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Editorial

From the Editor-in-Chief

Welcome to the first issue of Communications in Mathematics!

Let me first introduce the journal. Despite a new name, Communications in
Mathematics is not a new publication — it has a 17 year tradition, being a contin-
uation of the journal Acta Mathematica et Informatica Universitatis Ostraviensis,
founded in 1993, and later published under the title Acta Mathematica Universi-
tatis Ostraviensis (2003-2009).

The journal is sponsored and published by the University of Ostrava on a non-
profit basis, and we are grateful to the Rector of the University, Jiti Mockof, for
his support. With his help the face of the journal has been changed. The aim
of these changes has been to transform the original university journal to a more
prestigious publication in mathematics and its applications. We have altered the
journal’s title, and appointed a new Editor-in-Chief and a completely new editorial
board. We are proud to have found Editors with established, high reputations in
their respective fields.

The scope of the journal has also changed to match its new mission. Com-
munications in Mathematics will publish articles in pure and applied mathematics,
preferably in the following areas belonging to the research interests of the individual
members of the editorial board:

e algebraic structures

e calculus of variations

e combinatorics

e control and optimization

e cryptography

e differential equations

e differential geometry

e fuzzy logic and fuzzy set theory
e global analysis

e mathematical physics

e number theory



2 From the Editor-in-Chief

The journal will publish original research articles which make a significant con-
tribution to one or more topics, mostly within the above areas, as well as high
quality survey papers. We encourage interdisciplinary papers and those developing
applications of mathematical methods. The journal will regularly present reviews
of recently published books and monographs for the interest of our readers.

This issue, co-edited by Geoff Prince and me, is devoted to geometric mechanics
and the global calculus of variations. It contains three original research papers, one
survey article and a book review.

From 2011 the journal will usually appear in two issues per year, both in printed
form and on-line. Our authors will benefit from constructive peer reviews, a distin-
guished editorial board ensuring high quality articles, easy electronic submission
and online progress tracking, and rapid publication - online within two months of
acceptance of the final version. The policy of the journal is to make it as free and
accessible as possible: as a matter of course there will be the benefit of full-text
access for readers, a free use of colour and multimedia in the online edition, and
no page charges for either authors or readers.

Communications in Mathematics will be reviewed in Mathematical Reviews
and Zentralblatt MATH, and the editors hope that the high quality of published
research will soon produce a high impact factor.

I would like to encourage our readers and potential authors to submit their
quality research to Communications in Mathematics. 1 believe that we shall succeed
in creating a high level mathematical journal and the open exchange of important
results in different branches of mathematics.

Enjoy your reading!

Olga Krupkova
Editor-in-Chief
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Some geometric aspects of the calculus of variations
in several independent variables

David Saunders

Abstract. This paper describes some recent research on parametric prob-
lems in the calculus of variations. It explains the relationship between these
problems and the type of problem more usual in physics, where there is a
given space of independent variables, and it gives an interpretation of the
first variation formula in this context in terms of cohomology.

1 Introduction

In this paper we consider some geometrical aspects of those problems in the cal-
culus of variations which are known as ‘parametric’: see, for example, the classi-
cal work [9] for the difference between parametric and non-parametric variational
problems. To illustrate this difference in a simple way, consider the following, su-
perficially similar, examples of the two types of problem. For the first problem,
suppose we are asked to find the trajectory of a free unit-mass particle in three-
dimensional space with coordinates (u',u? u®). For the second, suppose we are
asked to find the shortest curve between two points in three-dimensional space
with differently-labelled coordinates (y',4%,y3). A solution to the former prob-
lem is a map [0,7] — R3, ¢t — (a’t + b'), and a Lagrangian for the problem is

2 ((01)? + (@%)? + (4*)?). In contrast, a solution to the latter problem is a straight

line segment [(p'), (¢*)] C R3, and a Lagrangian is v/(91)2 + (92)2 + (¥3)2: note
that this latter function is ‘positively homogeneous’.

More generally, variational problems in physics are commonly defined on fibred
manifolds 7 : E — M (for the free particle, this would be R x R3 — R). Extremals
are local sections of 7, and the Lagrangian is a function (or, more properly, a
differential m-form, where m = dim M) defined on a jet bundle J'7 (or J*r) of
jets of local sections of w. But in geometry, variational problems are commonly
defined on manifolds F without a given fibration. Extremals are then submanifolds

2010 MSC: 35A15, 58A10, 58A20
Key words: calculus of variations, parametric problems
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of F, defined ‘parametrically’. To see where the Lagrangian might be defined, we
need to consider different types of jet bundle and the relationships between them.
We can illustrate this by examining the relationships between a vector space,
an affine space and a projective space. If V is a vector space with dimV =n+1, a
basis (eg, e1, .- .,e,) and corresponding coordinate functions (3°,¢*,...,9"), then
the set
A={veV:¢9°Ww) =1}

is an n-dimensional affine space, whereas the set

P =V -{0})/(R—{0})

is an n-dimensional projective space; there is a natural injection A — P.

Now let 7 : E — R be a fibred manifold, with dim £ = n + 1 and coordinates
(y° = t,y%,...,y"); we can apply the remark above to the fibres of the tangent
bundle to E. We write J'7 for the manifold of jets of local sections of 7, and
JY(E, 1) for the manifold of jets of immersed 1-dimensional submanifolds in E. The
bundle J!'7 — E is an affine bundle, and there is a canonical injection J'm — TFE
whose image is given by ¢° = 1. On the other hand, the bundle J!(E,1) — E
is isomorphic to the projective tangent bundle PTE — FE, and we may identify
Jlm with an open submanifold of J!(F, 1) by mapping the jet of a local section
to the jet of its image. Writing TFE for the slit tangent manifold, excluding the
zero section, we may see that the bundle TE — J* (E, 1) is a principal bundle with
structure group R — {0}.

As an application of this structure, we mention the study of Finsler geometry
(see, for example, [2]), or of its special case, Riemannian geometry. Here, we take
a manifold F with local coordinates y* (0 < a < n). The Lagrangian (that is, the
Finsler function) L is defined on TE , and the condition of positive homogeneity is
that y*0L/0y* = L. The variational problem is to find extremals ~ of the integral

/ jit(L)dt
subject to suitable boundary conditions. If v is an extremal then so is 7y o ¢ where

¢ : R — R is a diffeomorphism ¢’ >0

The problem may also be formulated on the quotient manifold PTE* = TE/R*,
which is a double cover of the projective tangent bundle PTE.

Our task in this paper will be to extend these structures to provide a frame-
work for the study of multiple-integral parametric variational problems, of first or
higher order. In Section 2 we shall describe a geometrical background which is
appropriate for a study of these problems, and in Section 3 we shall introduce a
particular class of vector forms which will turn out to useful tools for our inves-
tigation. Section 4 contains a brief reminder, for comparison, of an approach to
non-parametric problems defined on spaces of jets of fibred manifolds, and finally
in Section 5 we show how an analogous approach may be devised for parametric
problems with positively homogeneous Lagrangians.
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This paper is based upon a talk given first at the University of Ostrava, and
then subsequently at the Banach Center of the Polish Academy of Sciences. The
author is grateful to Olga Krupkové, and to Janusz Grabowski and Pawel Urbanski,
for the opportunity to present these talks.

2 Geometrical background

In this section we shall describe a geometrical background which may be used for the
study of parametric variational problems. Convenient references here are [3], [4];
see also [7].

Finsler geometry, a single-integral problem, is defined on the slit tangent bun-
dle fE; first-order multiple integral problems are defined on a sub-bundle of the
Whitney sum @ TE. The bundle of regular velocities on E is

j)“(m)E ={(&1,..-,ém) € P TE : (&) linearly independent} ;

equivalently, we may say that f(m)E is the bundle of ‘non-degenerate velocities’,
1-jets jio at 0 € R™ of non-singular maps o : R™ — E. If (y?) are local coordinates
onY C E, then (y%,y2) (1 <i < m) are local coordinates on Y'! C T, E, where

a

Yl (joo) = %L

L ) = ()
0

and where Y1 = 7. 1Y) with 7, : T(m)E — F the natural projection.
As with any manifold of jets, we may define contact forms and other related

structures on f’(m)E. We say that a differential form w € Q(f(m)E) is a con-
tact form if the pull-back (j'o)*w by the prolongation of any non-singular map
o : R™ — FE always vanishes. In coordinates, contact 1-forms are linear combina-
tions of (m + 1) x (m + 1) determinants like

vt e oy

yst ooyt o

y;ll y.a2 . y?ny;L+l
m m

dyal dyaz . dyam+1

and so have a more complicated expression than the contact 1-forms du® — u®dz’
on a jet bundle.
Next, for each function f: E — R, define the functions d; f : T(m)E — R by

0
dif(joo) = 70;; il where o : R™ — E;
the operator d; is a globally-defined vector field along 7, : f’(m)E — F, called a
total derivative. It is straightforward to check that a 1-form 6 is a contact form

exactly when (d;,0) = 0 for 1 < i < m. In coordinates, we see that

0

di = y'Laaya .




6 David Saunders

Finally, the Whitney sum " TE — FE is a vector bundle, and so supports
a vertical lift operation, arising from the canonical isomorphism between a vector
space and its tangent space at any point. Denote the vertical lift to (n;) by

@mTfm(m)E — Ty (@P"TE) , (&) — (&)T(m) )
Then, for each vector ¢ € T(mﬂo“(m)E, define the vector Si¢ € T(ni)T(m)E by
Si¢C=(0,...,0,T7(¢),0,...,0)1 )

With this definition S? is a type (1,1) tensor field on T(m)E, called a vertical
endomorphism; in coordinates we have

1 a
S'=dy* ® Dy
We may also relate the bundle of regular velocities T (m)E with the Grass-
mannian bundle J'(E,m): the former is a manifold of equivalence classes of non-
degenerate maps R™ — E, whereas the latter is a manifold of equivalence classes
of images of such maps, namely of m-dimensional subspaces of TE. We see that
two regular velocities jio, joo represent the same subspace when

jo& = jo(o 0 ¢)

for some diffeomorphism ¢ : R™ — R™ with ¢(0) = 0. We may also consider the
bundle J(E,m)* of oriented Grassmannians, where the diffeomorphism ¢ must
preserve the orientation on R™. The natural projections give principal bundles

p:T
p+:70’

myE — JYE,m) (group GL(m,R))

myE — JYE,m)*" (group GL(m,R)*"),
where a basis of fundamental vector fields is given by {A% = 5%(d;)}. In coordi-
nates, we therefore have

o
dys”

Note that any fibration 7 : E — M defines open submanifolds J'7 C J*(E, M) and
Jir C JYE,M)*. If we take m = 1 we recover the special cases J!(E,1) = PTE
and J'(E,1)" = PTE™.

We can finally, without too much conceptual difficulty although with increased
computational complexity, extend these definitions to the case of higher-order reg-
ular velocities. We shall take the manifold of k-th order regular velocities Yo“(ljn )E to

Ay =y;

be the set of all ﬁ;-jets (at the origin) of non-singular maps R™ — E, with local co-
ordinates yf on 7' E, where I € N™ is a symmetric multi-index with 0 < |I| < k.
The total derivatives d; and vertical endomorphisms S* have coordinate represen-
tations

k—1 8 ) k—1 6
d; = Z yIJrliaiy(Ila S'Z%:O(I(’L)-‘rl)dyl(@%

|1]=0
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where different instances of each type of operator commute, so that we may use
multi-index notation dy, S! where appropriate. We may again construct principal
bundles

FVE— JMNE,m)T,

o :Yoj(lfn)E—>Jk(E,m), s :f( )

whose groups are the jet groups LE , LE+

LE = {ji¢ : R™ & R™ is a diffeomorphism, ¢(0) = 0}
LS = {jse € Ly, : 1T (9)] > 0}
A basis for the space of fundamental vector fields of the principal bundles is given

by
{A] =5"(dj) : 1 < | <k}

we put ZJI for the contraction with A;, and dJI- for the Lie derivative by A;.

3 Vector forms

In the study of the parametric calculus of variations we use vectors of operators d;,
tensors S%, and forms ¥¢. These fit into a framework of vector forms [12], and the
use of these forms will provide us with a convenient tool.

We consider forms on Io’(ljn )E taking values in the vector space R™* and its
exterior powers: put

O = (T E) @ (NR™) .

Let the standard basis for R™* be denoted by (dt?); then a vector form ® may be
written canonically as

D =i, ® At AL NdE € Qs

where the scalar forms ¢;,...;, are skew-symmetric in their indices. Although this
looks like a coordinate formula, in fact it is not: the indices i1,...,i, refer to a
fixed basis of R”*, and so the formula is valid globally on ffm)E .

We shall consider several operators on vector forms. First, obviously, we may
use the de Rham differential d : Q) — QZH’S, defined on decomposable forms by

dp®n) =dp@n

and extended to arbitrary forms by linearity. But we may also use the total deriv-
atives d; to define two further operators, a contraction and a Lie derivative, by

ip Q= QT ir(e®@n) = (di 1 ¢) @ (At An)

and
dr : Qp° — Qi dr(p®n) = dip @ (dt' An).

It is immediate, from the definitions and the properties of contraction and Lie
derivative on scalar forms, that

ddr = drd, d% =0, dr = dit +ird.
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We may therefore construct a bicomplex, where in the first column it is convenient
to write 0" to denote the quotient Q%% / A® R™* of vector-valued functions modulo
constant functions. In the diagram we omit explicit mention of the order of the
velocity manifolds on which the spaces are defined; if the order of the spaces for a
given row is k then the order for the next row will be k 4+ 1. For small values of k
of course only the lower part of the diagram will exist.

R

0 0 0
d d d
00— 0O >~ Ql,O >~ QQ,O > QS,O >

Q
dTl

i | d i | ddTl d i |

0 — ﬁ&m—? — > Qlm—2 —» 2m-2 — » (O3m-2 —»

i | d i | ddTl d i |

0 — Qoﬂn—l — Qlm-1 —» 2m-1 —» 3m-1 —»

i | ddTl d i |

0O —— ﬁ()?m _— Ql,m _— le _— 937"7‘ _—

The bicomplex described above might appear to have some relation to the
variational bicomplex for differential forms on the jet prolongations of fibred spaces,
and the latter, when defined in the usual way on the infinite jet manifold, is locally
exact: indeed, its interior columns are globally exact [1], [13], [14] (see [15] for
a useful summary). The present bicomplex is, however, defined on (a family of)
finite-order velocity manifolds, and the map dp : Q° — Qz_f_J{l is not exact, even
locally. It is, however, globally exact modulo pull-backs (for » > 1).

There are, perhaps surprisingly, two homotopy operators for dr which are sim-
ilar in formulation but subtly different in effect; the first was described in [12], and
the second is a version for velocity manifolds of an operator described in [6]. The

operators are P, P : Q. — Q?T‘:__ll) 41> defined by

j 0 , ,
P((b):P(js)((buzé)@{atJJ (dtzl /\.../\dtzs)}
P(®) = Pl (¢iy.i,) ® {aati J(dt AL A dt“)}

where P = P when acting on vector 1-forms, or on first-order forms. The scalar
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operators P(js) and ]S(js) are given by the formulae

; ~D)l(m — s)1]J]! .
PJ — ( d J+1;
() Z7°(m—s—|-|J|—|—1)!J! 75 ’

~ —D)Pl(m — s)!J|! =41
Pl = ( d 57+
(s) ZI:T|J\+1(m—s+|J\+1)!J! J

where, for a scalar form 6,
StivtliatHlirg = 4 6in..gir 0

Slintlist+1ling — igiigin - - iginf.

It is interesting to note that P2 = 0, but that P? # 0. Proofs that these operators
really do act as homotopy operators modulo pullbacks may be found in the refer-
ences cited (the proof for P is given in [6] for the related operator on jet manifolds,
but the proof for velocity manifolds is essentially the same).

4 Variational problems on jet manifolds

For the purposes of comparison, we give a brief summary of the relevant part of
variational theory on jet manifolds.

Let m : E — M be a fibred manifold, with dim M = m and dim F = m + n,
where the base manifold M is orientable; we take local coordinates x* on M and
(z%,u®) on E. We let J*7 denote the manifold of k-th order jets of local sections
of 7 [7], [10]. In this context a Lagrangian of order k is an m-form A = Ld™z on
J*7, horizontal over M. The fixed-boundary variational problem defined by A is
the search for submanifolds o(C) C E satisfying

/ ((%0)"X*3) =0
C

for every variation field X on E satisfying X |a(ac) = 0, where X* denotes the

prolongation of X to J*r.

Such a variational problem may be expressed in terms of certain other m-forms
called Lepage forms [8]. The m-form # on J'm (where [ > k) is a Lepage form
if iy df is a contact form whenever the vector field Y is vertical over E. It is a
Lepage equivalent of A if it is a Lepage form, and in addition 7}, A — 6 is a contact
form. Every Lagrangian m-form defined on J*r has a Lepage equivalent defined on
J? =17 although the question of whether there is a suitable geometric construction
depends on the values of m and k.

The simplest cases, as might be expected, are for single-integral problems where
m = 1. For a first-order Lagrangian A = L dz on J'7 the 1-form

0 =Ldx+ %(dua —u%dx)
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is the unique Lepage equivalent, the Poincaré-Cartan form; it is also defined on
J'7r. For a higher-order Lagrangian A = L dz on J*7 the 1-form

k—p—1

k-1

)

6=Ldc+ ( 3 (—1)qa) (dufy — uf, ) de)
p=0 q=0 d? au(}7+q+1) g P

is the unique Lepage equivalent, and it is defined on J?*~ 7.

For a multiple integral variational problem where m > 2, a first-order La-
grangian A = Ld™x defined on J'm gives rise to three distinct globally-defined
Lepage equivalents

oL
0, =Ld"s 4+ —w* Ad™ g
oug

m

1 .ooL

i—1

min{m,n}
1 0"L
9; =

8 D (r1)2 0ud™ -+ u”

r=0 ir

WA AW A dm_r.’til...i

r

where w® = du® fujo.‘dxj (of course 05 is defined only where the Lagrangian does not
vanish). For a second-order Lagrangian, Lepage equivalents similar to 6; and 6
may again be found; it is not known whether there is a Lepage equivalent sim-
ilar to #3. If m > 3 then it is known that global Lepage equivalents cannot
be constructed in a canonical way without the use of additional data such as
a connection. A list of references for these various constructions may be found
in [11].

5 Homogeneous problems

We now consider m-dimensional variational problems on FE, with fixed bound-
ary conditions. For our purposes it is sufficient to consider submanifolds of the
form o(C), where ¢ : R™ — E and C C R™ is a compact m-dimensional sub-
manifold: this is because variational problems are local, in the sense that an
m-~dimensional submanifold of E is extremal with fixed boundary conditions if,
and only if, every small piece of it is extremal with fixed boundary conditions.

A vector function A = Ld™t € Q%™ is called a Lagrangian for a parametric
variational problem. It is called positively homogeneous if it is equivariant with
respect to the action of the jet group LE+, where k is the order of the Lagrangian.
If A is positively homogeneous then the scalar function L satisfies

U % 1
diL=06L, dlL=0for|I]>2.

The fixed-boundary variational problem defined by A is the search for subman-
ifolds o(C) C E satistying

/ ((jo)*X*L)d™t =0
C
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for every variation field X on E satisfying X| ac) = 0, where X* denotes the pro-
longation of X to T(’“m)E. We may study this problem by looking for ‘equivalents’
of Lagrangians.

Definition 1. Let A € Q%™ be a positively homogeneous Lagrangian. A scalar
m-form ©,, € Q™ is called an integral equivalent of A if

-1 m(m—1)/2
e (E Y,

A vector r-form ©, € Q""" is called an intermediate equivalent if

-1 r(r—1)/2 — )
A= D '(m ) e, 0<r<m-—1.
m!

It is clear that if ©,1; is an equivalent of A then

_1r
O, = ) 17O 11

is also an equivalent. We use the terminology ‘integral equivalent’ because if
o : R™ — E then (jo)*A = (jo)*O,,, where by jo we mean the prolongation
! )E for [ sufficiently large, so that

ofatoamapRmHT(
/(]0)*/\:/(]0—)*@7717
c c

from which we see that A = Oy and ©,,, have the same extremals.
We may also define some related forms which are used to obtain the Fuler-
-Lagrange equations for the problem.

m

Definition 2. Let O, be an integral equivalent of A; define the scalar (m+ 1)-form
Em € QL0 by
Em =dO, .

Now let O, be an intermediate equivalent of A for 0 < r < m —1; define the vector
form &, € QrtLm—" by
E=dO, — (-1)"drO,41.

By a straightforward calculation we see that, corresponding to the relationships
describing a family of intermediate equivalents, we have

(_1)r+1
ET: Z‘Tgr—i-l 0<r<m-1;
m-—r

the form & is called the Euler form of ©,,. The various forms we have defined
inhabit two diagonals of our bicomplex.
We shall now impose an additional property on the equivalents of a Lagrangian.
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d
®m€ Qm,O - Qm—i—l,O Bgm

@F%m@r“, Qo =A e ldi/
,/dldT/

@2 c QQ,m—Q - Q3,m—2 E) 52

e

@1 c Ql,m—l . Q2,m—1 E) 51

/ l o /
d & =dO, — (=1)"d10, 1

Qlm 3 &

0,m

Definition 3. Let A be a positively homogeneous Lagrangian, and let ©, be an
equivalent of A (1 < r < m). We say that O, is Lepagian if the corresponding
Euler form & = go ® d™t € Q1™ satisfies

S& = (Sie’:‘o) X dmilti =0,
so that & is horizontal over E.

So far, we have described conditions which integral (or intermediate) equivalents
and their Euler forms must satisfy, but we have not yet indicated whether such
forms exist. We shall now remedy that deficiency.

Theorem 1. The vector 1-form
©; = PdA

defined on f(%i;lE is an integral equivalent of A (m = 1) or an intermediate
equivalent (m > 2), and is Lepagian. It is called the Hilbert equivalent of A.

Proof. From the definition of P,
Pd=Pl¢pxd™ 't;, where P’ = Z LMdJSJ+1j
’ > (IJ|+1)J! ’
so that
i7PdA = it P(dL ® d™t)
=i (PldL @ d™ ')
=i, P1dL @ dt* A d™ 't
=i;PldL®d"t.
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Then

e

72(—17)“”(1 i.87 4L
A (I i

because [ix, d;] = 0; next

. (-l J+1, J+1;—14
PIdL = ——d g, + §/HLi—1eikygr,
i EJ T+ D7 (87 i + 8 i;)

because [i;, S*] = i% and [if, 5] = z';-”l’“, but by homogeneity if dL = dJ L = 0 for

(]J] > 2); consequently
i;PldL = idL

because, when |K| > 1, SE vanishes on functions and hence on i;dL and i;?dL;
and so, finally,

i;P'dL =mlL,

giving i7PdA = mA, so that ©; is indeed an equivalent (integral or intermediate,
as appropriate).
To show that ©; is Lepagian, note that

Sdr©; = SdrPdA
= Sdr(PdL @ d™'t;)
= S(d;PPdL @ (dt' Nd™'t;))
= S(d; P’dL ® d™t)
= S (d;P7dL) @ d™'t;

= 27(_1)‘” dy1,S7TYdL ) @ ™
= ( J+1; ?

!
o [J|+1)J!
g N ALY
= Z —xr dx ® ti;
|K]>1
but [S?,dy] = 4%, giving [S?,dk] = K (i)dk_1,, so that
<_1)IK‘_1 K+1; - K m—1
Sdr©; = Z T(dKS ¢ +K(l)dK,1iS )dL@d t;

|K|>1
= SdL @ d™ 1,
= S(dL ® d™t) = SdA

as the two parts of the sum over the multi-index K combine to give a collapsing
sum. It it then immediate that S& = 0, as required. O
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Theorem 2. Let A be a homogeneous Lagrangian, with Hilbert equivalent ©1 and
Euler form &. If © is any other Lepagian vector 1-form equivalent to A, with
corresponding Euler form &, then

50 = go and él — @1 = dT‘I)
for some ® € Q™2 so that if m = 1 then O, = 0.

Proof. 1t follows straightforwardly from the Lepagian condition S& = 0 that
P&y =0, so that

0 = P&,
= P(dA — d1©;)
=0, — Pd16,

=0 — (1 —dpP)0,
giving (:)1 -0 = dTP(:)l (or él =07 if m=1). Thus

& — & = (dA — dr©,) — (dA — d1©;)
= —d3PO,
=0. O

In coordinates, if A = L d"t then the Hilbert equivalent and the Euler form are
given by

DT + T+ 1)01)!)J)! oL o
ZZ |I|+\J|+1)|I|J| d( o )dyJ(g)d ti

Y7441,

oL “ "

EO:Z(—I)“dI(ay?)dy ®d™t.
I

If m > 2 then there can indeed be Lepagian vector 1-forms which are equiva-
lent to a given Lagrangian but differ from its Hilbert equivalent. To see this, let
® € Q0™m=2 50 that drd® € Q1. Then

iT(@l + de(I)) =170 — driTd® = A — d%q) =A

and
dA — d7(©; + dpd®) = dA — d1©O; — d%dd = &,

although there is no reason why we should have drd® = 0. For instance, when
m = 2 we could take ® = y! € Q%Y and then drd® = dy} ® dt* # 0.

We can now construct a version of the first variation formula for homogeneous
variational problems, using the Hilbert equivalent ©; of a Lagrangian A. leen
a variation field X on E with X|_ v0) = = 0, and its prolongation X on T(m)E
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with [ sufficiently large, we may use the standard formula d¢ = di ¢ +1igd, Stokes’
Theorem, and the formula dA = &y 4+ d1T©1 to obtain

/C(jo)*dgA:/C(jo—)*di;(A+/C(ja)*i)?dA

:/ac(jo)*z’XA—&—/C(ja)*iXdA
:/(]U)*’L}?(&)—f—dT@l)
C
But
/C(ja)*i)?dT(al :/C(jo)*dTi)?@l :/Cd((jo)*i)?@l) :Ac(ja)*ig®1 —0

because prolongations commute with total derivatives, and the pull-back of dr
to R™ is d; thus

/C (jo) dgh = /C (jo) iz = /C (o) ix€o

because & is horizontal over E.

Now if m = 1 then the Hilbert equivalent is an integral equivalent of A. But if
m > 2 then this is no longer true, and we need some further work to find integral
equivalents. Let A = Ld™t be a positively homogeneous Lagrangian with m > 2,
and write its Hilbert equivalent ©; as

O, =9 @d™ 1t ;
the scalar 1-forms 9; are called the Hilbert forms of A.

Definition 4. If A never vanishes, define the Carathéodory equivalent ©,, € Q™0
by

IR
Om = Ty N0
i=1
Theorem 3. The Carathéodory equivalent ©,, is an integral equivalent of A.

Proof. We must show that if!0,, = (—1)™(m~1D/2mlA, so rewrite ©,, as

1
mlLm—1

O = (1) 77D A A7)

o€G,
where G, is the permutation group, and use induction. The calculation uses

dj 19" = 5§L, the proof of which is similar to that used to show that iT0©; = mA;
we also define 7, ; € &, by

m—s (i=r)
Trs(i)=<Qi—1 (r+1<i<m-—s)
7 otherwise .
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Now

iT( S (—1)77 D A A 97 g potmestD) /\---/\dt"(m)>

oeG,y,

= Z (_1)Udj N (190(1) A A 190(7"—3)) ®dti A dro(m=s+1) A ... A gto(m)
eSS,

= Z S D=0 WD A A (dy 29T A AT )

r=1 ceS,,
@ dtd A dt”Mm—sH) A A @)

=L Z Z o’ r 1(,'90 1) NN 19(7(7"—1) A ,190(7"-*-1) Aes /\,lgo'(m—s)>®

r=10c€6,,
® At A qre(m=s+1) A ... A geo(m)

Z Z )rL(— 1)mrs{

r=1c€G,,
(,lgarr,s(l) N 190'7-7~,s(r—1) A 1907'7‘3(7‘—%1) Ave A 7‘9(77'7",5(m—s))®

® dteTrs (1) A qgoTrs(m=s+1) A A J4TTrs (m)}

— m s— 1LZ Z ,190(1)/\ ﬁa(m—s—l))@)

r=1 UGG’HL
® dto (M=) A qro(m=s+1) A .. A ggo(m)

=) m—s)L > ()7 (DA AT D)
o€G,
® dt7(m=9) A oSt A LA et

so if

-1 s(2m—s—1)/2
e

(m — s)lLm—s—1

S (—1)707 W A A 97 g gD dta(m)}
€S,

Z-s-i—l@ B (_1)5(2m—s—1)/2
T 7m T (m — s)lLm—s—1

()" m=s)L Y (D)7 (@D A A7)

oceS,,

@ dtm—) A ggem-st) A A dto(m)}
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(_1)(5—&-1)(27}1—5—2)/2 o o
T (m—s—1)ILm2 D DT A A N
o€Gn,

® dte(m=s) p qo(m=s+1) A ... A qo(m)
as required. Hence

(71)m(m71)/2

RO =

Z (=1)7dt" D A A dt )
ey,
= (=)D 2L At A - A dE™

= (—1)™m=D/2pIA O
We see also from the induction formula that
im0, = (—1)™m=V/2 (m —1)l6,

where O, is the Hilbert equivalent; consequently ©,, is Lepagian. The Carathéo-
dory equivalent of a nonvanishing homogeneous Lagrangian is the ‘parametric’
version of the Lepage equivalent 65 for a variational problem on a jet manifold,
with the difference that there is no longer a restriction to first or second order
Lagrangians.

We can now create a ‘variation formula’ for ©,,. For a variation field X on F
with X|a(80) =0,

/(ja)*df(Qm:/(jJ)*iid@m-i-/(jJ)*di)?@m
C C C
:/(jo)*iigm—i—/ d(jo)i5Om
C C
- / (j0)*igEm + / (j)*i ¢Om
C oC
:/C(jg)*if(gm
:/C(ja)*z'%i)?é’m
= ()" [ o) igiten
C
_ (—1)m(m_1)/2m!/(ja)*i;(é’o

c
= (—1)m(m*1>/2m!/(ja)*z'x50
C

which is independent of the ‘prolonged’ part of X.

Finally, we consider the possibility of other integral equivalents of a Lagran-
gian A. We can, of course, obtain such an equivalent by adding any contact form
to ©,,; but it is of greater interest to see if we can obtain equivalents which have
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particular desirable properties. The analogy of Lepage equivalents for variational
problems on jet manifolds suggests that there might be other possibilities in the
parametric case, and there is indeed a version of 3 for first-order homogeneous
Lagrangians. Let A be such a Lagrangian, and put

Op11 = (—1)PdO, (1<r<m),

so that each (:j,« is a first-order vector form. Using commutator relations as before,
we obtain 1)

N N AUEN

@r = ZT®T‘+1

so that @m is a Lepagian integral equivalent of A, the fundamental equivalent of A.
Thus d@ 5 = 0 if, and only if, 5'0 = &y = 0, the same property satisfied by 63
in the jet manifold case [5].

6 Conclusions

Parametric variational problems are often studied on Grassmannian bundles. There
is, however, some interest in considering the versions of the problem defined on ve-
locity manifolds, subject to the homogeneity condition. The bicomplex of vector
forms performs a similar role to the variational bicomplex in the jet bundle theory,
but the intermediate and integral equivalents corresponding to the Lepage equiva-
lents may be defined globally for forms of arbitrary order. It seems reasonable to
expect that further study of the subject in this context would produce useful re-
sults concerning related concepts such as regularity, symmetry and the Helmholtz
equations for the inverse problem of the calculus of variations.
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Generalized Birkhoffian realization of nonholonomic
systems

Yong-Xin Guo, Chang Liu and Shi-Xing Liu

Abstract. Based on the Cauchy-Kowalevski theorem for a system of par-
tial differential equations to be integrable, a kind of generalized Birkhoffian
systems (GBSs) with local, analytic properties are put forward, whose man-
ifold admits a presymplectic structure described by a closed 2-form which
is equivalent to the self-adjointness of the GBSs. Their relations with Birk-
hoffian systems, generalized Hamiltonian systems are investigated in detail.
Analytic, algebraic and geometric properties of GBSs are formulated, to-
gether with their integration methods induced from the Birkhoffian systems.
As an important example, nonholonomic systems are reduced into GBSs,
which gives a new approach to some open problems of nonholonomic me-
chanics.

1 Introduction

As it is well known, making use of the calculus of variations, any analytic, regu-
lar, holonomic, conservative mechanical systems can be formulated by Lagrange’s
equations or Hamilton’s equations, which are basis of establishing, simplifying and
integrating the equations of motion. Thus it is important to find out the solutions
of inverse problems of the calculus of variations for different dynamical systems so
as to make the most of the Lagrange’s equations and Hamilton’s equations. How-
ever, the Lagrangian or Hamiltonian formulation for a dynamical system, limited
by the conditions of self-adjointness, such as the Helmholtz’s conditions [10], [13],
[15], [18], is not directly universal if the physical variables remain without use of
Darboux transformations. Based on the Cauchy-Kowalevski theorem of the integra-
bility conditions for partial differential equations and the converse of the Poincaré
lemma, it can be proved that there exists a direct universality of Birkhoft’s equa-
tions for local Newtonian systems by means of reduction of Newton’s equations
to a first-order form, which means all local, analytic, regular, finite-dimensional,

2010 MSC: 70F17, 7T0F25, 70G45
Key words: Birkhoft’s equations, generalized Birkhoffian Systems, Cauchy-Kowalevski theo-
rem, Nonholonomic constraints, inverse problem, conditions of self-adjointness
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unconstrained or holonomic, conservative or non-conservative, and self-adjoint or
non-self-adjoint systems always admit, in a star-shaped neighborhood of a regular
point of their variables, a representation in terms of first-order Birkhoff’s equations
in the coordinate and time variables of the experimenter [11], [14]. The systems
whose equations of motion are represented by the first-order Birkhoff’s equations
on a symplectic or a contact manifold spanned by the physical variables are called
Birkhoffian systems, which are self-adjoint. The self-adjointness of local, analytic,
regular, holonomic mechanical systems means the existence of symplectic or con-
tact structure of the manifold. The Lie algebraic structure only exists for the
autonomous Birkhoffian systems.

The inverse problem of the calculus of variations for nonholonomic systems is
very complicated [7], [12]. Only some special nonholonomic systems, such as some
Chaplygin’s systems, can admit a homogenous Lagrangian or Hamiltonian formu-
lation. Since the Chaplygin’s systems can be reduced into a kind of holonomic
nonconservative systems, it is suitable to formulate such nonholonomic systems
in Birkhoffian mechanics [9], [11]. For a general nonholonomic system, i.e. a
n-dimensional mechanical system constrained by ! nonlinear nonholonomic con-
straints which is a coupled dynamical system, whose equations of motion are n 4+
fixed first- and second-order ordinary differential equations, their inverse problem of
the calculus of variations can be geometrically analyzed in a singular Lagrangian [6]
or represented in Birkhoffian framework on an 2n-dimensional phase space [4], [11].
For the latter case, the nonholonomic systems are reduced into the conditional holo-
nomic systems on a 2n-dimensional phase space, whose initial conditions are not
arbitrary but confined by the nonholonomic constraints. Because the conditional
holonomic systems are of symmetry determined by the constraints, it is necessary
to reduce the Birkhoff’s equations on the 2n-dimensional phase space to those on
its constraint submanifold of minimal dimension 2n — [. Such a symmetry reduc-
tion strongly relies on the dimension 2n — [ of the constraint submanifold or the
number [ of the constraints acted upon the system. Therefore, in order to directly
universally analyze the inverse problem of the calculus of variations for general non-
holonomic systems, we need to generalize the Birkhoffian mechanics. This problem
can arise in other coupled dynamical systems, such as control theory for systems,
supermechanics, etc.

In section 2, we will review Birkhoffian formulation of Newtonian Systems,
emphasizing its analytic, algebraic and geometric properties. Its relation with gen-
eralized Hamiltonian mechanics is pointed out. In section 3, generalized Birkhoff’s
equations for all analytic, regular first-order dynamical systems are constructed
based on the Cauchy-Kowalevski theorem for existence theory of partial differen-
tial equations. The integration methods induced from Birkhoffian mechanics are
listed in section 4. In section 5, general nonholonomic systems are reduced into
generalized Birkhoffian systems(GBSs), whose equations of motion are represented
by the generalized Birkhoff’s equations.

2 Review of Birkhoffian formulation of Newtonian systems

Consider a holonomic dynamical system on a contact manifold R x T'Q) with lo-
cal coordinates {¢*,¢"} (i = 1,2,...,n) where Q is a n-dimensional configuration
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manifold. Let a regular Lagrangian be denoted by L(t, ¢, ). Suppose the system
is subject to non-conservative forces f;(t,q, ) which are analytic. The equations
of motion for the system can be represented by non-homogeneous Euler-Lagrange

equations:
d oL 0L
A A fi (1)
dt 0¢*  Oq
The regularity condition L;; = Adet(%) # 0 guarantees that these n second-
order differential equations for ¢* on the contact manifold R x T'Q) can be reduced
into 2n first-order non-homogeneous Hamilton’s equations on the contact manifold

R x T*Q with local coordinates {t,a*} (u=1,2,...,2n):

0H(t,a)

da
where {a*} = {¢%,p:}, pi = gTLﬂ H= qui ¢' — L is the Hamiltonian for the system
and simple symplectic matrix is

-V
W@’ —

= Fu(t,a) (2)

— _ Onxn *]-nxn
w = (wuu)QnXQn - <+1n><n 0n><n >2n><2n (3)

In general, equations (2) are non-self-adjoint. By means of the Cauchy-Kowalevski

theorem, it can be proved that there exist integrating factors {hy} for the equa-
tions (2) to become self-adjoint equations

(4)

., [0B(t,a) OR,(t,a)]
i = |2 + ) o

in a star-shaped region of a regular point (¢,a), where B is a Birkhoffian usually
taken as the energy function of the system, R, are a set of Birkhoffian functions
usually related with the function F), and €, is the covariant Birkhoff’s tensor

defined by
OR, (t,a OR, (t,a
Qu (t,a) = 9; ) - ;CE,, ) (5)

is symplectic. The regularity condition det (€2,,) # 0 means that the 2n equations
(4) are independent and can be transformed into the contravariant form

0B (t,a) OR, (t,a)
Oa¥ + ot (©6)

where Q" = Q1.

The Birkhoff’s equations (4) are analytic in the sense that they are derivable
from the most general possible linear first-order action functional, the Pfaffian
action

A(E) = / “dt (R, (t,a)a” — B (t,a)] (E) (7)

ty

where E is a possible pass in the contact manifold. The discussion of gauge freedom
and some methods for integrating the Birkhoff’s equations can be found in [11], [14].
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The conditions of self-adjointness of Birkhoff’s Equations (4)

Qu +Q,, =0 (8a)
0 OV, Oy,
da”™ + oat * dav 0 (8b)
0, 0 [0B(ta) N OR, (t,a)} 0 [83 (t,a) N OR, (t,a)

ot  da’ | Oar ot ~ dat | Oa ot

(8¢c)

are equivalent to the the integrability conditions for the 2-form on the contact
manifold R x T*@Q

~ 14
Q= 59‘“' (a) dat A da”; w=0,1,2,...,2n 9)
to be closed, i.e., R
=0 (10)
where QW = Qu, Qo = Qo = gﬁ ag" (w,v = 1,2,...,2n). The above

nonautonomous Birkhoff’s equations (4) can be globally represented by a general,
local, Birkhoffian vector field X on R x T*(@) verifying the properties

igQ =0, d(X)=1 (11)
Locally the vector field admits
5 0 0B O0OR,\ 0
-2 v <z
X=g 18 <8a” T ) dar (12)

Evidently the universality of the Birkhoff’s equations is not only direct but also
global.

For the autonomous Birkhoffian systems where! 65;“ = 0, the Birkhoff’s equa-
tions are equivalent to the generalized Hamilton’s equations [8] on an even-dimen-
sional Poisson manifold

i 0B (t,a)
Ho— uv
at =Q Dav (13)

In these cases the Poisson brackets can be defined by time evolution

; 0A . 0A OB qef
= — gt = — QY =
A (a) S B Q Ba? (A, B) (14)
verifying the Lie algebra axioms
[A,B]+[B,A] =0 (15a)
HA) B] 70] + HBv C] aA] + HC, A} >B] =0 (15b)

It should be pointed out that the Lie algebraic structure does not exist for a non-
autonomous Birkhoffian system for the dependence of R(t,a) on time ¢ if we take
Birkhoffian B to be total energy of the system.

1As will be seen in section 3, the so-called semi-autonomous Birkhoffian systems mentioned
n [11], [14] are really autonomous ones. So the Birkhoffian systems can be classified into au-
tonomous ones and non-autonomous ones.



Generalized Birkhoffian realization of nonholonomic systems 25

3 Generalized Birkhoff’s equations

In order to generalize the theory of Birkhoffian systems, it is necessary to analyze
the fundamental conditions for the second-order dynamical systems to be capable
of reduction to first-order self-adjoint Birkhoffian formulation, especially their role
in the course of reduction to first-order systems.

(1) Locality. By locality we mean that the systems considered can be formu-
lated by ordinary or partial differential equations, in which the interactions are
independent of integro-differential type. This condition is necessary for the Lie
algebra and symplectic geometry to be suitable to analyze the theories of some
dynamical systems.

(2) Analyticity. Analyticity of a function means that it admits a convergent,
multiple, power series expansion in a neighborhood of a point. The analyticity can
be remained for a second-order dynamical system to be reduced into a first-order
system. Evidently analyticity is based on locality. Analyticity does not depend on
the self-adjointness of a dynamical system.

(3) Regularity. A system is called regular when it is of full rank or maximal
rank, i.e., its functional Jacobi determinant is everywhere non-null in the region of
a point, with the possible exception of finite number of isolated points. Regular-
ity means maximal independency and invertibility. Thus a regular system can be
recovered from its non-degenerately transformed form. Regularity is not an invari-
ant character with respect to symmetry reduction, e.g., the canonical and FEulerian
representations for the rotation of a rigid body with respect to a fixed point.

(4) Holonomicity. By a holonomic system we mean that constraints the sys-
tem is subject to are integrable in the sense of Frobenius theorem. A holonomically
constrained system can be reduced into a constraint-free system of lower dimen-
sions. Therefore, holonomicity ensures the phase space for the first-order systems
reduced from the second-order regular dynamical systems are even dimensional.

The universality of analytic/Lie/symplectic formulation in the most general
possible form, i.e., Birkhoffian realization, does not depend on whether or not the
original systems are conservative or self-adjoint. It should be pointed out that this
symbiosis among analytic, Lie and symplectic techniques is comparatively flimsy
because any one of the four legs under the symbiosis may be possibly broken.
For example, the nonlocal type of interactions often occurs in several branches of
physics, whose dynamical equations are integro-differential equations. Moreover,
nonholonomic systems largely exist in the fields of physics, mechanics and engineer-
ing. Therefore it should be encouraged to generalize the Birkhoffian formulation
to a new symbiosis among analytic, algebraic, geometric form in order to keep up
with the process of mathematical and physical advances.

In this section, we consider a kind of GBSs from which the nonholonomic sys-
tems may be recovered if the second-order dynamical systems are reconstructed.
Consider a dynamical system described by first-order differential equations

ol ==1(t,a”), I,J=1,2,....,m (16)

on an m-dimensional manifold M with local coordinates {t,a} where Z!(t,a) are
analytic on the regular points. It can be proved that the equations (16) admit
an analytic and presymplectic structure whether they are self-adjoint or not. Two
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methods can be utilized to realize this goal. The first one is to find out an inte-
grating factor matrix with the help of Cauchy-Kowalevski theorem for the partial
differential equations to be integrable, so as to obtain a self-adjoint genotopic trans-
formed covariant form of the equations (16) or a presymplectic form on the manifold
M. Then the converse of Poincaré lemma is used to get the final result. The second
method is a direct use of the following Cauchy-Kowalevski theorem.

Theorem 1. Consider an initial problem consisting of n + 1 first-order partial dif-
ferential equations of the Cauchy-Kowalevski form

ZZ"(If ,a aRﬁ(t a) ZHﬁ (t,a)Rg(t,a) + O(t,a)  (17)

B=0I=1 B=0
in n + 1 unknown functions R, (o = 0,1,2,...,n) and in m + 1 independent
variables {t,a’} (I =1,2,...,m), and the n + 1 initial conditions
R,(0,a',a?,...,a™) = Ra(a',a?,...,a™) (18)

If the functions Z1P(t,a), TI8(t,a), O(t,a) and R, (a) are real analytic functions at
the regular point A(a), then a unique analytic solution Rg, Ry, ..., R, of the initial
problem (17) and (18) exists in a neighborhood of the point A(a).

Considering the need of analytic and presymplectic structure, we set n = m,
M2 =0,0=0,Ry=—B,a = t, 217 = 25\/=8 = 5128 _ 592! (where 20 = 1, s0

B0 = 51) Then equations (17) become
OR;(t,a) ORjy (t,a) ORy(t,a)| _; 0B(t,a)
o~ | el aad |° BT g (192)
0B(t,a) _;00B(t,a) _;;0R;(t,a)
ot 0 T aal 70 T dal (19b)
The solution for {R;, —B} is uniquely determined by known functions =/, =£0 =1/
due to the Cauchy-Kowalevski theorem. However, for the definite functions _I ,

different choices of functions Héo,ué‘] can produce different solutions {Rj, —B},

which is not of physical meaning in general. Evidently there exist infinite solutions
for the equations (19a). If the quantity B in the equations (19a) is given, the
equations (19a) are complete and the theorem ensures unique existence of the
functions R;. In this case the equation (19b) for the functions ZL°, =8/, which is
in fact algebraic, is not complete.

This analysis may be useful to easily find out the solution {R;,—B} based
on a suitable choice of functions Zi° =7/, For example, we can suppose that

50 =0,Z{/ = 67, Then the equation (19b) becomes
0B(t,a) n OR;(t,a)
ot Oal
Now we will observe the analytic, algebraic and geometric characteristic of the
following generalized Birkhoff’s equations
OR; OR; 0 8£+ OR;
da!  Oa’ dal! ot

=0 (20)

)0, I,J=1,2,...,m (21)
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from which it is easy to infer that

dB 9B OR;.,
Pl T (22)

The equations (21) are analytic because they are derivable from the Pfaffian action

A(B) = / " dt[Ry (t,a)d” — B (t,a)] (E) (23)

ty

with the end points condition,where E is a possible pass in the contact manifold M.
We can define 1-form O(t,a) = R;(t,a)da’ — B(t,a)dt on the manifold M
subject to the condition that its exterior derivative

_ 1 gapy =L (%8s OB\ i1, ger s (98 981 1
QO =d(Rrda Bdt)—2 5l Do’ da’ Nda” + 6a1+ 5 dtAda’ (24)

is of maximal rank. Making use of the notation ;; = %};{ - gf} I = % + af;’ ,

it is easy to verify the equivalence relation between the closure of the 2-form 2 and
self-adjointness of equations (21), i.e.,

Qry+Qr=0
15978 0Nk Okr .
A=0<—=1{ 5a5 T dal T oq7 _° (25)

09, or; ory

ot Odal  Hal

It inferred that the self-adjointness of the systems is independent of the non-
degeneracy of 2-form 2.

Definition 1. A presymplectic structure on a manifold M can be defined by a
closed 2-form €2, which may be degenerate in the sense that for all vector fields
Vel(M),3X #0, X € I'(M), such that Q(X,V) = 0. The pair (M, Q) is called
a presymplectic manifold.

Because a 2-form on the manifold M with odd dimension is degenerate,? such a
closed 2-form can not define a one-to-one and onto map between the tangent space
Ti¢,ayM and the cotangent space Tf‘t’a}M unless the dimension of the manifold
M is even, i.e., m = 2n and det(Qr;) # 0, which is the case of a Birkhoffian
system. Therefore, if we denote the set of smooth real-valued functions on M
by F(M), there does not, in general, exist the unique Hamiltonian vector field
Xy on M such that ix 2 = df, f € F(M). Although the dynamical vector field

2Denote the transpose of the matrix (Qry) by (Qrs)T = (Qyr), then det(Q;)T
det(275). Since the matrix (275) is antisymmetric, i.e., Q75 = —Q;5, we have det(—Qry)
det(277). It can be referred that det(—Qry) = (—1)™ det(Q;y) from the relation det(Q2ry) =
el KQ Qo Qi where e!/-K ig the totally antisymmetric Levi-Civita symbol. Thus
det(27;) = 0 if m is odd.
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X = %JrEI (t,a) % cannot locally represented by the Birkhoffian as equation (12),
we fortunately still have a global formulation of the equations (21), i.e.,

ixQ=0, ixdt=1. (26)

which also include the time variation of the generalized Birkhoffian function B,
i.e, the equation (22). Tt is interesting that the global form (26) is not only suit-
able to formulate Hamiltonian or Birkhoffian systems with contact (symplectic)
structure but also enables to represent GBSs and other systems as nonholonomic
systems [2], [3] of non-symplectic structure.

If the closed 2-form 2 is regular, the system is reduced to the Birkhoffian system.
If the GBS is autonomous or semi-autonomous, the equation

0B
. J o .
Q[Ja 7@—0, I,J—l,Q,...,m (27)
can be globally formulated by
ixQ)=—dB (28)
where Q = £Q;;da’ Ada’. Combining the equation (22) with equation (28), yields
that %—’f = 0, i.e., the so-called semiautonomous Birkhoffian systems are really

autonomous ones. Furthermore, if the closed 2-form is regular, the Lie algebra can
be constructed by the Poisson bracket

{f.9} = Q7 (df, dg) = Xy, X,) (29)
in accordance with the time evolution law a/ = Q77 g% = 0. It should pointed
out that Lie algebra structure does not generally exist for a GBS unless % =0,

det(Q[J) 7& 0.

4 Integration of generalized Birkhoff’'s equations

As Birkhoffian mechanics, the most important tasks to study the generalized Birk-
hoffian mechanics mainly focus on both constructing the Birkhoffian, Birkhoffian
functions and integrating the generalized Birkhoff’s equations. The first procedure
should be checking whether the methods utilized in Birkhoffian mechanics can be
generalized to GBSs or not. Fortunately, all the existing methods to construct
Birkhoffian functions can be used in GBSs because that the methods only rely
upon the locality, analyticity of the integrand, independent of the regularity of the
matrix Q77 mentioned above.

A given first-order system verifying the conditions of locality, analyticity and
regularity always admits infinite varieties of equivalent generalized Birkhoffian rep-
resentations characterized by the gauge transformations

R;(t,a) — Ry(t,a) = Ri(t,a) + % (30a)
B(t.a) — B'(t.a) = B(t.a) — 2C1%) (30D)

ot
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All the Birkhoffian representations are equivalent in the sense that Birkhoff’s equa-
tions are the same for all possible functions (30), i.e.,

(8R’V 8R:L> . (8B’ 8RL> <8Ry 3R“) » ( 0B 3RH>

— av — + = - @' —— +—=2) (31)
da+ da¥ Oa* ot Oa* oa” da* ot
The practical meaning is that we can choose a gauge function G(¢,a) to make the
Birkhoffian be the physical energy of the system.

Therefore, we can outline the three methods to construct Birkhoffian functions
as follows.

Method 1. Let B be the total energy of the system and then solve the Cauchy-
-Kowalevski equations (19a) in the functions R;.

Method 2. Via the method of the genotopic transformations starting from the
equation (16), construct a self-adjoint covariant form

Qs (t,a)a’ +T(t,a)]sa =0, I,J=1,2,....m (32)

The functions R; are then given by

Ri(t,a) = [ /0 1 dr mQpy (¢, m)} a’ (33)

and the Birkhoffian is provided by the rule

B(t,a) = — Uol dr (FI - 8;’) (t,ra)] al (34)

This method is recommended when no physical condition is imposed on the
meaning of the Birkhoffian and on the prescriptions for the construction of the
first-order form. It is often preferable in practice, because of the greater freedom
in the Birkhoffian functions.

Method 3. Suppose that the m obtained first integrals Z”/ of the first-order
system (16) are independent in the sense that det(9Z”7/dal) # 0. Then

oz’ oz’

W, B(t7a) = _G(li (35)

R[(t, a) =Gy ot

where Gy are functions of the integrals Z/, which are not constrained by the reg-
ularity condition det(0G;/0I7 — dG;/0I!) +# 0.

5 Application of generalized Birkhoffian formulation to nonholo-
nomic systems

As an important example of GBS, we consider a mechanical system on the contact
manifold R x T'Q with local coordinates {t,q*,¢'} (i = 1,2,...,n). Denote the
Lagrangian of the system by L(¢,q,¢) and suppose the system is subject to the
nonholonomic constraints

(63

i =%t q",¢"), a=1,2,...,Lu=12...k=n—1 (36)
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The dynamics of the nonholonomic system is uniquely determined by the four
factors: (1) Lagrange-d’Alembert principle, (2) ideal constraints, (3) Chetaev’s
condition for the virtual displacement, and (4) the regularity of the Hessian matrix
(%). Of course, the locality and analyticity are understood. The equations
of motion for the system form a set of mixed second- and first-order ordinary

differential equations [6], [16], [17], [19]
.q.M:fN(taqyaqV»qa)v V:172a"'7k:n_l (378“)
" =¢*(t,q",¢",¢%), B=12...1 (37b)

The Lagrangian and Hamiltonian inverse problem for such a coupled system is
not universal [1], [7], [12]. The nonholonomicity of the system makes the Birk-
hoffian realization for the system to be not universal. However, the universality
of self-adjointness for the nonholonomic system can be realized in the generalized
Birkhoffian framework based on the conditions of locality, analyticity and regularity
of the system.

Introduce [ regular coordinates {z*}

at =¢M(tq", 4", q%), det(9§"/9¢") # 0 (38)
whose inverse transformation is
q.u = Cu(t7 qV’xV7qa) (39)

Substituting equation (39) into the equation (37) we get the following first-order
system

q“ = Cu,(t’qu’xuvqa) (40&)
gt =H(t, ¢", xv, q%) (40Db)
i = ¢"(t,q" 2", q") (40c)

Sometimes we directly choose z* to be generalized velocity ¢* or generalized mo-
mentum p,,. Denote the m = 2k + [ local coordinates {¢”,z",¢“} on constraint
manifold M by {a’} (I =1,2,...,m = 2k +1). Then the equations (37) can be
reformulated by

ol ==l(t,a”), I,J=1,2,...,m=2k+1 (41)

The locality, analyticity and regularity of the functions Z!(¢,a) make the equa-
tions (41) admit a generalized Birkhoffian formulation

[aRJ 8RI},J_<6B OR;

St~ ST aal+at)zo’ ILJ=1,2,....m=2k+1 (42)

where the total energy of the system can be taken as the Birkhoffian B and the
functions R; are related with the nonholonomic constraint forces. It should be
remarked that the regularity of Hessian matrix for the original nonholonomic me-
chanical system does not assure the regularity of the matrix (Q7;) which is deter-
mined by the integrability of the constraints or the nonholomicity of odd number
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of constraints. If [ is even the system is a Birkhoffian system. For the case of
odd [, no symplectic and Lie algebra structure exist on the constraint manifold M.
However, the self-adjointness for the equation (41) is independent of parity of the
number m of the nonholonomic constraints.

If the second-order equations are decoupled with the constraints, e.g., the Chap-
lygin’s system

g = f*t,q",¢"), v=12,....k=n—1 (43a)
q.a:@a(t7qy7q.y), a:1’2,""l (43b)

the Birkhoffian formulation can be realized on a 2k-dimensional subspace [9], [11].

Example 1. [9] Consider the motion of a simplified sleigh with unit mass and unit
moment of inertia in R? x T with coordinates (z,y, ), subjected to the nonholo-
nomic constraint §y = ztany. The Lagrangian is L = % (i’2 + 9% + gbz) and the
Lagrangian embedded in the constraint is £ = % (;iczseczgo + gbz). Obviously the
system is a Chaplygin’s system and thus reduced to a holonomic nonconservative
subsystem for x and ¢ on a submanifold A C T (R2 X Tl)7 decouped with the

constraint. The Chaplygin’s equations of motion are
+zptanp =0, ¢=0, yg—ztanp =20

Utilizing the Legendre transformation & = p, cos? p, ¢ = Dy, the Hamiltonian
embedded in the constraint is H = 1 (p2cos?p + pi). The equations of motion are
given by the matrix form

0 pytanp -1 0 T 0

—pg tan e 0 0 -1 o | —%pi sin 2¢
1 0 0 0 pe | | pwcos?o
0 1 0 0 Dy Dy

with four independent first integrals

1
It = Py, =y — Pyt I’ =pycosp, I'= 3 [w2x2 +pi 005490}
where w = ¢ is constant.
Taking the conventional notations a’ = {z,¢,ps,p,} (J = 1,2,3,4), we find
out a set of Birkhoffian functions by means of Hojman’s method [5], [14]

1

Ry = d'd® (a4)2 cos a?

1 3 L2
Ry = 5(14 % — (a3)20053a2 sin 242
Rs = (a3)2cos5a2
1 ta® cos a®
Ry = —a® + §a4t — % + (a1)2a3a4 cos a®
1 4\2 3 2
B:i[(a) +a cosa]
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Thus the symplectic tensor Q;; = %{f{ — gf} is given by the matrix elements

Qi1 =g =33 =0y =0

2 .
Qs = =09y = ald? (a4) sin a?
2
O3 = —QO31 = —at (a4) cos a?
Dy =—-Qy =0
2
3\ 2 . cos a
Qo3 = —Q39 = (a‘3) cos*a®sina® — 1
2a
3 2 3 4 2
- 3 N2 34 . o a°cosa”+ta’a*sina
QQ4—*Q42—7**(G)GGSIHCL+ 5
2 2(a%)
2
2 tcosa
gy = —Qus = (a') a*cosa? — ——
(@) o

which satisfies the conditions of self-adjointness. It can be verified that the equa-
tions of motion can be represented by the nonautonomous Birkhoff’s equations

0B  OR;

Qs =57~

=0

Example 2. Consider a nonholonomic system whose configuration is denoted by
{q¢",¢*}. The Lagrangian of the system is L = %((41)2 + (q2)2). Suppose the
system is constrained by a nonholonomic constraint

it ti?—g?+t=0.
Then the differential equations of motion for the system are

(1 4+ 3G +2t¢* +2¢* —2¢* +3t =0
Qi +ti* - +t=0

Let a' = ¢2, a®> = ¢2, a® = ¢!, then the equations can be transformed into the
first-order differential equations

“ire
ad=a' —ta® —t

with three independent first integrals
1 3 1 2 1 2
I'=a —t(a —ta —t) —§ln(1+t ),
I? = a' — ta® — t + arctant,

13:a2+%1n(1—|—t2)
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By using the Hojman’s method, we can get the Birkhoffian functions

oIt or? or3

B =Chiger TG + Gagpr = —Cit + G
ort oI oI’ )

Ry = Gl@ +G2@ +G3@ = G1t* — Gaot + G3
oIt or? or3

Ry =Gy + Gzt Gags =G

oIt oI oI3
B=- [Glat TG *G%ﬂ

=-G; <2ta2+2t—a1—1jt2> — Gy (Hlp—al—l) —G31+t7t2
Set G; = I%2,G5 =0,G5 = I>. Then
Ry =t (al — ta® —t—l—arctant)
Ry = t? (alftaQ7t+arctant)+a2+%ln(1+t2)

Rs = a' —ta® — t + arctant

B = (275(12 +2—a' — ) (—al + ta® +t — arctan t)

t
142

t
142

1
{aQ + 3 In (1 + tQ)]

Thus the presymplectic tensor Q7; = %1;{ — ‘gf’j is given by the matrix
0 0 1
(Qrs)axz=1| 0 0 -t
-1t 0

It can be verified that the equations of motion can be represented by the generalized
Birkhoff equations

Concluding remarks

As shown above the inverse problem of the calculus of variations for a dynamical
system is characterized essentially by the self-adjointness conditions of the equa-
tions of motion in first-order form, which is equivalent to a closed 2-form on the
manifold. Any local, analytic, regular, finite-dimensional, nonholonmic, self-adjoint
or non-self-adjoint dynamical systems in first-order form always admit a generalized
Birkhoffian formulation in a contractible region of regular point of variables. The
sequence from self-adjointness to symplecticity and to Lie algebra of the formula-
tion for the dynamics is a sequence for the conditions to become more and more
strict. The symbiosis of self-adjoint/symplectic/Lie algebraic/physical formulation
is only suitable to the local, analytic, regular, holonomic, autonomous dynamical
systems.
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Homogeneous systems of higher-order ordinary
differential equations

Mike Crampin

Abstract. The concept of homogeneity, which picks out sprays from the
general run of systems of second-order ordinary differential equations in
the geometrical theory of such equations, is generalized so as to apply to
equations of higher order. Certain properties of the geometric concomitants
of a spray are shown to continue to hold for higher-order systems. Third-
order equations play a special role, because a strong form of homogeneity
may apply to them. The key example of a single third-order equation
which is strongly homogeneous in this sense states that the Schwarzian
derivative of the dependent variable vanishes. This equation is of impor-
tance in the theory of the association between third-order equations and
pseudo-Riemannian manifolds due to Newman and his co-workers.

1 Introduction

In the geometrical theory of systems of second-order ordinary differential equations
an important role is played by a class of equations which are homogeneous in a
certain sense. In the theory envisaged here a system of second-order equations
in m dependent variables is represented by a vector field I' of a special type on
the tangent bundle T'(M) of an m-dimensional smooth manifold M. A tangent
bundle comes equipped with a canonical vertical vector field A, the Liouville field,
which is the infinitesimal generator of dilations of the fibres. Then the equations
are homogeneous if the corresponding differential equation field T" satisfies [A,T'] =
I’ (so one might say it is homogeneous of degree 1). Such differential equation
fields, which may in fact be defined not on the whole of T'(M) but only on the
slit tangent bundle (T'(M) with its zero section deleted), are often called sprays.
Examples include the geodesic field of a Finsler space, and a fortiori that of a
Riemannian space, or indeed of any affine connection. It should be mentioned that

2010 MSC: 34A26, 34C14, 53A55, 53B15, 83C80
Key words: Differential equation field, dynamical covariant derivative, horizontal distribution,
Jacobi endomorphism, Liouville field, multiconnection, n-velocity, spray, Wuenschmann invariant.
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this paper deals only with equations which do not explicitly involve the independent
variable; in a dynamical context such equations could be called autonomous, and
the examples mentioned above are clearly of this type. For a textbook account of
the geometry of sprays see [13].

The aim of the present paper is to propose a definition — or as it turns out,
definitions — of homogeneity for systems of higher-order ordinary differential equa-
tions, where ‘higher-order’ means of course ‘of order higher than the second’; and
to establish under these definitions properties that parallel those enjoyed by sprays
in the second-order case.

To describe the properties of sprays that will be generalized I first need to say
somewhat more about the geometrical theory of systems of second-order differential
equations. A standard reference here is [3]. The main aim of the theory may be
described as the formulation of differential-geometric concomitants of the equation
field T, or in other words associated geometric objects which do not depend on
the choice of coordinates. (Despite what has just been said, I must admit to the
rather frequent use of coordinates below — but only in order to simplify or speed
up the exposition.) For my purposes here there are three important concomitants
of a second-order differential field I'. These involve in their specifications so-called
vector fields along the tangent bundle projection 7 : T(M) — M, or in other
words sections of the pull-back bundle 7*T'(M) — T'(M). I make a short detour to
mention a couple of useful features of this construction. There is a canonical section
of 7*T(M), given in local coordinates by #'9/dy’, where (), i = 1,2,...,m are
coordinates on M and (3*) the corresponding fibre cordinates on 7'(M); this section
is sometimes called the total derivative; I shall denote it by T'. Given any section Y
of 7*T'(M) there is a canonical associated vertical vector field on T'(M), its vertical
lift, denoted by YV. The three geometric objects associated with a second-order
differential equation field are

1. its dynamical covariant derivative: this is an R-linear operator
V :sect 7T (M) — sect 7T (M)

satisfying the covariant-derivative-like property V(fY) = fVY + I'(f)Y for
fec=(T(M));

2. its horizontal distribution: this is a distribution on T'(M), complementary
to the vertical distribution, which can be thought of as defining a nonlinear
connection, and leads to a horizontal lift operation taking Y € sect 7*T'(M)
to Y*, a horizontal vector field on T'(M);

3. its Jacobi endomorphism: this is a C°°(T'(M))-linear map
D :sect 7T (M) — sect 7 T(M)

so called because Jacobi’s equation, which is the equation satisfied by varia-
tion fields along an integral curve of I', can be expressed as V2Y + ®(Y) = 0.

The three are related as follows:

[,YV]=-Y" + (VY)Y [[,Y"] = (VY)" + ®(Y)".



Homogeneous systems of higher-order ordinary differential equations 39

When T is a spray these objects have the following properties (see for example
[5], [13]):

1. the horizontal distribution is invariant under A: if Y € X(M) then [A, Y H] = 0;

2. the Jacobi endomorphism is homogeneous of degree 2: LA® = 2P (where the
Lie derivative is used in a sense to be explained fully later);

3. T is horizontal with respect to the horizontal distribution it defines, and in
fact ' =T7,

4. ®(T) = 0.

In Section 3 below I describe how one may define analogues of the dynamical
covariant derivative, the horizontal distribution and the Jacobi endomorphism for
a differential equation field of any order. There are in fact several inequivalent ways
of extending these concepts to equations of higher order, which are discussed in [1],
[2], [4], 6], [8], [12]. The one adopted here is based on an approach first given for
fourth-order equations in [1], and extended to equations of arbitrary order in [8].
It is to be preferred, in my opinion, because it gets most quickly to the generalized
Jacobi equation.

In Section 4 I give a definition of homogeneity for a differential equation field
of any order, and show that properties 1 and 2 above hold, mutatis mutandis, for
homogeneous fields with this definition. There is a stronger sense of homogeneity,
but it applies only to equations of the third order. I explain this in Section 5, and
show that the remaining two properties then hold.

Finally in Section 5 I obtain the most general strongly homogeneous third-
order differential equation in a single dependent variable. This turns out to be
essentially the vanishing of the Schwarzian derivative of the dependent variable.
Single third-order differential equations are of interest because of their association
in certain cases with pseudo-Riemannian spaces, an association rediscovered as a
result of an approach to problems in general relativity initiated by E.T. Newman
and his co-workers in [9]. The equations which feature in these studies are picked
out by the vanishing of a certain invariant called the Wuenschmann invariant: this
has a simple expression in terms of the Jacobi endomorphisms, as has been shown
in [8], and also more recently in [4]. It turns out that each member of the class
of strongly homogeneous third-order differential equations in a single dependent
variable mentioned above has vanishing Jacobi endomorphisms, and ipso facto
vanishing Wuenschmann invariant. The properties of pseudo-Riemannian spaces
associated with these equations have been studied in [10], [11].

The paper proper begins with an account of the space which plays the role of
the tangent bundle for equations of order n, namely the bundle of n-velocities.

2 The bundle of n-velocities

Let M be a smooth manifold of dimension m, with local coordinates (y%), i =
1,2,...,m. Let T"(M) be the bundle of n-velocities on M: a point of T" (M) is an
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equivalence class of curves ¢ in M, defined on an open interval containing 0, under
the equivalence relation o = p if in one, and hence any, coordinate representation
drai drpi
dx” dzx™

(0), r=0,1,...,n.

Denote by (y) = (yé, !, ...,y) the natural coordinates on T™(M), so that (yt)
are the coordinates of the equivalence class of the curve

. . ) 1 ) 1 .
y'(@) =yotayi+- o+ qaly e+ ety

Evidently 77 (M) is fibred over T"(M) for r = 0,1,...,n — 1, where T°(M) =
M. The corresponding projections are denoted by 7. : T"(M) — T"(M); we have
(s v,y = (Y, yh, ..., yk). A vector v € T(T™(M)) such that o0 = 0 is
said to be vertical; one such that 7,..v = 0 to be vertical over T"(M); on occasion,
one vertical over T"~1(M) to be very vertical. At any point of 7™ (M), the space of
vectors vertical over T" (M) is spanned by the coordinate vectors 9/dy: for s > r.
For n > r > 1, denote the vector sub-bundle of T(T™(M)) consisting of vectors
vertical over T"~1(M) by V,., so that in particular the vector sub-bundle consisting
of vertical vectors (vectors vertical over M) is V4. Then

Vi CVpr C---C Vi CT(TH(M))

is a filtration of T'(T™(M)). One can identify V,,, and V,._1/V,., with 7§ (T'(M)), the
pull-back by 79 : T™"(M) — M of the tangent bundle T(M) — M. I shall denote
by V, the module of vector fields on T"(M) which are vertical over T"~1(M), or
in other words, sections of V,, — T™(M). Then

Vn CVpoy C--- C VYV CX(T(M)).

The type (1,1) tensor field S on T™(M) given by
"9

S =
2"y

is called the vertical endomorphism. Evidently S(X(T"(M))) = V1, and for 1 <
r<n-—1,80,) = V11, while S(V,,) = {0}.

The additive group R acts on T™(M) as follows. For any curve o in M, and
for t € R, we may define a curve oy by 0¢(x) = o(e'z). This map of curves defines
a map of n-velocities, given in coordinates by (y&) — (e"'y%). The corresponding
(vertical) vector field on T"(M) is

® dy._,

)
s

; 0 i
A=y18T/i+292
1

dy; dy;

n

It is the fundamental vector field of the action corresponding to the vector field
t0/0t on R.
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Vector fields A" on T"(M), r = 1,2,...,n, are defined as follows:
AT = §(A™), Al=A.
Then S(A™) = 0. It may be shown that these vector fields satisfy

voastJ (r=8)ATTL forr4s—1<n
(A7, AT = { 0 otherwise.

In particular, they form an n-dimensional Lie algebra, say ®. The generators
of this algebra may be related to vector fields on R in a way that extends the
relation between A and ¢t9/0t described above. Let p be the Lie algebra of vector
fields on R whose coefficients are (formal) power series in ¢, and let p™ be the
subalgebra of those vector fields which vanish to order n at 0, that is, whose
coefficient begins with ¢"*!. Then p° is the subalgebra of vector fields which vanish
at 0; for n > 0, p” is an ideal in p°; and D is anti-isomorphic to p°/p™. In fact the
map p° — X(T™(M)) by t"9/0t — S""(A) for r > 1 is an anti-homomorphism,
with kernel p™. Now the group D of diffeomorphisms of R which leave 0 fixed acts
on T"(M) by reparametrization; the action leaves the fibres invariant and induces
the identity on M. We may think of p° as playing the role of the Lie algebra of D,
and the vector fields A” as the fundamental vector fields of the action.

The space q of all quadratic vector fields on R is a Lie algebra, and no space of
all polynomial vector fields of some higher degree has that property. Then p®/p?
is isomorphic to q°, the subalgebra of q consisting of quadratic vector fields that
vanish at 0. Correspondingly, {A!, A%} span a 2-dimensional Lie algebra of vector
fields on T™(M), which is anti-isomorphic to q°.

3 Systems of (n + 1)st-order differential equations
A differential equation field of order n+ 1 is a vector field T on T™ (M) of the form

T = i a i a 7 % a

Y1
The integral curves of such a vector field, projected onto M, are the solutions of
the system of (n + 1)st-order ordinary differential equations

dryt

dx"’

i

Ui ='W 0w

The vector field I' is a geometrical expression for the system of differential equa-
tions. One geometrical approach to the study of systems of ordinary differen-
tial equations is to work with the corresponding vector field: this is the approach
adopted here.

Notice that I' is a differential equation field if and only if S(T') = A.

If I is a differential equation field of order n + 1 and I' is another vector field
on T™(M)) then I is also a differential equation field of order n + 1 if and only if
differs from IT" by a very vertical vector field.

Associated with a differential equation field I" there is a linear differential oper-
ator V with properties reminiscent of those of a covariant derivative; accordingly, it
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is called the dynamical covariant derivative. It acts on sect 75 (T'(M)), and satisfies
V(fY)=fVY +T(f)Y for f € C®(T™"(M)) and Y € sect 7§ (T'(M)). In terms of
coordinate fields V is given by

B 1 aff 0 .0
V(@yl) Wt 1oy oy oy

One can easily check from this formula that V is well-defined, in the sense that
I/ transforms appropriately under a coordinate transformation §* = g*(y?) on M.
Then (taking account of the Leibniz-like rule)

9 i i
W) — (D(Y?) + Y7T%)

) .0
5 = (VY50

VY =V (Yi

The dynamical covariant derivative may of course be made to act on other
geometrical objects. In particular, it acts on T'(M)-valued 1-forms on T™(M),
that is to say, sections of T*(T"(M)) @ 75(T(M)) — T"(M), as follows: for 6 €
sect T*(T™(M)) and Y € sect 75 (T(M)) set

VORY)=Lr0Y +0 2 VY.
For convenience of calculation one may proceed as follows. Any section of
T(T"(M)) @ 76 (T(M))

can be expressed as ' ® 3/0y’ where (0*) is an m-tuple of 1-forms on 7" (M), and
the index ¢ may be thought of as tensorial so far as coordinate transformations on
M are concerned. Set

P
v(eeaayi)_(ve)@@yi.

This defines a new m-tuple of 1-forms on T"(M), (V6?), and again the index is
tensorial; explicitly, _ _ o
Vo' = Lrt" + 175607
It follows that for any vector field Z on T"(M)
0'([T, Z]) = V(0'(2)) — (VO')(Z).

This operation will now be applied repetitively, starting with 6° = dy} =
To«(dy?), in other words with the section of T*(T™(M)) ® 75 (T(M)) which, as
a map, takes a vector v on T" (M) to 7o.v considered as an element of 7 (7'(M))
located at the same point of T™(M) as v. That is to say, we define 1-forms O,
0<r<n,by

©r41 = VO, 0 = dyo;
or in terms of T'(M)-valued 1-forms, ©,11 = VO,. Now for 0 < r < n, Lrdy’ =
dy! 1, whence for 0 < r < n we may write

r—1
O = dyi. + Y (Cp)idy]

s=0
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for some coefficients (CS)Z which are (local) functions on T"(M). These satisfy the
recurrence relations
(Cri)y = (Cr )+ T
(C30) =T(C)); +TL(CHs +(C371)s 1<s<r—1
(CPi)5 = T(C); + T
In particular, _ '
(Cr)i = (r 4+ 1T

From the formula ©} = dy/. + °,_ (C:)idy] we see that {O}}, 0 <r <n, is a
local basis of 1-forms on 7" (M). Let {Y;"} be the dual basis. Then

0
Y’in = —, i + Dr
81/%4 ayT 527‘4:»1

0<r<n—1,

for coefficients (D7)} which may easily be expressed in terms of the (Cﬁ);

For r =0,1,...,n— 1 let H, be the distribution on 7™ (M) spanned locally by
the vector fields Y;". We obtain in this way n m-dimensional distributions, each of
which can be identified with sect 75 (T (M)), such that H, N H, = {0} for r # s.
For r > 1, ‘H, is a complement to V,;1 in V,, while Hy is a complement to V; in
X(T(M)). Ifweset H, = Ho®H1D- - -OH, for r < nthen H,®V,11 = X(T"(M)),
and

Ho CHi C -+ CHpo1 CX(TH(M))

is a filtration of X(7T™(M)) complementary to the filtration by vertical distributions.
It is called a horizontal filtration, and the whole construction a multiconnection, a
term coined in [12]. A vector field on T™ (M) which lies in H) is said to be horizontal
with respect to the multiconnection, and Hq itself is the horizontal distribution.
For any section Y of 7§ (T'(M)) denote by Y the corresponding element of H,.,
0 <r <n-—1, and by Y™ the corresponding element of V,, (which it is often
convenient to think of as H,,, however counter-intuitive this may be). Then

0
oyt
Any vector field Z on T™(M) may be expresssed as a sum of its components in the
H.., and each component identified with an element of sect 7§ (7'(M)) which will be
denoted by Z,. Then Z =" (Z,)", and Z, = ©,(Z).
A Jacobi field for T' is a vector field Z on T™(M) such that LrZ = 0. Thus

along any integral curve v of I'; Z is the infinitesimal generator of variations of ~y
to nearby integral curves of I'. We have

©.([I', Z]) = V(6,(2)) = (V6,)(2),

so that Z is a Jacobi field if and only if Z,.1 = VZ, for r = 0,1,...,n — 1 and
VZ, = (VO,)(Z). Now the 1-forms VO! must be linearly dependent on the O
with 0 <r < n: say

VO! + ()50 + ($-1)507% _y + -+ (21)50] + (¥0):0] = 0.

Y" =YY where Y =Y"
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For each 7, (®,)% are the components of an endomorphism @, of sect 75 (T(M)).
In fact ®,, = 0: we have

n—2
), = dyi, + nlidy, | + > (C3)idyl,
s=0
whence o
VO;, ~ Lrdy,, + (n+ DIdy), ~ df' — afj dyl ~ 0,
Yn

where ~ indicates equality modulo terms in dy’ with 7 < n; the result follows. So
we may write

V@n+<1>n_1o@n_1+~~+<1>1o@1+<I>Oo®0:0.

Thus a Jacobi field Z is determined by a single element of sect 75 (T'(M)), say
Y,with Zo =Y, 2, =VY, ..., Z,=V"Y; Z =3 7(V"Y)"; and Y must satisfy

VY 4@, (VY ) 4+ 3 (VY) + O (Y) = 0.

This equation, or more precisely its restriction to any integral curve of I'; is called
Jacobi’s equation for I', and the ®,. are the Jacobi endomorphisms relative to the
multiconnection.

Evidently T itself is a Jacobi field, with

Z‘ a
Foi@hafyi,

which is a canonical element of sect 75 (7'(M)), and will be denoted by T. The
Jacobi endomorphisms therefore satisfy

VT + @, (V"IT) + - 4+ & (VT) + @o(T) = 0.

Using the formula for 6,.([I', Z]) and the defining formula for the Jacobi endo-
morphisms one finds that for Y € sect 75 (T (M))

[T,V = (VY)? 4 & (V)"
T,Y]=-Y" ' +(VY) +&,.(Y)", 1<r<n-—1
[[,Y"] = Y"1+ (VY)"

4 Homogeneous differential equation fields

A differential equation field T' will be said to be homogeneous if [A,T] = T
(A = A'). 1 show that, as for second-order fields, if I' is homogeneous then
its horizontal distribution is invariant under A, and in an appropriate sense the
multiconnection defined above, and the Jacobi endomorphisms, are homogeneous.

For this purpose it is helpful to have a notion of Lie derivative with respect to a
vector field on T™ (M) acting on sect 7 (T'(M)). A general theory of Lie derivatives
of vector fields along fibre bundle projections 7 : E — M by vector fields on E
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projectable to M was given in [7]. Here we need only the case of the Lie derivative
with respect to a mw-vertical vector field, which is somewhat simpler. A section Y
of 7*(T(M)) — E can be regarded as a linear operator C*°(M) — C°°(E) which
obeys a Leibniz rule: for ;1,92 € C°(M), Y(p192) = Y(¢1)p2 + 1Y (¢2). Then
for any m-vertical vector field Z on E, ZoY is a linear operator C*>°(M) — C*(E),
and it obeys the Leibniz rule because Z(¢1) = Z(p2) = 0. This operator is
defined to be LzY. Clearly £zY depends R-linearly on Y, and for f € C®(E),
Lz(fY) = fLzY + Z(f)Y. Moreover, if Y € X(M), LzY = 0. In fact the
coordinate representation of Lz is very simple:

i O\ _ iy O
LZ(Yayi)Z(Y)ayi.

in a sense, the foregoing discussion merely serves to justify the claim that when Z
is vertical, differentiating the coefficients of Y along Z is a tensorial operation.

This Lie derivative operation can be extended to related geometric objects in the
usual way. In particular, if ® is an endomorphism of 7*(T(M)) then (Lz®)(Y) =
Lz(®(Y)) —P(LzY); and again, one calculates Lz P by merely differentiating the
components of ® along Z.

In the case of interest £ = T™(M) and Z = A. A simple calculation shows that
[A, Y™ = (LAY —nY)", and in particular if Y € X(M) then [A,Y"] = —nY™.
Here, as before, Y™ is the element of V,, corresponding to Y € sect 7¢ (T'(M)); and
we conclude (as indeed is otherwise obvious) that [A,V,] C V,.

Theorem 1. If T’ is homogeneous then [A,'H,] C H, for r = 0,1,...,n — 1, and
for any Y € X(M), [A,Y"] = —rY", where Y" is the element of H,. corresponding
toY € secty(T(M)). Furthermore, the Jacobi endomorphisms satisfy LA®, =
(n+1-r),.

Proof. First of all, note that when it is expressed in terms of coordinates the
homogeneity condition amounts to A(f?) = (n+ 1)f%. It is an easy consequence
that A(I'}) = I'j, and hence that for any Y € sect 5 (T(M)), [La,V]Y = VY.
It further follows that for any T'(M)-valued 1-form O, [La,V]O = VO. The
T(M)-valued 1-forms ©, that define the multiconnection satisfy 0,11 = VO, for
r=0,1,...,n — 1, and therefore

LAOr11 =V (LaO;) + VO, =V(LaAO;) + Or11.
Now LA©¢ = 0, whence LAO, = r©,.. Thus for any vector field Z,
0,([A, Z]) = La(©:(2)) — 10,(Z).
In particular, if Y € sect 7§ (T'(M)), for any s =0,1,...,n
Os([A,Y7"]) = LA(Os(YT")) = sO4(YT),

from which it follows that [A,Y"] = (LAY)" —rY" € H,, and in particular that if
Y € X(M) then [A,Y"] = —rY".
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The Jacobi endomorphisms are determined by the formula
VO, +®,-100,_ 1+ -+ P00, +Py00y=0;
that is to say, for any Y € sect 75 (T (M)) and for 0 <r <n—1

B, (Y) = ~(VO,)(Y").

Thus
(La®:)(Y) = —La((VO,)(YT")) — 2.(LAY)
= —La(VO,)(Y") = (VO,)([A,YT]) = ©,.(LAY)
=-V(La0p)(Y") - (V@n)(Y’“) +7(VO,)(Y")
= (VO,)((LAY)") — ©,(LAY)
=-—n(VO,)(Y") - (VO )(YT) +7(VO,)(Y")
= (VO,)((LAY)") — @, (LAY)
=n+1-r)2,.(Y)
as claimed. O

5 Strongly homogeneous third-order differential

equation fields
In order for a differential equation field " to be worthy of the description homo-
geneous it must certainly satisfy [A,T'] = T' = [Al,T]. But for n > 1 we have the
whole algebra ® at our disposal, and one might imagine that one could impose some
conditions on the brackets [A",T] for all r = 1,2,...,n. A little experimentation
using coordinates suggests that such conditions would have to take the form

[ALT] =T, [A",T] =rA™"Y r=2.3,...,n.

Unfortunately, in general these conditions are inconsistent, for if n+2 > r + s and
r # s we would have

(A", [A%,T]] — [A%, [A7,T]] = (r — s)(r +s — 1)A™72 £ 0,

while if also r + s > n + 1, [A", A®] = 0, and Jacobi’s identity would be violated.
For n > 2 the values r = n, s = 2 satisfy both of the given inequalities (or indeed
any r,s with 1 <7, s <n, r # s and r + s = n + 2). However, the conditions

are consistent, and can be imposed whenever n > 2. The case of greatest interest
is that with n = 2, in other words, the case of third-order differential equations.
Accordingly, a third-order differential equation field

0 8 ;0

I'= .
Y5y oy
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is defined to be strongly homogeneous if it satisfies the conditions
[AYT] =T, [A%T] =2At,

where 5 9
] ) ) 9 )
—yi L poi L A2y

oy’

That is, T' is strongly homogeneous if the assignment 9/0t — T extends the
anti-isomorphism of Lie algebras q° — ® to an anti-isomorphism of Lie alge-
bras ¢ — DT, where D1 = (') & © with the brackets above. (The remarks in
the opening paragraph of this section show that in general one cannot extend the
anti-homomorphism p°® — X(T™(M)) : t"9/0t — A" to an anti-homomorphism
p — X(T"(M)) by a similar move.)

When expressed in terms of the coefficients f? the conditions become

AV =3f,  A%(fY) = 6yl

Theorem 2. Let I' be a strongly homogeneous third-order differential equation
field. Then T" is horizontal with respect to the multiconnection defined by its dy-
namical covariant derivative; and the corresponding Jacobi endomorphisms satisfy
®,.(T)=0,r=0,1.

Proof. We have to show that I' € Hy. Using the notation from the previous section,
this is equivalent to 'y =T'9 = 0. Now 'y =T, I'; = VT, I'y = V2T. We have

VT = (F(yi) + y{F;) 8?/3’

and

_ o _ Ofi
7 Jri .4 1,79
L(y1) + il = ya — 391 ol

But A%(f%) = 6y3, which is to say that

Of" i
y{afy% = 3y,
andso VI =0, =Ty =0, and I = T°.

From the formula ©,.([[', Z]) = V(0,(2)) — (VO,)(Z) with Z = A, together
with the fact that A} = 0, using the homogeneity conditions in bracket form one
finds that

Al =Tg=T, A}=VIg+T;=2VT =0,

so Al € Hy, in fact A = T'. The Jacobi endomorphisms are defined by the
formula

V®2+<I>10®1+<I>0060:0.

It is easy to see that VO, vanishes on I' and A', from which it follows that
O4(T) = @4(T) =0. O
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For completeness’ sake it’s worth pointing out that A2 = A? = 0. Moreover, A2 =
T, so A? = T? € Hy, from which one can check independently that VO, (A?) = 0.

As an instructive example of a strongly homogeneous third-order differential
equation field I discuss the case of a single dependent variable, that is (in more
natural notation) the equation

' = fly, v y")

considered as defining a differential equation field on T?(R).

Theorem 3. There is no strongly homogeneous third-order differential equation
field defined on the whole of T?(R). If we restrict attention to the submanifold
of T?>(R) where 3y’ > 0 then the most general strongly homogeneous third-order
differential equation is

—+ Ry
where k is an arbitrary smooth function of a single variable.

Proof. Denote by ¢! and ¢? the flows generated by A! and A% on T?(R). Then

oty v y") = (w. ey, ey, di(y. vy = (v, Y +2ty).

Any point with 3’ = 0 is of course invariant under ¢?. From the condition A!(f) =
3f it follows that f(oi (y,v',y")) = ¥ f(y,v,y"). Along any integral curve of A2
on the other hand, we have

daf

6y + 2ty
o (" +2ty"),

whence

F(@iy, 9 y") = Fly. v, y") +6(ty" + t2y).

This condition cannot be satisfied with ¢y’ = 0. For 3’ > 0, however, one can
find values of s and t such that (y,v',y"”) = ¢2(é;(y,1,0)), namely t = logy/,
s=1y"/y’. Then

Fly.y'y") = f(82(6 (y,1,0))) = f(¢3(y,y',0))

Il
—
<
N

w
~
—~
=
-

(an)
S—
+

(@)
N
D=
5
N————
o

with k(y) = f(y, 1,0). O

Since the equation is satisfied by y(—=x) if it is satisfied by y(x), a similar result
holds for ¢’ < 0.
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This result should not really come as a surprise, at least so far as the equation
with k = 0 is concerned. This equation says that the Schwarzian derivative of y is
zero. Thus, or directly, the general solution is

ar+b
cx+d

(a factor may be taken to get the right number of arbitrary constants). Note that
the solutions are invariant under reparametrizations

Ax + B
Ly T2
Czx+D’
and this is just the pseudo-group of local diffeomorphisms of R generated by the
quadratic vector fields — the action of SL(2,R) on R by fractional-linear or Mobius
transformations.

The general analysis shows that since the differential equation field, even with
k nongzero, is strongly homogeneous it is horizontal. Moreover, the corresponding
Jacobi endomorphisms ®( and ®; satisfy ®,.(T") = 0, which means in this case that
they are both zero. It follows immediately that the Wuenschmann invariant, which
in the present notation is V&; — 2®, (see [4], [8]), vanishes.

Finally, it should be pointed out that the property of having solutions invariant
under reparametrizations by fractional-linear transformations holds for all strongly
homogeneous third-order systems. That is to say, if £ — (y*(£)) is a solution of such
a system, and z — £(x) is a fractional-linear transformation, then z — (y*(&(x)))
is also a solution (where it is defined). For

dy' _ dy’

dzx dé
dei ) dzyi " dyi
d3yi d y " dei " dyi

On the other hand, the use of ¢} and ¢7 as in the theorem leads to the result that
for a strongly homogeneous system the functions f* satisfy

AD — BC #0,

2

s byl K293 + lyl) = K2 F1 (), vl vd) + 3klys + 7?

for any k,l € R with k& > 0. It follows (taking k = ¢’ and [ = £") that
dS dy d2 B (5/)3 dSyi ) ; ﬁ dei
da Tda? ) T ed Ve g2

" 11\2 dz‘
*(5 3(55/) > &

and the final term vanishes if {(z) is a fractional-linear function of x.

This is the analogue for strongly homogeneous third-order systems of the fact
that the solutions of the second-order equations defined by a spray are invariant
under affine reparametrizations.
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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)



Geometric mechanics on nonholonomic submanifolds 71

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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Book review
Geoff Prince

Classical Mechanics: Hamiltonian and Lagrangian Formalism by Alexei Deriglazov.
Springer (2010), 308 pages, ISBN 978-3-642-14036-5, e-ISBN 978-3-642-14037-2.

Many modern books on classical mechanics are coloured by other areas of math-
ematical or theoretical physics. Quantum mechanics, quantum field theory, contin-
uum mechanics and special and general relativity all exert their influence. On the
positive side this means that the fundamental ideas of force, inertia and inertial
frames of reference, often neglected by mathematicians, are all thoroughly explored.
On the negative side it can lead to undue dependence on the historical develop-
ment of the parts of the subject which the author doesn’t favour. For example,
in V.I. Arnold’s famous Mathematical Methods of Classical Mechanics differential
forms are not introduced until after Lagrangian dynamics is treated. Although the
title of the work under review indicates a study of both the post Newtonian for-
malisms in mechanics the author makes it clear in the introduction that he prefers
the Hamiltonian framework, not least because of its role in quantum theory. As a
result Lagrangian dynamics is unfavourably compared to Hamiltonian mechanics
and much of its modern formulation is untouched. In writing this review I will try
and indicate some of the current trends in the Lagrangian theory.

So classical mechanics is one of those areas having multiple ownership. This can
be productive because the subject has inputs from many areas which should stim-
ulate cross fertilisation. On the other hand it has inhibited mathematicians from
developing the subject as their own. We have all had the experience of learning
classical mechanics as a stand alone subject with many idiosyncratic methods, not
bearing any resemblance to subjects like linear algebra which have an axiomatic
basis and a body of theorems applicable to a wide range of situations. Our under-
graduate experience of the subject constrains us from seeing it as an area in which
the beautiful theory of ordinary differential equations due to Lie, Cartan and others
applies. And of course the multiple ownership of the subject will forever prevent
us from teaching it as such. Nonetheless, we should at least attempt to see the
differential equations aspect of classical mechanics in this light.

This book has been developed from lectures aimed at graduate students in the-
oretical physics, but implicitly at those with an interest in quantum theory. This
may be the reason for the very limited use of differential geometric ideas, especially
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those of exterior calculus and the theory of connections. These two components of
the calculus of manifolds are central to many of the 20" century developments in
Lagrangian mechanics. The reader can get a sense of the current situation (albeit
that of the reviewer and this journal’s editor-in-chief) from the chapter Second Or-
der Ordinary Differential Equations in Jet Bundles and the Inverse Problem of the
Calculus of Variations in Handbook of Global Analysis, edited by D. Krupka and
D. Saunders, Elsevier (2007). I will describe two of these developments: Noether’s
theorem and progress in the inverse problem in the calculus of variations. Refer-
ences can be found in the aforementioned article.

The central object in the modern Lagrangian theory in one independent vari-
able, t, and n dependent ones, %, is the Cartan two-form. For a given non-
degenerate Lagrangian this form is

0L 0?L

— Il a__ ,a — a _ ra b__ b
oy, =d (Ldt + Ju (dz® —u dt)) Suah (du® — fedt) A (dz” — u’dt).

Here (t,x%,u®) are local co-ordinates on the evolution space, E := R x TM, M
being the configuration manifold, and the Euler-Lagrange equations in normal form
are

% = fo(t, zb, ub).

Of course this two-form has a geometric definition which can be found in the
literature, but its most important intrinsic property is that it has a one-dimensional
kernel spanned by the semi spray, known as the Euler-Lagrange field,

_§+a8 +fa3
ot ui’?x“ Ous’

Tr

Noether’s theorem in this setting relates a non-trivial symmetry, X € X(E), of dfy,
to a non-trivial first integral, F, of " (so that I'(F') = 0):

Lxdf;, =0 < X1df; =dF.

This relation between X and F fixes X up to a multiple of I giving a converse to
Noether’s theorem which is not available if we restrict ourselves to so-called point
symmetries. This remarkably simple approach to the famous theorem should be
contrasted to the lengthy account given in Deriglazov’s book in which the converse
to the theorem is discovered in the Hamiltonian context and pulled back to the
Lagrangian picture by the Legendre transformation without reference to the point
symmetry issue.

The inverse problem in the calculus of variations is the problem of identifying
all, if any, Lagrangians whose Euler-Lagrange field is a given semi spray I'. The
Fields medallist Jesse Douglas solved this problem for n = 2 in 1941. While special
cases have been solved for arbitrary n the solution for n = 3, for example, has
not yet been produced. Douglas himself, undoubtedly a modest man, said “the
problem ...... is one of the most important hitherto unsolved problems of the
calculus of variations”. Apart from its intrinsic value this problem has given birth
to deep results on second order differential equations. The question is of interest
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to physicists because if a problem admits more than one Lagrangian it may admit
more than one quantisation, not all of which are equivalent.
The theorem which geometrises the Helmholtz conditions (due to Douglas) is

Theorem 1. Given a semi spray, I', necessary and sufficient conditions for the

existence of a regular Lagrangian, whose Euler-Lagrange field is T', are that there
. 2

exists € A“(E) :

1. ©Q has maximal rank
2. Q(V4,V5) =0, V V4, V5 € V(E), the vertical sub-bundle on E
3.T10Q=0

4. dQ=0

The Lagrangians are recovered from the observation that €2 is a Cartan two-form
dfr,. The inverse problem is not touched upon in the book under review.

This is a comprehensive book in its own way. The chapter headings are: 1.
Sketch of Lagrangian Formalism, 2. Hamiltonian Formalism, 3. Canonical Trans-
formations of Two-Dimensional Phase Space, 4. Properties of Canonical Trans-
formations, 5. Integral Invariants, 6. Potential Motion in a Geometric Setting,
7. Transformations, Symmetries and Noether Theorem, 8. Hamiltonian Formal-
ism for Singular Theories. However, and as indicated earlier, the mathematical
setting is not modern and the influences lie in theoretical physics outside classical
mechanics. For example, of the 50 references only 10 are post the year 2000 and
of those 7 are works of the author and the other 3 lie outside classical mechan-
ics. Nonetheless, it provides interesting reading and the detailed level of discussion
reflects the extensive nature of the graduate lecture course on which the book is
based. For example, the discussion of Dirac’s theory of constraints in chapter 8
is quite deep and provides a natural end point of the author’s development of the
Hamiltonian and Lagrangian frameworks. Special relativity and quantum mechan-
ics are both represented through the examples and the quasi-Riemannian geometric
formulation is developed in chapter 6 in the context of the Principle of Mauper-
tius. Rather surprisingly this formulation of the Newtonian equations of motion as
quasi-geodesic equations is developed without reference to general relativity or to
Cartan’s formulation of the Newtonian equations as the auto-parallel equations of
a non-metric affine connection.

There are informative and serious exercises scattered throughout the text al-
though not as many as one would find in an undergraduate text on the subject.
However, I believe that the approach here is too idiosyncratic for the book to be
widely accepted as a basis for an advanced course on classical mechanics. The
situation is not improved by the personal mathematical style adopted, albeit con-
sistently, by the author for dealing with the co-ordinate transformations which
abound in classical mechanics along with the use of a non-standard mathematical
vocabulary.
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