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Abstract

A survey of the geometric tools involved in the study of constrained variational
calculus is presented. The central issue is the characterization of the admissible
deformations of piecewise differentiable sections of a fibre bundle V11 — R, in
the presence of arbitrary non-holonomic constraints. Asynchronous displace-
ments of the corners are explicitly considered. The coordinate-independent
representation of the variational equation and the associated concepts of in-
finitesimal control and absolute time derivative are reviewed. In the resulting
algebraic environment, every admissible section is assigned a corresponding ab-
normality index, identified with the co—rank of a suitable linear map. Sections
with vanishing index are called normal. A section is called ordinary if every
solution of the variational equation vanishing at the endpoints is tangent to
some finite deformation with fixed endpoints. The interplay between abnormal-
ity index and ordinariness — in particular the fact that every normal evolution
is automatically an ordinary one — is discussed.
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Introduction

Calculus of variations has a very old origin, dating back to the pioneering
works of Euler, Lagrange and Weierstrass '. More recent contributions [11-22]
have significantly improved the differential geometric approach to the subject.

*Corresponding author
1For a modern exposition of the classical theory, see e.g. [1-10].
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In this paper we review some foundational aspects of constrained variational
calculus. The discussion deals with parameterized curves, namely with sections
of a fiber bundle V1 AN R, called the event space, the projection ¢ possibly
identified with the absolute time of Classical Mechanics. The constraints are
accounted for by a submanifold A of the first jet bundle of j;1(V,41). Every
continuous, piecewise differentiable section v : R — V,,;1 whose first jet exten-
sion j1(7y) factors through A is called an admissible evolution. The points of
discontinuity of ji(v) are called the corners of ~.

A basic task of constrained variational calculus is characterizing the ex-
tremals of a given action functional I among the class of admissible evolutions.

In this connection, the presence of kinetic constraints and the possible ex-
istence of corners raise some relevant questions: among others, the covariant
characterization of the infinitesimal deformations, the geometrical interpreta-
tion of the concept of normality of a section, the relation between normality
and deformability. A thorough analysis of these aspects may be found in [20].

The main results are reported in the following Sections. After a few prelim-
inary remarks, the infinitesimal deformations of an admissible evolution v are
discussed via a revisitation of the wvariational equation. The central idea is the
introduction of the concept of infinitesimal control, yielding a covariant charac-
terization of the (infinite dimensional) vector space 20 formed by the totality
of admissible infinitesimal deformations.

In Section 2 the admissible evolutions are classified into ordinary, if every
element of 2 vanishing at the endpoints of 7 is tangent to some finite deforma-
tions with fixed endpoints, and exceptional in the opposite case. Along the same
guidelines, every admissible evolution is assigned a corresponding abnormality
index, extending and expressing in geometrical terms the traditional attributes
of normality and abnormality commonly found in the literature.

The interplay between abnormality index and ordinariness is eventually dis-
cussed in Subsection 2.2. The fact that all normal evolutions are automatically
ordinary, proved by Hsu [12] in a linear context, is established in the case of
arbitrary non—linear constraints and piecewise differentiable sections.

Section 3 provides arguments and examples that clarify some aspects of the
concept of normality discussed in Sec. 2.1.

1. Overview of foregoing results

All definitions, conventions and results described in [20] will be freely used
throughout. For convenience of the reader, a few basic aspects, especially rele-
vant to the present discussion, are reported below.

1.1. Preliminaries

(i) Let V11 ——= R denote a (n+ 1)-dimensional fiber bundle, locally referred
to fibred coordinates ¢, ¢, ..., ¢"™ and called the event space.

Every section v: R — V, 41 is interpreted as the evolution of an abstract
system with a finite number of degrees of freedom.



The first jet bundle j;(V,11) — Va1 (with 7 denoting the natural pro-
jection), referred to jet coordinates t,q’,¢%, is called the welocity space. The
jet-extension of a section v : R — Vy,41 is indicated by ji(7): R = j1(Vnt1)-

The presence of non—holonomic constraints is accounted for by a subman-
ifold A of j1(Vp41), fibred over V, 41 and referred to local fibred coordinates

t,q',...,q" 2", ...,2". The imbedding A —= j1(Vny1) is locally expressed as
Q=g . " 2T i=1,...,n.

A section v : R — V,, 41 is called admissible if and only there exists a section
4 : R — A, called the lift of ~y, locally described as ¢' = ¢'(t), 2 = z4(t) and
satisfying i - 4 = j1(7). In the stated circumstance, the section 4 too is called
admissible. In coordinates, the admissibility condition reads
dq’ -
ol Vit g (), .., q" (1), 2 (t),..., 2" (D).
Every section o : V,, 41 — A is called a control for the system. A section ~y
is said to belong to a control o if and only if its lift 4 factors into 4 = o - 7,
i.e. if and only if the jet extension ji(v) coincides with the composite map
i-0-7:R— j1(Vnt1). In local coordinates we have the representations

g : ZA = ZA(tvqla'”vqn)v (]'a)
10 ql = wi(t7ql7"'aqnva(taq17"'7qn))’ (1b)

showing that assigning o determines every section v € ¢ through the solution
of a well posed Cauchy problem.
(ii) Let V(Voi1) = Vag1 and VF(Vyi1) = Vago respectively denote the
vertical bundle relative to the fibration V,41 — R and the associated dual
bundle, 7 indicating, in both cases, the natural bundle projection.

The space V*(V,,41) is naturally identified with the quotient of the cotangent
bundle T*(V,,4+1) by the equivalence relation

7o) = n(o’)

o~o = ,
o—0 X dt‘,,r(o);
its elements of are called the virtual 1-forms over Vp 4.
Every local coordinate system ¢, ¢* in V,,+1 induces fibred coordinates ¢, ¢*, p;

in V*(Vay), with pi(3) i= (A, (55),5)) YA€V Vasr).

For any g € .%#(Vy41), the linear functional on V(V,,4+1) determined by the
differential dg is denoted by dg and is called the virtual differential of g.

The vector bundles V (V,,+1) and V*(V,,11) generate a tensor algebra, known
as the virtual algebra over V,, 1. The fibred product C(A) := Axy, . V*(Vny1),
referred to local coordinates t,q’, 22, p;, is called the contact bundle.

By construction, C(A) is a vector bundle over A, canonically isomorphic
to the subbundle of the cotangent space T*(A) locally spanned by the 1-forms
w' =dq" —'dt.



(éii) Given any admissible section 7, we denote by V (7v) %5 R the bundle

of vertical vectors along v, by A(%) S R the totality of vectors along 4 an-
nihilating the 1-form dt and by V(%) € A(%) the totality of vertical vectors
relative to the fibration A(%) ( ). All spaces are referred to fibred coor-
dinates, respectively denoted by t, u TR and t,v4, defined according to
the identifications u’ =< dg’, A=< dA

The restriction of V*(Vn+1) to the curve 7y determines a vector bundle
V*(7) - R, dual to the vertical bundle V(). The elements of V*(V,41)
are called the virtual 1-forms along 7. The tensor algebra generated by V(7)
and V*(v) is called the virtual algebra along ~.

Preserving the notation ¢ for the virtual differential, every virtual tensor
field w along 7 is locally represented as w = w’;...(t) (%)ﬂ/@ (5qj|7 ®

(iv) In the forthcoming discussion, we shall not deal with ordinary (differen-
tiable) sections, but with piecewise differentiable ones, defined on closed inter-
vals. In this connection, we recall the following definitions [20]:

e an admissible closed arc (’y, [m, n]) in V,41 is the restriction to a closed
interval [m,n] of an admissible section 7 : (m',n’) = V,,11 defined on an
open interval (m/,n) D [m,n];

e an evolution of the system in the interval [¢o,t;] is a finite collection

(7, [to, t1]) == {( Jas—1,a6]), s=1,...,N, tg=ap < - <any =t1}
of admissible closed arcs satisfying the matching conditions
7 (as) = v+ (ay) | Vs=1,...,N—1. (2)

On account of Eq. (2), the correspondence ¢t — ~v(t) is well-defined and
continuous for all ty < ¢t < t;. The points x5 := v(as), s =1,...,N — 1, are
called the corners of v. The tangent vector to the arc v(®) is denoted by ().

Along the same guidelines, the lift of an admissible closed arc ('y, [m, n])
is the restriction to [m,n] of the lift 4 : (m’,n') — A, while the lift 4 of
an evolution {(7(5), [as_l,as])} is the family of lifts ), s = 1,..., N, each
restricted to the corresponding closed interval [as_1, as].

The image 4(t) is well-defined for ¢ # a1, ...,ay_1: themap ¥ : [to, 1] = A
may therefore be regarded as a (generally discontinuous) section of the velocity
space.

1.2. Deformations

The representation of deformations in the presence of constraints is regarded
as known [20]. A few technical aspects are reported below.
(i) An admissible deformation of an admissible closed arc (v, [m,n]) is a
I-parameter family (ve,[m(£),n(£)]), [£] < e of admissible closed arcs, de-
pending differentiably on ¢ and satisfying the condition

(70, [m(0),7(0)]) = (7, [m,n]).



An admissible deformation of an evolution (1, [to,1]) is likewise a collection
{(’y(;), [as-1(£),as(€)])} of admissible deformations of each single arc, satisfy-
ing the matching conditions

7(58)(as(§)) = ’Y(gSJrl)(as(g)) ViIgl<e, s=1,...,N—1. (3)

For each s, the family of lifts 'Ay(;), restricted to the interval [as—1(€), as(§)],

is easily recognized to provide a deformation for the lift 4() : [a,_1,a,] — A.

In what follows, we shall only consider deformations leaving the interval
[to,t1] fixed, namely those satisfying the conditions ag(§) = tg, an(§) = t1; no
restriction is posed on the functions as(€), s =1,..., N —1, i.e. on the temporal
placement of the corners.

For any s = 1,..., N — 1, the curve c4(§) := fy(;)(as(g)) = 7(;“)(%(5)) is
called the orbit of the corner zs under the given deformation.

In local coordinates, setting ¢*(y (ES)(t)) = go(is)(@ t), the matching conditions
(3) read

(o (& as(€)) = @(ap) (& as(€)), (4)
while the representation of the orbit ¢;(§) takes the form
05(5) ot = as(g)a qi = @(2)(67 as(g)) (5)

(ii) Given an admissible closed arc (v,[m,n]), an admissible infinitesimal
deformation of (v,[m,n]) tangent to a finite deformation (e, [m(€),n(¢)]) is
a triple (o, X, ), where X is the restriction to (7, [m, n]) of the vector field
tangent to the orbits of ¢, while «, 5 are the derivatives

_dm

N dm _dn
d& =0 ’

b= |,

Likewise, an admissible infinitesimal deformation of an evolution ('77 [to, tl])
is a collection { a1, X(g), Qs } of admissible infinitesimal deformations

of each single closed arc, with a3 = ddag =0

whenever the interval [to, 1] is held fixed).

(in particular, with cg = any =0

The admissibility of each X ,) requires the existence of a corresponding lift

X(s) = X(is) (8%1-)&(5) + X(‘;‘) (6%)&(5) satisfying the variational equation

dXx} O’ P
6) Y k Y A
— = == X — XA 6
dt (361’“)45:) Ol <3ZA>A<s> ) )
gl gl

Moreover, at each corner z,, the matching conditions (4) entail the relations

X(is+1)(as) - X(is)(as) = [Xi]xs = —Qs [T/Ji]wsa (7)
the symbol [...] denoting the jump of its argument.



1.8. Infinitesimal controls

(i) Given an admissible differentiable section v : R — V,11, an infinitesi-
mal control along 7 is a linear section h : V(vy) — A(%), described in fibred
coordinates as v4 = h;A(t) u’.

The image h(V (7)) defines a distribution along ¥, called the horizontal dis-
tribution associated with h, locally spanned by the vector fields

sal(B) ] (@) ()

Every X = X'(t) (6%75)& + XA(t) (8_64)—y EAA('?) may be uniquely decom-

z
posed into the sum of a horizontal vector Py (X) and a vertical vector Py (X),

respectively defined by the equations

Pu(X) == h(m(X)) = X'0;,

Pr(X) = X - Pu(X) = (X1 = X'n;%) (aaAl = <68A>7

A section X : R — V() is said to be h—transported along ~ if the composite
map h-X : R — A(4) is an admissible infinitesimal deformation of 4.

In view of Egs. (6), (8), the h—transported sections form an n—dimensional
vector space Vj,, isomorphic to the standard fibre of V (v). Every infinitesi-
mal control provides therefore a trivialization of the vector bundle V(y) — R,
summarized into the identification V(y) ~ R x V3. By duality, this entails the
analogous identification V*(y) ~ R x V},".

(ii) The notion of h—transport induces a derivation % of the virtual tensor

algebra along ~, called the absolute time derivative. Introducing the temporal
connection coefficients

. ~ . o i o i
TR = —Bk(z/)l) = _({;;k)A — hkA(a,QfA)A’ (9a)
vy vy

we have the representation

D ) 0 ; DZi;.. (0 ;
i L J e | = J J

with

DZi;..  dZi;. P ki
le = dtj + T ZF = TN 2 (9b)

Matters get simplified referring both bundles V (), V*() to h—transported

dual bases e (q) = e(é) (8%1)7 , el@ = e(f) 5qi|7 .
Setting Z = Zab...e(a) ®@e® ®-.. Eq. (9a) takes then the form



DZ  dZ%.. ®)
DE @ (@®eer

i.e. it reduces to the ordinary derivative of the components.

Given any admissible infinitesimal deformation X = X* ( 82,; )7 of v, lifting

to a deformation X of 4, and denoting by U = U4 (8%)"7 the vertical projection
Pv (X ), the variational equation (6) and the lift process may be cast into the

form
DX' [0t
o =V (w) (102)
X =h(X)+U. (10b)

(iii) Assigning an infinitesimal control h(®) along each arc v(*) of an evo-
lution (7, [to,t1]) and arguing as above, we conclude that every admissible
infinitesimal deformation { 1, X gy, Qs } of 7 is determined, up to
initial data, by the coefficients a1, ...,any_1 and by N vertical vector fields
Ui = Ué) (a%)a,(S) through the covariant variational equation

DX LV
() _ 174 (OV _
Dt = (S)<62A>A(S) 8—17...,1\/, (11&)
Y

completed by the jump relations (7). Each lift X (s) is then expressed as
X = WO (X)) + Ugy).- (11b)

() Given an evolution (7, [to,t1]) and a family h = {h(®)} of infinitesimal
controls, we glue h(*)—transport along each arc (7(5)7 [as—1, as]) and continuity
at the corners into a global h—transport law along ~.

Once again, this provides a trivialization of the vector bundle V() into the
cartesian product [to,t1] X Vi, with Vi, ~ V (), YVt € [to, 1]

Given any infinitesimal deformation { g1, X(g), Qs }, we merge all
sections X (4) into a piecewise differentiable map X : [to,t1] — Vi, with jump
discontinuities at ¢ = a, expressed by Eq. (7).

The vertical projections U s = Py (X (s)) are similarly merged into a single
object U, henceforth (improperly) called a vertical vector field along 4.

In this way Eqs. (11) becomes formally identical to Egs. (10). In particular,
in h—transported bases, the determination of the components X in terms of
U and of the scalars a, relies on the equations

dX® 4w (0
7 =U"%€; (8ZA . Vit#as, (12a)

completed by the jump conditions

(X%, = —asel®(as) [¢01]e,  s=1,...,N—1. (12b)

s 7



2. The variational setup

2.1. Basic concepts

(i) Given an admissible piecewise differentiable section 7 : [to,t1] = Vi1,
let ¥ and 20 respectively denote the infinite-dimensional vector space formed
by the totality of vertical vector fields U = {Us), s = 1,...,N } along 4 and
the direct sum U ® RN~1. Also, let h = (h(l), R h(N)) denote a collection of
(arbitrarily chosen) infinitesimal controls along the arcs of ~.

By Eqgs. (12), every solution X of the variational equation is determined, up
to initial data, by an element (U, @) := (U, 1, ...,an—1) € 0.

In h—transported bases, for any ¢ € (a,—1,a.], r = 1,..., N, the resulting
expression reads

t i r—1
X(t) = (Mto) v [ o (5) - X e W(a)h) ).

In particular, denoting by T : Q0 — V}, linear map defined by the equation

t1 u a 7 N-1 o o
twe) = ([0 () dr = ¥ P @l Gl e (13
0 Y s=1

every admissible infinitesimal deformation vanishing at the endpoints of ~ is
uniquely determined by a vector (U, o) € ker(T) C 20.

Actually, what really matters in a variational context is not the space ker(Y)

itself, but the possibly smaller subspace A(y) C ker(Y) formed by the in-
finitesimal deformations tangent to admissible finite deformations with fixed
endpoints. An evolution + is called ordinary when A(y) = ker(Y), exceptional
when A(vy) C ker(T).
(ii) A further important information comes from the nature of the inclusion
Y (20) C Vi: an evolution (7, [to, t1]) is called normal if Y (20) = V},, abnormal
in the opposite case. It is called locally normal if its restriction to any closed
subinterval [t(,t}] C [to, t1] is normal. The co-dimension of the image space
T (20), henceforth denoted by p, is called the abnormality index of ~.

In connection with the stated definitions, a useful result is provided by the
following

Proposition 1. The annihilator (Y(20))° C V) coincides with the totality of
h—transported virtual 1-forms p = p; 5qi|7 satisfying the conditions

ot B
Pi (aZA>’AY_ 0, A—l,...,T’, (14&)

pilas)[v'(3)], =0, s=1,...,N—1. (14b)

s



Proof. On account of Eq. (13), the subspace (T(20))° C V;; consists of the
totality of elements p = pg e(® = p, e 5q |y satisfying the relation

Pa(/t:l UAe (a)(gng)rydt —]fas (a)( ){W( )L) =0 V(U 2,

s=1

clearly equivalent to Egs. (14). O

In view of Egs. (9), (14a), the requirement of h—transport of p along each
arc () is expressed in coordinates as

dpz awk A 8¢k _
a + k(aqi>;y+hl Pk 5.4 ;Y_O.

The content of Proposition 1 is therefore independent of the choice of the
infinitesimal control along ~y.

On account of Proposition 1, a direct evaluation of the abnormality index
may be based on the following

Corollary 1. Given an inﬁnitesima,l control h : V(v) — A(%), arbitrarily

choose a h—transported basis e(®) = e 5q |y and a symmetric, positive definite

tensor field G along v, meant as a collectzon G = G?g( )(83‘)& ® (8?3)&’
s=1,...,N. Then, the matrix

0 ) (@ ()
G =5 e, e, dt +
Z/ (3ZA) (s)(azB 4(5) ?

N—-1
+ > WA, 3], ¢ (as) V() (15)

has rank n — p.

Proof. By construction, the matrix (15) determines a positive semidefinite
quadratic form S®p, p, on V;*. The kernel of S is therefore identical to the
totality of h-transported 1-forms p = pge(® = p; dq"|, satisfying the relation

/ Gl (JA) ( )pj@j:)ﬁ(s) dt + sz (m WW)]%)Q = 0.

Due to the positive definiteness of G‘(“S’? , the latter is equivalent to the pair
of conditions (14). This proves dim[ker(S%)] =p = rank(S%®)=n—-p. O

2.2. Finite deformations with fized endpoints: an existence theorem
(i) We shall now discuss the interplay between normality and ordinariness 2.
The following preliminaries help simplifying the subsequent discussion.

2For an alternative approach, valid in a linear context, see [12].



Proposition 2. Let 4 : (¢,d) — A be the lift of an admissible differentiable sec-
tion 7y : (¢,d) = Vpi1. Then, for any closed interval [a,b] C (c,d) there exists
a fibred local chart (U, k), k = (t,q',...,q" 2%, ..., 2") satisfying the properties

e Y(t)eU Vte]labl; (16a)
e the intersection ’Ay((c, d)) N U coincides with the curve ¢* = 2 = 0; (16Db)

« W (0) = (5)., =0 YileU (16¢)

Proof. The existence of fibred local charts (U, l%), k= (t, gt - qn, 2t 27
satisfying Eqs. (16a), (16b) and the first condition (16¢) is entirely straight-
forward. Choose any such chart, and denote by ¢* = 9(t,¢", 2*) the corre-
sponding representation of the imbedding A — j1(V,41). Under an arbitrary
transformation ¢' = a;(t) §’, 2 = 24 we have then the relations

. odaty ot (daty; 0T\, iy
Y= —2 ¢ + a7, aqk<dt +Oér8cjj (a')s.

Therefore, if the matrix af;(¢) obeys the transport law

da’; +air<al€.> — 0,
dt 04 /) 51)

the coordinates t, ¢*, 22 fulfil all stated requirements. O

Every local chart (U, k) consistent with Egs. (16) is said to be adapted to
the arc ('Ay, [a, b]) . The adaptedness property is stable under arbitrary transfor-
mations of the form

qi = qi(ql’“.,qn), ZA :ZA(tvqla"'7qnazla"'7zr)7 (17)
with @ (0,...,0) = 24(¢,0,...,0,...,0) = 0.

Corollary 2. Let 4 = {(ﬁ(s), [as—1, as]), s=1,... ,N} be the lift of an admis-
sible piecewise differentiable section (7, [to,tl]). Then, there exist fibred local

charts (Us, ks), ks = (t,q(ls),...,q("sb),z(ls),...,z(’s' ) adapted to the arcs 4
such that, in each intersection w(Us) N7(Usy1), the coordinate transformations

q(iSJrl) = q(iHl)(t,q(ls) Ve ,Q(Z)) satisfy the conditions

dq/. , dq/, .
(3+1)) _ st ( (.s+1)) = [yiGs
< 0aly Jy@y 0t Jsan) [ Ls

Proof. The conclusion follows at once from Proposition 2, observing that the
freedom in the choice of the adapted coordinates, summarized into Egs. (17),

9q i
leaves full control on the values of the Jacobians (%)7( )
(s) 7719

10



In particular, in the intersection m(Us) N 7(Usy1), the arcs 4, v+ are
respectively described by the equations

Q(is+1)(7(s)) = Q(ZH)(t,q(ls)(W(s)), .- -ﬂ(@)(ﬁ’(s))) = Q(is+1)(ta0, 5 0),
(I(is+1)(7(s+l)) =0.

In the coordinate system Lq{s 41y the jump of the tangent vector at the
corner 7y(as) is therefore given by

. dgl (VST dgl (V) dq(,
[W(’y)} _ ( (s+1) _ s+ ) _ ( ( +1>) .
as v(as) v(as)

dt dt ot
0

Every family of local charts {(US, ks),s=1,... ,N} satisfying the require-
ments of Corollary 2 is said to be adapted to the section .

(i) Assigning an adapted family of local charts singles out a distinguished class
of controls ¢(®): w(U,) — Uy, described in coordinates as

For each s =1,..., N, the restriction of the tangent map off) to the vertical

bundle V (y()) determines an infinitesimal control h(®) : V(7)) — A(y®)),
expressed in coordinates as

05y /) t) 0y /vy \9(y) /5

In view of Eqgs. (9), (16c), the absolute time derivative associated with h (%)
coincides with the ordinary derivative.

Moreover, since, according to Eq. (18), the fields (%Li) (5)
(s)" 7"

fore also the virtual 1-forms 5qi|7(5> — match continuously at the corners, the
sections ey : [to, t1] = V(v), e : [to,t1] = V*(7) respectively defined by

— and there-

0 . ,
e (t) = () ;o eD(t) =6 (9, s <t <a (20)
@ 94(y /) 1) RASUC! !

form a dual bases for the vector spaces V},, V" of h-transported fields along .

(iii) Let us now come to the main question: given an admissible, piecewise
differentiable section 7y := {('y(“"), [as—1, as]) }, we single out a family of adapted
local charts {(Us,ks)}, and denote by h = {h(®) : V(y)) — A(v®)} the
corresponding infinitesimal control.

As pointed out in Sec. 2.1, every infinitesimal deformation X of + vanishing
at t = to is determined by an element (U, q) € 20, namely by a vertical vector
field U along 4 and by a collection of real numbers o = (v, ..., an—1).

11



In particular, a necessary and sufficient condition for X to vanish at both
endpoints of v is expressed by the requirement Y (U, o) = 0 which, in adapted
coordinates, reads

/ttl UA(Sﬁ)ﬂ'f -2 '], =0 (21)

0

This, of course, does not ensure that any pair (U,q) satisfying Eq. (21)
determines an infinitesimal deformation tangent to a finite deformation with
fixed endpoints. To analyse this aspect, we introduce an auxiliary tensor field
GAB (52 )& ® (8%)@ along 7, with GAB symmetric and positive definite.

We then set up a procedure assigning to each (U, o) € 20 a finite deformation
of v, depending parametrically on a h-transported virtual 1-form v € V;*: to
this end, we introduce

e a family of functions

as(€v) = ax + au — u[0R)], €2, s=0,...N, (22a)

expressing the deformation of the temporal placement of the corners. For
notational convenience, Eq. (22a) includes the values s = 0 and s = N,
with the understanding ag = ay =0;

e a family of controls o(és)y) :w(Us) = Us, s = 1,...,N, described in
adapted coordinates as 3

) A
2 = Uln €+ %Vi(GAB 83;) L EEEn. (@2)
,S/ S

We have then the following

Theorem 1. For any open bounded subset A C V;* there exist an € > 0 and
a family v,y = {(’y((;)y), [as—1(&,v),as(E, 1/)])} of piecewise differentiable ad-
missible sections defined for |§| < e, v € A and satisfying the properties:
a) Yo,n(t) = () Vv;
) PY({,I/)(tO) = V(tO) Vf,l/,'
0) e (as(&v) =i (as(&v) VEv, ¥s=1,...,N—1
)

each arc 7((§)y) satisfies the condition cr(ésl) ~~y(§)y) = ’AV((gS)y) , i.e. it belongs

to the control O'(f(sl),) in the sense of Eq. (1b).

3Eq. (22b) is strictly coordinate-dependent. As such, it has no invariant geometrical
meaning, but is merely a tool for the subsequent construction of a family of finite deformations.

12



Proof. On account of Eq. (22b), for any bounded open subset A C V;*, there
exists m > 0 small enough as to ensure 0(5(33) (m(Us)) CUs Yv e A, [€] <m,
s =1,...,N. Recall that, for each s, the control (22b) determines a flow on

7(Us), depending parametrically on § and v, and described by the equations
das)
dt

= ¢és)(t7qés),2é)(§,y, t)) = Z(i)(§7y’t7q,(Lé)) (23)

Regard the latter as a vector field Z(,) = % + Z(is) in the product

_0
8qzs
manifold (—m,m)x A x7(Us), denote by ¢ the associated local 1-parameter
group of diffeomorphisms, and restore the notation x4 for the corner vy(as).
Then, on account of Eq. (16¢), for any v* € A, the orbit of ¢ () through the
point (0, v*,z,_1) coincides with the coordinate line £ = 0, v = v*, 45 =0
and, as such, it is defined for all 7 in the interval [0, bs—as_1) D [0, as—as_1].
Taking the compactness of A and Eq. (22a) into account, a standard result

[23, 24] ensures the existence of an € > 0 and of a family of open neighborhoods
Ws_13x5-1, s=1,...,N, such that

e the map C(Ts) is well defined on (—¢,e) x AxWy_; forall 7 € [0, bs—as—1);

o a (&, v) —as—1(&v) < bs—as_1.

From this, denoting by ¥,, the slice t = 7 in V,,1, we conclude that, for each
|€] < e, v e A, the flow (23) determines a diffeomorphism of W,_1 N3, | (¢,
onto a submanifold of 3, (¢ ). Without loss of generality we may arrange that
the image of each W1 MY, | (¢ ,) is contained in WsNX, (¢,y, s=1,...,N.

The rest is straightforward: for each |£| < e, v € A, consider the sequence

of closed arcs 7(283/) as—1(&,v),a5(&,v)] = m(Us) defined inductively by

Yem® = ¢V At) L€ [to, ar(&,v)],

YW = ¢ E ) (a6 ) tE [au(€) aua(©)].

The collection v ) = {(’y(és)y), [as_l(ﬁ,l/),as(f,u)]), s =1,.. .,N} is
then easily recognized to fulfil all stated requirements. O

In adapted coordinates, each arc *y((; )u) is represented in the form

a(sy = ¢l Enit), as—1(§,v) <t <as(§v),
with the functions go(is) satisfying the differential equations

90/ : ' o
© _ it wi cUA s G
6t = ’(/} (t 5 410(5) ) 6 U(s) (t) + 2 Vk 5 <G aZB ):Y (5) (t)) (243)
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as well as the matching conditions

So(is+1) (é-a v, as(é-’ V)) = Q(zs+1) (as(£> V)7 go(is) (57 v, as(§7 V))) 9 (24b)

%

Alsiry = q(is+1) (t, q(ls) sy Q(Z)) denoting the transformation between adapted

coordinates in the intersection 7(Us) N7 (Ust1)-

From this, taking Eqgs. (16¢), (18) into account, it is easily seen that, for any
v € A, the 1-parameter family of sections 7 ,) is a deformation of v, tangent
to the infinitesimal deformation X determined by the vector (U,«) € 20. We
have therefore the identification (W) =X (fg) (t), completed by the
jump relations (7). =0

After these preliminaries, let us now focus on two facts:

e on account of Theorem 1, given any bounded open subset A C V}*, the
correspondence (&,v) — 7(¢,,)(t1) determines a differentiable map X of
the cartesian product (—e,e) x A into the slice ¢ = ¢; in V,y1, with
values in a neighborhood of the point v(t1);

e given any differentiable curve v = v(¢) in A, the 1-parameter family of
sections (¢, ,(e))(t), €] < e, t € [to, 1] is a deformation of v, leaving the

first endpoint ~y(tp) fixed.

Both assertions are entirely obvious; in adapted coordinates, the map X is
represented in the form

4wy (X(&, V) = @) (& v tr) == X (&, v). (25)

Exactly as above, it may be seen that, for any choice of the function v(£), the
deformation 7y ,(¢)) is automatically tangent to the infinitesimal deformation

X determined by the vector (U, a) € 20.

From this, taking the relations X*(0,v) = 0, (%)g:o = X'(t;) into ac-
count and recalling Taylor’s theorem, we conclude that, whenever the condition
X(t1) = 0 holds true, i.e. whenever the vector (U,a) belongs to ker(Y), the

functions X* admit the factorization
X' =120 ), (26)

with 0%(¢,v) regular at € = 0.

In this way, the original problem is reduced to establishing under what cir-
cumstances the validity of Egs. (21) is sufficient to ensure the existence of an
e’ >0 and of a curve v(£) satisfying X(&, v(€)) = y(t1) V|| <&’

In adapted coordinates, on account of Eq. (26), the answer relies on the
solvability of the equations

Qi(f,yl,...,un)zO i=1,...,n (27)

for the unknowns v; in a neighborhood of £ = 0.

14



To examine this aspect we notice that, in each adapted chart, Egs. (16c¢),
(24a) imply the transport law

9 (0% 0% b 0% -
— = X°X"+2| ——— X
8t< 0e? )5_0 (aqkaqu(s) + (aqkazAL(s) v

({92”(/Ji AyrB a,l/)z AB awk
+<azAazB)&<s)U v *(azAL(s)”’ﬁ(G 8ZB>a(S)'

In a similar way, from the matching conditions (24b), recalling Eqgs. (18),
(22a) and evaluating everything at £ = 0, we get the jump relations

2,1 2. 41 2.1 2.1
0%¢6sn) (9% _ a2 Py DTGy
082 )y 082 )erol,, ° 0OF S otoglk W

03¢/ dx} dx}
7 t(s+1l) v h vk (s+1) (s) ia k(a
9q(y) dqfs) Aot 2%[ dt dt LJF {w (V)LS {w (W)L-fyk

Summing up and recalling Egs. (25), (26) we obtain the expression

; 92X
’ ‘E:O B (agz )5_0 B

N ag 8wz 8¢k N—1 . ) i
B (Z <GABazAazB>ﬁ(s)dt+§ E (V)LS[W(V)LS)W—HJ (28)

As—1

with the terms b’ € R summarizing all contributions independent of v. We can
therefore state

Proposition 3. Let v : [tg,t1] = Vi1 be a continuous, piecewise differentiable,
admissible section. Then, if the matrix

St = /t: (GAB 271”; gfg) dt + NZ_? [wi(&)]as [v5®)] (29)

5 s

18 non—singular, every infinitesimal deformation of v vanishing at the endpoints
s tangent to a finite deformation with fized endpoints.

Proof. On account of Eq. (28), the non—singularity of the matrix (29) ensures
the solvability of Eq. (27) for the unknowns v; in a neighborhood of £ = 0. O

Recalling Corollary 1, the definition of ordinariness and the fact that, in
adapted coordinates, the matrices (15), (29) coincide, we conclude:

Corollary 3. The normal evolutions form a subset of the ordinary ones.

More generally, we have the following

15



Corollary 4. Let p (> 0) denote the abnormality index of v. Then a suffi-
cient condition for the ordinariness v is the existence of an (n—p)—dimensional
submanifold Sy, C Xy, such that, given any deformation e leaving y(to) fized,
the inclusion e (t1) € St, is fulfilled for all € in a neighborhood of £ = 0.

Proof. Using the freedom expressed by Eq. (17), we choose the adapted coordi-
nates in such a way that, in a neighborhood of ~(¢;), the submanifold S;, has
local equation qf;;)l = =q(y =0.

Given an infinitesimal deformation X generated by an element (U, o) € 20,
we then proceed exactly as above, ending up with a finite deformation v .,
described in coordinates as Ay = ga(z) (& v, t), as—1(&v) <t < as(&v), with
the functions ¢ (;)(5 , v, t) satisfying all conditions of Theorem 1.

Once again, we focus on the “end-point map” X(§,v) = 7(¢,,)(t1) and on the
fact that, under the assumption X (¢;) = 0, the functions X*(&,v) factorize into
the product (26),

X =i (&mt) = 5 €207 (Ev),

with

0 ’520 = (852 >§_0 :b +S-7Vj.

and

as

ik . h AB 677[}1 a¢k = i/ kA
i [ (o2 090) w5 ], o)
We then observe that the assumption X*(£,v)=0V|{]| <&, a =p+1,...,n
implies 0(¢,v) = 0, whence, in particular, b® = S = 0.
At the same time, Corollary 1 ensures the equality between the co-rank of
S% and the abnormality index p of ~.
The matrix S is therefore necessarily of the form

. SAB 0
1j o
S (O 0>, A B=1,...,p,

with det S48 #£ 0.

The rest is now straightforward: in order to establish the existence of a fi-
nite deformation with fixed endpoints tangent to X, we have to verify that the
equations 0%(¢,v) = 0 admit at least one solution v = v(£) in a neighborhood of
& =0. And indeed, no matter how we choose the functions vp41(§), ..., vn(§),
the equations #PT1(&,v) = 0™(&,v) = 0 are identically satisfied, while the re-
maining ones form a system of p equations for the unknowns v, ..., v,, whose

=848 0O

solvability is ensured by the non singularity of the Jacobian % | =0

3. Examples

The following arguments help clarifying some aspects of the concept of nor-
mality discussed in Sec. 2.1.
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Let v = {(7(3), [as—1,as] )} be a piecewise differentiable evolution. Accord-
ing to Proposition 1, if at least one arc v(*) is normal, ~ is necessarily normal.
More generally, an evolution may turn out to be normal even when all of its
arcs () are abnormal. Examples in this sense are:
e Vi1 = R x Ey, referred to coordinates t,z,y. Constraint &2 + 3% = v?;
imbedding A — j1(Vn41) expressed in coordinates as & = v cosz, § = vsinz.
Consider a piecewise differentiable evolution ~ consisting of two arcs:

'y(l): z=0, y=vt to <t<0
@ z=wt, y=0 0<t<t

Then, Eq. (14a) admits h-transported solutions p() = ady,,, p® = Bz,
(a, B € R) respectively along v® and along v®. Both arcs are therefore
abnormal. Nevertheless v is normal, since no pair p(), p(® matches into a
continuous non—zero virtual 1-form along ~.

e V.1 = RxEs, referred to coordinates t, z,y. Constraint: v*% = (92 —a?t?)?;
imbedding A — j1(V,41) expressed in coordinates as @ = v=3(2% — a?t?)?,
¢y = z. Consider a piecewise differentiable evolution 7 consisting of two arcs:

1

AU =0, y=§a(t2—t*2) to <t <t*
(2) at s 5

D ox= o —t* =0 r<t<t

gl v =g ),y <t<t

(t* #0). Then, Eq. (14a) admits h-transported solutions of the form p = adzx|,
along the whole of 7. Both arcs v, (2 are therefore abnormal. In spite of
this fact, v is normal, since no solution satisfies condition (14b).

e By definition, local normality implies normality. The converse is generally
untrue, as shown by the previous examples. A further example, not relying on

the presence of corners, is the following: let the imbedding A —= 51(V,41) be
locally described by the equations

with f(t) = exp(—1/t?) for t <0 and f(t) =0 for t > 0.
Along any admissible section v: [tg, t1] = Vy41, the condition of h—transport
and Eqgs. (14a) are summarized into the requirements

d\;
dAtzo, MAMFE =0, Ag=-=A1=0. (30

In particular, if ty < 0 < t1, we conclude that:

© v is normal, since Egs. (30) do not admit any non-zero solution in [tg, t1];

17



1]

© 7 is not locally normal: Egs. (30) do in fact admit solutions of the form
A1 =+ =X,—1 =0, A\, = const. in any subinterval [a,b] C [0,#].
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