the system of 2(m — k) 4+ 1 independent vector
fields
9o 0 o g )
Zc = 2 a __ ol -
a- T Z(g ad’ q ) dgm—Fta
a=1 1=1
O _ 9 (61)
aqs Z aq aqm k+a
0
0q¢*

where 1 < s <m — k.

The annihilator of C is denoted by C°.

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

Vector fields belonging to the canonical distribution are called Chetaev vector
fields. Note that every Chetaev vector field takes a form

d. e -, 0
o 0 s “c s
ZfZ—at%—Z 30 +7Z 30
B} 0 & g dg B} -9
=20= 1+ z° A it z®
ar " 8q3+;< (9 £ 8qlq)+ as>aqm a7 9
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We stress that the family of Chetaev vector fields need not contain
e vector fields projectable onto Y,

e prolongations of vector fields defined on Y, even if the canonical distribution
is projectable.

Remarkably, the following theorem holds [29]:

Theorem 6. The constraint () is given by equations affine in the first derivatives if
and only if the canonical distribution C on @ is T g-projectable (i.e. the projection
D of C is a distribution on Y').

The distribution D on Y is then locally spanned by vector fields

0 <& ) o & P
a7 At Bf——— 1<s<m-—k 63
ot + az:; aqm*kﬂLa ’ 8(]8 + QZZI s aqm7k+a7 >s=m ) ( )

or, annihilated by 1-forms A%dt + B%dq® — dg™**%, 1 < a < k, where g% =
A* 4+ B2¢°.

The canonical distribution need not be completely integrable. We call a non-
holonomic constraint @ semiholonomic if its canonical distribution C is completely

integrable. Properties of semiholonomic constraints can be summarized as follows
[29], [33], [35]:

Theorem 7. The following conditions are equivalent:
(1) @ is semiholonomic.

(2) The canonical distribution C on @ is projectable onto Y, and its projection
is completely integrable.

(3) The constraint ideal is closed.
(4) Functions g* defining locally the constraint satisfy

Oy dc 09" _
dg°  dtdgc

1<s<m-—k. (64)

Theorem 8. The canonical distribution C of a semiholonomic constraint is spanned
by vector fields JL&, where € belongs to the projection D of C, and 7 o-vertical
vector fields.

We have seen that constraints linear or affine in velocities can be alternatively
modeled by means of a distribution D on Y, defined by (63) (that is completely
integrable in case of semiholonomic constraints). The geometric description of non-
holonomic 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 means restriction to constraints affine in velocities.

The canonical distribution is naturally lifted to the distribution Con Q, defined
with help of its annihilator by C° = 75 ,C°.
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4.3 Dynamics of nonholonomic systems: Reduced equations

Consider a nonholonomic constraint ¢ : @ — J'Y endowed with the canonical
distribution C as above. Let E be a J'Y-pertinent dynamical form on .J?Y and
[a] its Lepage class. Recall that [a] consists of local 2-forms on J'Y, and contains
a closed (global) 2-form if and only if the dynamical form E comes as the Euler-
-Lagrange form from (possibly local) Lagrangians. We keep notations used above,
ie. E=E,w° ANdt, E, = A, + By, G", and

a= A,w’ ANdt + By,w® ANdq” + F, (65)

where F is a 2-contact 2-form on an open subset of J'Y.
According to [29], a constrained mechanical system associated with [a] is defined
to be the class
[@] = t*a mod Z(C?). (66)

This means that [@] is defined on the constraint ) and consists of all possibly local
2-forms on @ such that

a= Al Ndt + Bigw! Ad§® + F + o, (67)
where I is a 2-contact and ¢ is a constraint 2-form on @, and

dt

_ 9g° dg° g’ 0g’
By = (st + Bl,mfkr«kiaiqs + Bmkari,saiql + Bmfk+j,mfk+iaiqlaiqs) ot

. Y dgiN d'gi
A = (Al + Am—k—&-ji.l + (Bl,m—k+i + Bm—k+j,m—k+ii.l) g ) o,
aq a4 (68)

Note that if the matrix B is symmetric then so is B, however, regularity of B does
not imply regularity of B. The latter has important consequences on dynamical
properties of nonholonomically constrained systems making them much different
from the holonomic ones. We shall discuss it in more detail below when dealing
with the associated exterior differential systems.

If in particular « is related with a mechanical system (A, ®), we have

= o.L d. 0oL OL Oc9®  d. 0g° - - 0g®

As - 8q8 - dt 8(]5 o (ankara o )( aqs - dt aqs) — (I).s - (I’m—k-‘ra aqs (69)
_ 82E OL a2ga
B, = _6q~raqs (aq'm—k_t,_a, L) G 0G° (70)

with the notation L = Lo, ®, = &, 0.
In place of a single dynamical form E = p;a we have for the constrained system
rather the class [F], on Q, with

E=pa=0"E+¢* Ay, (71)

where p® are the canonical constraint 1-forms defined above and v, are horizontal
forms.
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Since C — @ is a subbundle of the tangent bundle TQ — Q, the class [E]
gives rise to a dynamical form along the canonical distribution, called constrained
dynamical form, E¢ = (i*E)|s € A? (C) (see [29] for the definition and more details
on forms along a distribution); we note that E° is the same for all E € [E].

Computations in adapted fibred coordinates yield the following formula:

E¢ = (Ay + Bo,.g")@® N dt. (72)

We shall be interested in constrained sections of 7, that is in sections v : I — Y
such that J'y(I) C Q. Constrained sections satisfy the system of k first order
ODE’s of the constraint. In particular, every such a section is an integral section
of the canonical distribution C.

We have the following theorem (cf. [29]):

Theorem 9. Equations of motion of a mechanical system « constrained to @) are
equations for constrained sections of w, taking one of the following two equivalent
intrinsic forms:

ECoJ?y =0, (73)

J'y*iza =0 for every 7-vertical Chetaev vector field Z on Q (74)

(where & is (any) representative of the class [@]).
In coordinates, - ~
As + Bsrdr =0, (75)
or, if o is given by means of a Lagrangian \ and a force ®,
ag®
a¢s’

0.L d.OL ( OL )(8Cga d. 0g®

T 9cs aq'mkara © aqs - % 8(]5

dq®  dt 9¢° (76)

) - (is + ci)mfk+a

where 1 < s <m — k.

It should be stressed that the above motion equations for nonholonomic systems
are differential equations on the constraint manifold Q. They are called reduced
nonholonomic equations (“without Lagrange multipliers”) [29].

Further it should be emphasized that the motion equations for nonholonomic
systems are generally equations in implicit form. However, due to their interpre-
tation as equations for an exterior differential system on the constraint manifold
Q, apparent from (74), they are investigated with the same methods as motion
equations in the unconstrained/holonomic case (see e.g. [29], [32], [40]).

4.4 The nonholonomic variational principle

Let us turn to the special case, when the force ®(¢,q",¢") is conservative (poten-
tial). Note that equations (31) are then variational being Euler-Lagrange equations
of a Lagrangian L' = L — V|, where V is a potential for ®. Hence, without loss
of generality, and for simplicity of notations, let us consider to have a Lagrangian
system on J'Y, given by a Lagrangian A. The nonholonomic equations of motion
then obviously take one of the equivalent forms:

ESoJ*y =0, (77)
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J'y*iz*dfy = 0 for every 7i-vertical Chetaev vector field Z on @Q, (78)

d.L d. 0L ( oL L)(8Cg“ d. 0g*

aqs o %aiqs o aqrnkara © 8(]5 o a aqs

Reduced equations for constrained Lagrangian systems (79) were first considered
in [46], and are equivalent with Chetaev equations.

In [35] a variational principle for systems subject to nonholonomic constraints
was found, providing the above reduced equations as equations for “constrained
extremals”. A generalization of the standard variational principle is in no case
trivial or straightforward, and needs a careful review of basic variational concepts.
Main points are as follows:

):0, 1<s<m—k. (79)

e The variational principle is formulated for the fibred manifold 71 : Q@ — R,
endowed with the canonical distribution C.

e “Admissible paths” are sections of the fibred manifold 71 : @ — R. (Note
that they need not be holonomic, however, every admissible section § has a
counterpart in Y: it is a section v of 7 : Y — R, given by v = 71,0 0 ).

e “Admissible variations” are 7i-projectable vector fields belonging to the
canonical distribution (Chetaev vector fields). (Note that the requirement
of projectability onto the base is essential, since variations of this kind pro-
vide a one-parametric family of maps that all are sections of the constraint
manifold. Also note that the family of admissible sections §, = ¢, 0 c;Saul,
arising by deformation of a holonomic section § = J'7, may contain non-
holonomic sections (which is a violation of the “classical” principle of virtual
displacements); moreover, the projection of the family {d,}, i.e. the family
of sections of 7 of the form 7, = 71,0 ¢y J v ¢au1 is not induced by a vector
field on Y unless the canonical distribution is projectable (meaning that the
constraints are affine in velocities)-however, even in this case, J17v, = (J1v),
need not be true).

e The integrand of the action function (taking the place of a “constrained
Lagrangian”) is the 1-form ¢*6,.

Definition 10. [35] Denote by Sja.)(71) the set of sections of 71, defined around
an interval [a,b] C R, a < b. Given a Lagrangian A on J'Y, the function

b
Sia (1) 3 6 — / 5"y € R, (80)

is called constrained (to Q) action function of the Lagrangian X over [a, b].

Let Z € C be a m-projectable vector field, and denote by ¢ and ¢ the flows of
Z and its projection Zy, respectively. The one-parameter family {d,} of sections
of 71, where §,, = ¢y, (5(1)51}, is called constrained variation of § induced by Z. The
function

b
Sjap)(T1) 36 — <d / dy LW,\) = / 0*Lz.50, € R (81)
d J oo () o Ja

u
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is then called the first constrained variation of the action function of A over [a, b],
induced by Z.

To study constrained sections of the fibred manifold w, we have to restrict the
domain of definition Sy, y(71) of the function (81) to the subset S[Z,b] (71) of holo-
nomic sections of the projection 71, i.e. 6 = J'v where v € Siap) (7). Then the
first constrained variation (81) can be regarded as a function

b
Sjap,@(T) 27 — / T Lz0%05 € R (82)
a

defined on a subset of sections of the projection w:Y — R.

We stress that (due to the properties of admissible variations mentioned above)
the restricted first constrained variation cannot be obtained via a “variation pro-
cedure” from an action defined directly on the set Sp, 4),o(7).

Applying to (82) Cartan’s formula for the decomposition of Lie derivative we
obtain the nonholonomic first variation formula

b b b

/ TN L0y = / JIy* izt dhy +/ TN digi* 6y, (83)
a a a

where Z is a 71-projectable Chetaev vector field.

Formula (83) gives the splitting of the first constrained variation to a “con-
strained FEuler-Lagrange term” and a boundary term. One should notice that on
the left-hand side of the nonholonomic first variation formula one cannot put the
Lie derivative of the “constrained Lagrangian” X\ = *\ instead of £z:*0), since
the difference £:*05 — Lz need not be a contact form.

A section v of 7 : Y — R is called a constrained extremal of A on [a,b] if
Im J1y C @, and if the first constraint variation of the action on the interval [a, b]
vanishes for every “fixed endpoints” variation Z over [a, b]. 7 is called a constrained
extremal of A if it is its constrained extremal on every interval [a, b] C Dom . With
help of the nonholonomic first variation formula one proves that v is a constrained
extremal of \ if and only if it satisfies equations of the constraint, and one of the
(equivalent) equations (77)—(79) [35]. Therefore we call any of these equations
nonholonomic Fuler-Lagrange equations.

Notice that for semiholonomic constraints equations (79) simplify to

d.L d. 9L _ 0
d¢s  dt0¢s

1<s<m-—k, (84)

completely determined by the “constrained Lagrangian” \ = t*\.

Similarly as in the unconstrained/holonomic case, the second term on the right-
hand side of the nonholonomic first variation formula (83) is connected with con-
servation laws. Let us recall a generalization of Noether theorem to nonholonomic
systems, due to [36]:

A Chetaev vector field Z € C is called a constrained symmetry of a Lagrangian
A if L7100 is a constraint form.

Directly from (83) we obtain:
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Theorem 11. (Nonholonomic Noether theorem)
Let X be a Lagrangian on J'Y, and Z be a constrained symmetry of \. Then
along every constrained extremal of A\, the function F' = iz1*0y = iz05 is constant.

4.5 Regularity and Hamilton equations of nonholonomic systems

Consider a nonholonomic mechanical system (A, ®,Q). Equations (74) represent
an important form of the nonholonomic motion equations, since they provide a
representation in form of an exterior differential system (particularly, a distribution)
on the constraint (). More precisely, solutions of equations (74) are holonomic
integral sections of the distribution A§, locally annihilated by the system of 1-
forms on @,

v, iza, (85)

where 1 < a < k, and Z runs over all vertical vector fields in C, called constrained
dynamical distribution (note that A¢ is a subdistribution of the canonical distrib-
ution C). We shall call equations for (all) integral sections of the distribution Ag
nonholonomic Hamilton equations (cf. [32], [42] for Lagrangian systems). Note that
in this context, the constraint manifold @) has the meaning of a genuine evolution
space for the constrained system.

The constrained dynamical distribution need not have a constant rank, and
even if the rank is constant it need not be equal to one. We say that the nonholo-
nomic system [@] is regular if rank A =1 [29]. From (76) we conclude that for a
constrained mechanical system (A, @, Q) the regularity condition reads

0*L oL 0%g®
det <aq'ra(js o (8quk+a © L) 347«345) 70, (86)

i.e. the matrix (By,) (70) is regular, If the constrained system is regular then the
distribution A§ is locally spanned by one vector field (constrained semispray)

9 m—Fk 9 k P m—k P
_ = 1Y a_ - BlsA37
AP LA NS P P A

where (B') is the inverse matrix to (Bj;) and A, are given by (69), and the
nonholonomic Hamilton equations are equivalent with the nonholonomic motion
equations in Theorem 9.

Let us turn again to the case when the original mechanical system is Lagrangian.
Then the nonholonomic Hamilton equations take the form

0%igzt"dfy =0 for every mi-vertical Chetaev vector field Z on @,

88
0Fp?=0, 1<a<k. (88)
If the constrained system (A, Q) is regular then the nonholonomic Hamilton equa-
tions are equivalent with the nonholonomic Euler-Lagrange equations ((77) or (78)
or (79)). In this case we can introduce a nonholonomic Legendre transformation
[51]:
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Theorem 12. Let x € (Q be a point. Suppose that in a neighbourhood of z,
aBls _ aBlr
oqm  0¢°

Then there exists a neighbourhood U C @ of x, and, on U, functions P, 1 <1 <
m — k, and a 1-form 7, such that

1<lr,s<m-—k. (89)

iy =nAdt+dP, Ndd + F, (90)

where F' is a 2-contact form on Q. If, moreover, the constrained system (\, Q) is
regular, then (t,q%, ') — (t,q°, P,) is a coordinate transformation on U.

The integrability condition for the By;’s (89) ensures that one can express func-
tions P, explicitly. To this purpose we consider a mapping x : [0,1] x W — W
defined by (u,t,¢%,4¢') — (t,q°,ug'), where W C @ is an appropriate open set.
Then Poincaré Lemma gives us a solution

- oL ! oL 0g°
P=—¢ | (Buox)du=22—¢ du. (91
=it [ Bonan= G- [ ( (i oo) o) xen- 00

We call the above functions P, 1 < | < k, nonholonomic momenta, and the
corresponding coordinate transformation nonholonomic Legendre transformation
of A\. The 1-form 7 in (90) is called a nonholonomic energy 1-form.

The 1-form 7 is determined up to a constraint 1-form, and need not be closed.
In constraint Legendre coordinates we can write

n=nodt+mndgd +n'dP, mod Z(C%). (92)

In nonholonomic Legendre coordinates the nonholonomic Hamilton equations
take the following canonical form

d d d
Z (P od) = 7l5:_l 7m7k:+a5:a
gied)=m, (g od)=-n, —(q 0d) =g*, (93)
where 1 <I<m—Fk, 1<a<k.

For non-holonomic constraints affine in velocities the situation essentially sim-
plifies: Indeed, then (89) is fulfilled identically and the nonholonomic momenta are
defined by

oL
The regularity condition takes the form
0?L
det | =—=— 0. 95
ot (g ) # 3)

Moreover, if the constraint @ is semiholonomic then the family of energy 1-forms
(92) contains a closed 1-form equal to —dH, where

H=—L+ Pd". (96)
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