SOME DIFFERENTIAL-GEOMETRIC ASPECTS OF THE LAGRANGE
VARIATIONAL PROBLEM

BY
RoBErRT HERMANN!

1. Introduction

Our principal aim is to present results relating the classical theory [2], [4]
of the Lagrange problem to topics of current interest in differential geometry.
We also sketch a reformulation of the classical theory in differential-geometric
language, guided especially by E. Cartan’s treatment of the ordinary varia-
tional problem in [7].

Let B be a manifold, let T'(B) be its tangent bundle, and let M = T(B) X R
(R = real numbers). An ordinary variational problem is defined by a
Lagrangian, i.e., by a real-valued function L on M, denoted by L(v, t),
veT(B), teR. Such a function defines by integration a real-valued func-
tion L on the space of curves of B. The extremal curves are the solutions of
the Euler equations, i.e., the “critical points” of the real-valued function
L defines on the space P of curves of B joining two fixed points. However,
in the regular cases the extremals can be defined without reference to co-
ordinate systems as follows: There is a vector field on M such that the
projection in B of its integral curves are the extremal curves. Further,
there is a closed 2-differential-form on M which is an “invariant integral”
of the vector field, i.e., the orbit space of M under the one-parameter group
generated by the vector field locally has a symplectic manifold structure.
In the nonregular cases, this 2-form is still defined, and the extremals in
B are the projections of its characteristic curves.

A Lagrange problem can be formulated as follows. In addition to the
Lagrangian L on M, a “constraint submanifold” S < M is given: The
extremals of the Lagrange problem are the “critical points” (in the sense of
infinite-dimensional differential geometry) of the restriction of L to the
space P(S) of curves of B joining two fixed points whose tangent vector
lies in S.

The formal extremals are the curves in B given by the classical Lagrange
multiplier rule which, in the regular cases, can be described as follows: Let
M’ be the vector bundle of normal vectors to S, a manifold of the same dimen-
sion as M. There is a vector field on M’, again having a closed 2-differential-
form as an “invariant integral’’ whose integral curves projected in B are the
formal extremals. In the nonregular cases, the 2-form on M’ can still be
defined, and the formal extremals are the projection in B of its characteristic
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curves. (However, it is a nontrivial matter to prove that the extremals
are also formal extremals [2].)

The class of an extremal is a very important invariant, measuring a type of
degeneracy condition that does not occur in the theory of the ordinary prob-
lem. To describe it, suppose that M’ = S X R”, where p = dim M — dim S,
and As (1 < @, b, -+ < p) are coordinates in R”. There are 1-differential-
forms 6, and 8 on S locally defined by the variational problem. A curve
a(t),0 =t = 1,1is a formal extremal if and only if its tangent vector curve 7(t)
in S satisfies: There is a curve A\.(¢) in R” such that the curve (o(%), Na(2))
in M' = S X R?is a characteristic curve for the 2-form d(8 + X\, 8,) on M’
and 6.(7'(t)) = 0 (+/(t) is the tangent vector to = at t). These two condi-
tions are equivalent to the conditions

1.1.(a) 60.,(7'(¢)) =0, and
(b)  7(t) 1.do 4+ (d\(t)/dt)8s + N(B) (7' (2) 1 dbs) = 0.

(If wis a p-differential-form on a space, v a tangent vector, v _] w is the inner
product or contraction of w by v, a (p — 1)-covector of the space at the same
point as v.) The curve A\, (t) is the Lagrange multiplier curve associated with
o. Notice that it is not necessarily unique: The difference u,(t) of two
such multipliers satisfies

1.2. wa(t) (o' (1) I d6) + (dua/dt)6s = 0.

This is a system of linear homogeneous differential equations for u.(¢). The
dimension of the set of solutions is called the class of the extremal o. If it
is zero, P(8) may be thought of as being a ‘“‘regular submanifold” of P locally
about o in the sense of the differential geometry of path spaces. On the
other hand, Carathéodory has defined [5] an integer called the class attached
to ¢, whose vanishing ensures that all points close to ¢(1) can be reached
asend-points of formal extremals starting at ¢(0). These two notions of class
thus have different geometric meaning and are not necessarily equal. One of
our main results (Section 8) gives a sufficient condition that both classes be
zero. In general, these matters lie at the heart of what may be called the
“differential geometry of submanifolds of path spaces” and, although local
in nature, will be found useful in possible attempts to extend Morse theory
to the Lagrange problem.

Another topic we shall treat is suggested by the fact that the “space” of
all formal extremals of a Lagrange problem would be a symplectic manifold
if it were a manifold at all; hence the usual correspondence between func-
tions on the space of formal extremals and one-parameter groups of sym-
plectic automorphisms makes some sort of sense. We shall apply thisidea to
prove the following result: Suppose X is a vector field on B such that the
one-parameter pseudogroup of diffeomorphisms of B generated by X, when
extended to T(B) X R = M, leaves L and 8 invariant, i.e., maps extremal
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into extremals. Generalizing the same question dealt with earlier for Rie-
mannian geometry [14], we ask for the points b ¢ B such that the integral
curve of X starting at b is itself a formal extremal. Modulo degeneracy
problems, the answer in the case where L and S are time-independent is
that they are the critical points of the function b — L(b, X (b)) restricted
to the submanifold {b ¢ B : X(b) ¢ S} of B.

It appears that the most interesting special case of the Lagrange problem
occurs when L defines a Riemannian metric on B and where the constraint
manifold 8 is linear. We apply the general theory of the Lagrange problem
to this situation. We shall state here our principal results on this topic.

A. Let B be a Riemannian manifold, and let T(B) be the tangent bundle
to B. T(B) has a natural Riemannian metric defined by the Levi-Civita parallel-
ism. Consider the Lagrange Problem on T(B) obtained by taking the Rie-
mannian metric as Lagrangian, and the constrained curves as those which are
horizontal, 7.e., perpendicular to the fibres of T(B). Ift —v(t),0 =t = 1,
is @ minsmizing curve for this Lagrange problem and t — o(t) is ils projection
wn B, then o is the solution of the following variational problem on B:

Given tangent vectors vy, v € T(B), with by, by € B their projections in B, o
18 the shortest curve joining by to by among the class of all curves joining by to by
such that vy parallel-translates along the curve to v, .

If o and v define a formal extremal of this Lagrange problem, and ¢ is para-
meterized proportionally to arc-length, there is a vector field \(t) along o such
that

(a) Vv =0, (b) VA= ¢,
(¢) (R(o', u)(N), v) = 0 for all vector fields u : t — u(t) along o.

Vv s the covariant derivative vector field of v along o, ¢’ is the tangent vector
field to o, and R( , )( ) isthe Riemannian curvature tensor. (As a first ob-
servation, these equations are interesting because they involve the curvature tensor
directly at the first order, instead of at the second order as do the equations of
the geodesics.)

B. With the notations of A, suppose that X s a Killing vector field on B,
1.e., X generales a one-parameter pseudogroup of isometries of B. Let X' be
the vector field on T(B) that is the first-order prolongation of X. Then, X’ s
a Killing vector field with respect to the metric on T(B), and preserves the ex-
tremals of the Lagrange problem on T(B) defined by A. Given a v e T(B),
with b its projection on B, the integral curve of X' starting at v is horizontal if
and only if

V. X = 0.

Any integral curve of X' is a geodesic of the metric on T(B) if and only if it is
horizontal and its projection into B s a geodesic. The integral curve of X’ at a
veT(B), satisfying V,X = 0 is an exitremal of the Lagrange variational
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problem on T(B) defined in A if and only if there is a tangent vector N at b such
that

1.3. (a) W\MX =0, (b) R\ 0)(X(b)) = Vzm X.

C. Now let B be a Riemannian manifold, and let H : b — H, C B, (By, =
tangent space to B at b) be any field of tangent subspaces of constant dimension
on B, i.e., H defines a Pfaffian system on B. Consider the Lagrange problem
of minimizing the length of curves which are integral curves of the Pfaffian
system H, 1.e., satisfy

o' (t) e Hoqsy .

Such a o parameterized proportionally to arc-length is a formal extremal if and
only if there is a vector field N along o perpendicular to H with

Vo' + VA = Q(U,: )‘):

where Q( , ) is a tensor field on M determined by H. If B is complete, these
extremal curves o can be extended indefinitely. There is a tensor field on M
whose vanishing is necessary and sufficient that every geodesic of M that is tan-
gent to H at one point be everywhere tangent. (This is a generalization of a
result of B. Reinhart [17] in the case where H s the horizontal field associated
with a foliation on B.) A real-valued function S on B is a solution of the
Hamilton-Jacobi equation associated with the Lagrange problem if

| 7(grad 8) | = F(8),

where  1s the projection of vector fields on B parallel to H, where grad S is the
usual gradient vector field of a function defined by the Riemannian metric, where
| X | s the length function of the vector field X, and where F( ) is some function
of one variable. The corresponding field of extremals of the Lagrange problem
s formed by the integral curves of the vector field

w(grad S).

2. Symplectic foliations

We continue the notations of [12] and [13], which we briefly summarize.
All manifolds, maps, curves, tensor fields, etc. will be of differentiability
class C” unless mentioned otherwise. If M is a manifold (usually con-
sidered as connected and paracompact), M, denotes the tangent space to
M at a point z. If ¢ : M — M’ is a map of manifolds, ¢« : M, — My ,
for x ¢ M, is the linear map ¢ induces on tangent vectors at x. In the special
case M = [a,b] = {teR:a <t £ b}, ie., ¢ defines a curve in M’, ¢'(t)
denotes the tangent vector to ¢ at t. Let V(M) be the set of vector fields
on M, considered as a module over the ring C(M) of real-valued C* functions
on M and as a real Lie algebra with respect to the Jacobi bracket operation
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[X, Y]. If X isa vector field and w is a p-differential-form on M, denote by

(a) X(w), the Lie derivative of w by X, a p-form;
(b) X _ w, the inner product or contraction of w by X, a (p — 1)-form;
(¢) dw, the exterior derivative of w, a (p + 1)-form.

Recall the following rules these operations obey (omitting the standard
bilinearity conditions). In the following formulas, X, Y, Z, --- denote

vector fields, w1, ws, - -- denote differential forms.
2.1. X(on A w2) = X(w1) A w2+ wn A X(wn)
( A denotes the exterior product of forms).
2.2. X, Y](0) = X(¥Y(0)) — Y(X()).
2.3. XY Jo)=X,Y] Jo+7Y 1 (X(w)).
2.4. X(w) =d(X J o)+ X I do.
2.5. X Jd(om Aw)=(X Jo) Aw+ (=% A (X I w)

(p = degree w;).
Let H be a real subspace of V(M). For z ¢ M, define

H, = {veM,:3X ¢S such that X(2) = v}.

A submanifold N of M is called an integral manifold of H providing N, < H,
forallz e N. (N, is to be identified with a subspace of M,.) In particular,
a curve o : [a, b] — M is an integral curve of H if ¢/(t) e Hyy for a < ¢ < b.
Forxz e M, let

L = {y e M : y can be joined to x by an integral curve of H}.

The following facts are proved in [13], and are standard if dim H, is constant
for x e M.

2.6. Suppose that
(a) For every integral curve o : [a, b] — M of H, dim H,, is independent
of t,a =t =0,

(b) [H,H] C H.
Then for all x e M, L* is a maximal connected integral submanifold of H with
L; = H, for all y e L. H 4s said to define a foliation on M, and L s the
leaf of H through x. The foliation is said to be nonsingular if dim H, 7s con-
stant for x e M.

2.7. Suppose that [H, H] C H and that H s locally finitely generated in the
sense that each x € M has a neighborhood U with a finite-dimensional subspace Hy
such that every element of H can, in U, be written as a linear combination of
elements of Hy with coefficients from C(U). Then H defines a foliation on M,
i.e., 2.6(a) s satisfied.
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From now on, we shall denote foliations by F, and more general subspaces
of V(M) that are not necessarily subalgebras of V(M) by H. Let w be a
closed 2-differential-form on M. Let

F={XeV(M):X 1w=0}
Note that the following facts follow from 2.1-2.5.
28. IfX eF,then X(w) = d(X Jw) + X Jdw=0.
29. [F,FICF.

2.10. If Y e V(M) satisfies Y(w) = fo, for feC(M), then [Y, F] C F.
If further Y (w) = 0, then d(Y J w) = 0.

In this section, we shall assume further that
2.11. dim F, 7s constant for x € M, 1.e., the form w has constant rank on M.

F then defines a (nonsingular) foliation on M, the characteristic foliation
of w [9]. From 2.8, we see that w is a base-like form for this foliation and
defines a symplectic manifold structure on M/F, the space of leaves of F,
if it is a manifold at all. (More precisely, suppose U is an open set of M
having a map ¢ : U — B that is a decomposition map for the foliation F
restricted to U [12]. There is a closed 2-form wg on B such that

(a) ¢%(ws) = w, (b) wg A -+ A wy (p-times) = 0,

where 2p = dim B = dim M — dim F.)

Suppose now that 6 is a 1-form on M such that dé w. Let U be an
open set of M. Adopt the range of indices 1 < 4,4, - -+ = n and the summa-
tion convention. Suppose (2, ¥:, t) is a set of functions in U such that

0= y; de; —H dt,

where H is a function in U that is functionally dependent on (z:, y., t).
6 will be said to be in Hamiltonian form. If H = constant, and the (z;, y;, )
are functionally independent, § will be said to be in normal form. Notice
then that X ¢ V(U) is a characteristic vector field for d@ if and only if

X(y:) dei — X (:) dy; — X(H) dt + X(t) dH = 0.

A

Consider a (2n + 1)-dimensional Euclidean space R*"*', with coordinates
(ui,v:,s). Construct a mapping¢ : U — R*™* by the conditions:

ui(p(m)) = wi(m),  vi(d(m)) = yi(m),  s(¢(m)) = t(m)

form e U.
Suppose that H'(u, v, s) is a function on R™*' such that

¢*(H') = H.



640 ROBERT HERMANN

Then also ¢*(6’) = 6, where ¢ is the 1-form v;du; — H’' ds on R*™*. In
particular, ¢ maps a characteristic curve of df = w into a characteristic
curve of d¢’. However, it is easy to see, by using 2.5, that the characteristic
curves ¢ of df' have the following properties:

2.12.(a) If o has an everywhere nonzero tangent vector, its parameteriza-
tion can be changed so that it is defined by giving u: and v; as functions of s.

(b)  w: and v; as functions of s satisfy the Hamilton equations with Hamal-
tonian H':
d =3H,(uvs) _ql_v.=_aH’

S 7 A

Conversely, every solution of these equations determines a characteristic
curve of d¢’. This provides the link with classical Hamilton-Jacobi theory.
¢ is usually called a Legendre transformation. However, following Cartan
[7] we shall usually work with the more geometric differential-form formalism.

Suppose Y € V(M) satisfies Y(w) = 0, and M has zero first Betti-number.
Since d(Y J ») = 0, there is a function fy e C(M) with dfy = ¥ _ w.
A critical point xo, of fr, i.e., a point at which dfy = 0, is then a point for
which Y (zo) ¢ F,,. Since [Y, F] C F, this means that the integral curve of
Y starting at x, lies in the leaf of F through z,, i.e., the integral curve is a
characteristic curve of w.

Let 2 be a critical point of fy . If X ¢ F, notice that then

2.13. dX(fy) = X, Y] Jw+ Y 1 X(w) = 0; hence the whole leaf of
F through x, is a critical manifold for fy .

ds U avi

(u,v,s).

The Hessian of fy at x¢ is a symmetric, bilinear form A on M., defined
as follows [1]: For v, v eM,, let Xi, X,e V(M) be such that
Xi(zo) = v1, Xo(xg) = vo. Then

2.14. h(vy, 1) = Xi(Xo(fy))(xo). (It s easily seen that this is inde-
pendent of the X, , X, chosen.)

We see that

2.15.(a) ForveF, , h(v, M) = 0.

(b) Let h (resp. o) denote the bilinear form induced on M.,/F., by
h (resp. w). Since Y(xo0) ¢ Foy, Y induces a Unear transformation
ly : M,,/Fey — M,,/F., by passing to the quotient from Ad Y : V(M) — V(M)
defined by Ad Y(X) = [Y, X]. Then h(vi,vs) = o(ly(v1), Vo), for
v1, Vs € M4, , where vy denotes the image of v1in M.,/ Fa, .

The geometric interpretation of 2.15(b) is as follows: Suppose that M/F
is a manifold and that ¢ : M — M /F is the decomposition map. There is a
form © on M/F such that ¢* (@) = w. The tangentspace to M/F at ¢(x) is
isomorphic under ¢« to M,,/F. There is a vector field Y on M/F such that
¢+(Y(2)) = Y(¢(2)) forall z e M, and Y(w) = 0. Y(¢(z0)) = 0,1, Y
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has a singular point at ¢(zo). fy can be chosen as ¢*(fy), with dfy =Y J o
(assuming M /F also has zero first Betti-number) ; hence Y has a nondegenerate
critical point at ¢(x) if and only if fy has anondegenerate point at ¢(xy), ie.,
if h is nondegenerate on M,,/F, .

Example. To give a simple illustration of the possible applications of
this machinery, recall the Poincaré-Birkhoff fixed-point theorem (Poincaré’s
“Last Geometric Theorem”).

M is the region between two concentrie circles in the plane with Cartesian
coordinates (z, y). Let w = dx A dy, the Euclidean volume element. Let
T : M — M be a transformation such that

(a) T is extendable to the boundary: Cy u C; — Cou Cy, (Cy (resp. Cy)
is the outer (resp. inner) circle) and rotates them in opposite senses.

(b) T*(w) = o, ie., T is volume-preserving.

The theorem states that 7T has at least two fixed points.

It remains a challenge to imbed this famous theorem in general fixed-point
theorems. We shall now show, however, that the infinitesimal version of
the theorem can be proved very simply by the methods we have been using.
Suppose then that X is a vector field on M u C, u C; that is (a) tangent to
Co and C; and points in opposite directions on Cy and C;, with no zeros on
either boundary, and (b) is infinitesimally volume-preserving, i.e., X(w) = 0.

We know then that d(X _| w) = 0. We do not know a priori that there
is an f e C(M) such that df = X _| o, since M is not simply connected.
However, this is where hypothesis (b) enters: Since X _| w(X) = 0, and
X restricted to Cp and C; is, up to a factor, the tangent vector, the line integral
of X _| w on the boundaries is zero; hence by de Rham’s theorem such an
f actually exists. We use (b) again to verify that either grad f or —grad f
always points inward to the region. Standard Morse theory for manifolds
with boundary now guarantees that f has at least two critical points, i.e.,
X has at least two zeros.

Return now to the general theory. If Y(w) = 0, then X _| wis a base-like
form for the foliation F; hence, if dfy = Y _ w, then fy is an invariant of
the foliation F, i.e., is constant along the leaves. If fy, is so associated with
another such vector field Y, , then the Poisson bracket {fy , fv,} can be defined
as in [7] as the F-invariant function such that

2.16. o' A dfy A dfy, = {fr,fr}o",  where 2p = dim M — dim F.
Note that

2.17. d(Y(fy,)) = Y(dfy,) = Y(¥V1 J o) =[V, V1] J o,

ie., Y(fy,) can be taken as fiv,v,; .

2.18. Y(le) = p{fY;[ ) fY} = f[Y,Yll .
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Proof.
Y(fr,)o” = Y(fr, 0°) = d(fr,(Y 1 o7))
= d(fr,'p (Y Jw) A ")
=pdfy, A (Y Jw) A o' =pdfy, A dfy A o*7, Q.E.D.

(Note that a proof of the Jacobi identity for the Poisson bracket is easily
obtained from 2.18.)

Now suppose that 0 is a 1-form on M such that d§ = wand that Y ¢ V(M)
satisfies Y(0) = 0. Then,

a(o(Y)) = —Y db, ie., 0(Y) can be taken as —fy .
Note then that if Y, also satisfies ¥;(8) = 0, then
Yi(fy) = —0([Yy, Y]), ie., Yi(fy) is fiv,.m -

3. The Lagrange variational problem

Let B be a manifold, and let T(B) = U By be its tangent bundle. If
() (1 = 4,7, --- = n; summation convention) is a coordinate system for
B, we can construct a coordinate system for T'(B), denoted by (x;, @:), so
that (a) the (x;) considered as functions on T(B) are just the z; on B lifted
up to T'(B), and (b) @:;(v) = dzx:(v) forveT(B). Let X = a;9/dz; be a
vector field on B. Define its first-order prolongation X’, a vector field on
T(B), as

a da; . 9
a; a—xz + —a?] xj 5:;; .
It is easy to verify that X’ is independent of the coordinate system used to
define it, and hence is globally defined on T(B). This is so because X’ has
the following geometric interpretation: Consider the one-parameter pseudo-
group generated by X. Kach element prolongs to a transformation on
tangent vectors; hence there is defined a one-parameter pseudogroup acting
on T'(B). X'’ is just its infinitesimal generator.

Let M = T(B) X R. Let t be the real function on M obtained by pro-

jecting on the second factor. Consider vector fields Z on B X R of the form:

3.1. Z=X"'49/0t,

where, for each t, X' is a vector field on B.

These fields have the property that the pseudogroups they generate pre-
serve the subclass of curves of B X R that are graphs of curves in B. We
define the first-order prolongation of Z as the field Z' = X" + 8/dt on M.

A Lagrangian for B is a real-valued function L on M. It defines a real-
valued function L on the space of curves of B as follows: If o : [a, b)] = B
is a curve, then

L(o) = f: L(o'(2), 1) dt.
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(o' (t) € B,y denotes the tangent vector to o at &.) Note that a 1-differential-
form on B defines a Lagrangian. If ¢ is a curve in B, define its prolongation
to M as the curve o4 : t — (o'(2), t) ¢ M.

Lemma 3.1 (Cartan {7]). There is a 1-form 6(L) on M such that 6(L) (cx) =
L(o) for each curve o in B. A curve o in B is an extremal for L, i.e., satisfies
the Euler equations, if and only if ox is a characteristic curve for do(L). In
a coordinate system (x;) for B, 6(L) has the form

3.2, o) = 22 dui - (gf e — L> d.

The following properties follow from 3.2:

3.3. 0(fLy + gLe) = f0(L1) + g6(Le)

for any two Lagrangians Ly and Ly , any two functions on B X R, f and g;
3.4 Z'(6(L)) = 6(Z'(L))

for a vector field Z on B X R of the form 3.1.

Cartan actually defined 6(L) via 3.2. The proof that it is the same no
matter what coordinate system is used, hence is globally defined on M, is
straightforward and is left to the reader. 3.3 and 3.4 are similarly proved
by a direct computation.

It should be noticed, following Cartan [7] again, that Lemma 3.1 provides
a way of developing the basic facts of the ordinary problem in the calculus
of variations in an elegant, completely global manner. For example, a
function W on B X R is a solution of the Hamilton-Jacobi partial differential
equation if there is a cross-section ¢ : B X R — M such that

3.5. dW = ¢*(6(L)).

Following Carathéodory’s ideas, such solutions of the Hamilton-Jacobi
equation can be used, together with a suitable “Legendre condition”, to
prove that the extremals locally minimize L. On the other hand, if one
wants to write the extremals of L as solutions of the Hamilton ordinary
differential equations 2.7, proceed as follows to define the Hamiltonian func-
tion H: It is any function of 2n -+ 1 real variables H(u;, v;, t) such that

oL aL .
3.6. H(x"é—dc_f t) —%x,—L.

As another application of the formalism, suppose that Z is a vector field
on B X R satisfying 3.1 and such that Z’(L) = 0, i.e., the prolonged pseudo-
group preserves L. By 3.4, Z'(8(L)) = 0, and the work of Section 2 can
be applied: Define f, = 60(L)(Z'). Let (by, &) e B X B. We see that
the integral curve of Z starting at (bo, %) is an extremal for L if and only if

(X" (by), to) is a critical point for f,. Using 3.2 and a short calculation,
we see that
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3.7.  The inlegral curve of Z starting at (bo , t) s an extremal for L if and
only if (bo, to) is a critical point for the function (b, t) — L(X'(b)) on B X R.

We shall not give the details of the calculation since we shall prove a more
general result (Theorem 3.3) below. Note further that we have dealt with
a special case of this result (i.e., when L defines a Riemannian metric for B)
in [14], which in turn was a generalization of a theorem due to H. Busemann
[3].

We now turn to showing how this formalism can be extended to treat
Lagrange problems. In addition to the Lagrangian L we are then given a
submanifold S < M, the constraint manifold. Let P(B, S) be the set of
curves o : [a, b] — B such that (¢/(¢), t) e Sfora = ¢t < b. The extremals
of the Lagrange problem are the critical points of L restricted to P(B, S).
We describe the extremals via the classical Lagrange multiplier device.”
(The reader should keep in mind that it is a nontrivial problem to identify
the extremals defined by means of Lagrange multipliers with those defined
as the critical points of L.) Suppose that (z;, &;, ¢) are the usual local
coordinates for M, and ¢.(z, &, t) are functions such that ¢, = O defines S.
1=4yj - ---=nl1=2ab -+ =m= dim M — dim S; summation conven-
tions.) Following the classical idea, we are to introduce new auxillary func-
tions of ¢, A.(¢), form the new Lagrangian L'(z, &, ) = L 4+ A(f)¢a(z, &, t),
and find the ordinary extremals of L’ that satisfy the conditions of constraint.
It is easy to see that this is equivalent to the following procedure: Introduce
(N\s) as coordinates of a new space R™. Form B X R X R™ and on it a new
Lagrangian

L'(z, @, N\ \, ) = L(z, &, t) + Aada(z, &, t).

Since L’ does not depend on A, , the associated 1-form 6(L’) is equal to
0(L) 4+ N, 0(¢s), which can be considered as a form on M X R™. The
characteristic curves of d(L’) that lie on S X R™, when projected to B, are
the extremals of the Lagrange problem. But of course, the characteristic
curves of d9(L') that lie on S X R™ are precisely the characteristic curves of
do(L’) restricted to S X R™, i.e., the extremals of the Lagrange problem are
defined by a symplectic foliation on S X R™. As for writing the equations
of the extremals in Hamiltonian form, the following facts follow from these
observations:

A function H(u., v:, t) of 2n 4 1 real variables is a Hamdltonian for the
Lagrange problem if

(xz(p)r a + )\a a¢a (p)7 t(p)>
3.8.

<6m, Y ‘:) B — (L + M da)(p)

2 From now on, by “extremal’”’ we will always mean the curves satisfying the La-
grange multiplier rule. These curves were described as the ‘“formal’’ extremalsin the
introduction.
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for all p € S, all (A\.) e R™. Then, under the mapping defined by
Ui =Tiy, Vi = — + N

(with the relations ¢, = 0 holding), the extremal curves go over into solutions
of the Hamilton equations with Hamiltonian H. Of course, this mapping is
not necessarily onto the (u, v, t)-space, i.e., every solution of the Hamilton
equations does not necessarily arise as the image of an extremal. However,
a reasonable sufficient condition for every solution of the Hamilton equations
to correspond to an extremal is that

3.9. For x; held constant and ¢q held zero, the Jacobian matrix of

oL 42

ox; %;
with respect to the other independent variables of M X R™ is nonzero, i.e., the
variational problem is regular in the classical sense.

So far this is local, dependent on a choice of coordinate system and functions
¢a whose vanishing defines S. Suppose however, that the ¢, are functionally
independent, i.e., the d¢, are linearly independent. (It would suffice that
this be true in a neighborhood of S.) d¢. is zero on S, , for p € S, and hence
passes to the quotient and defines a linear form on M,/S,. The forms
d¢, in fact form a basis for the dual space of M,/S,. Under change of
coordinates in B, L remains invariant, while the d¢. change, by the above
remark, like the dual of the normal bundle of S. Since it is natural to require
that 6(L’) be invariant when restricted to S, the N, must change dually to
the ¢a , i.e., Ao are to be interpreted as the coordinates of M,/S, with respect
to the basis of linear forms d¢, , and 6(L’) is to be interpreted as a form on
the normal vector bundle to S, which we denote by M’.

To verify this interpretation is now a straightforward matter. In the
portion of M covered by the coordinate system (z, &, ¢), define the diffeo-
morphism of M’ with 8§ X R™ as described above, carry 6(L’) back to M’
via this map, and check by direct calculation (left to the reader) that 6(L')
so defined on M’ is independent of the coordinate system we have used.
We can now state the result of these remarks:

Turorem 3.2. With the above notations, the extremals of the Lagrange prob-
lem in B (defined the Lagrange multiplier way) are the projection in B of the
integral curves of the characteristic (symplectic) foliation of the 2-form d6(L')
on M', the normal vector bundle to the constraint manifold S.

We have so far done nothing more than take the classical arguments, fit
them into Cartan’s approach to the calculus of variations, and then remark
that in this form they admit an immediate global interpretation. We shall
now use this point of view to generalize 3.7. Suppose that Z is a vector field
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on B X R of the form X* 4+ 9/dt and that Z’' = X" 4 9/9t satisfies
3.10. Z'(L) =0 and Z'1istangentto S.

The one-parameter pseudogroup generated by Z’ then maps S into itself,
hence also generates a one-parameter pseudogroup acting on the normal
bundle, M’, to S, whose infinitesimal generator we also denote by Z’. Suppose,
for example, that

3.11. Z’(Ma) = Aabd¢b on S.

To determine explicitly the action of Z’ on M’, it only remains to determine
Z'(N\s), where the )\, are considered as functions on M’. From 3.11 and our
previous remarks about the dual nature of N\, and d¢, , it is easy to see that

3.12. Z'(Ne) = —Aw M.
From 3.10, 3.11, and 3.12, we have
3.13. Z'(6(L')) =0 on M.

The considerations of Section 2 now apply, and we have

3.14. The integral curve of Z' starting at p e M’ is a characteristic curve of
do(L') restricted to M’ if and only if p is a critical point of 6(L')(Z') restricted
to M'.

Suppose, for example, that X* = af 8/dz;. Then,

oL 0, .
3.15. O(L')(Z,) = <’£ + N %) (ai - x@) + L+ ()\a + ua)d’a ’

and we find its critical points that satisfy the constraints ¢, = 0. Notice
however that we do not want to find all critical points, just those correspond-
ing to orbits of Z that are extremals, i.e., those for which af = #;. Suppose
(2°, &°, o, \’, u°) is such a critical point, with 4} = a%(2°). Differentiating
3.15 first with respect to &; gives the condition:

3.16. e 32 = at (2%, a(2%), to, AL, ).
Applying 9/0x; and 8/0¢ and using 3.16 gives

0,

%u@ﬂ+Qﬁwafm
3.17. '

0 (LD + Ou+ w)(@u(XD) =0 at (2%, N, ul).
Notice however, that 3.17 is the necessary and sufficient condition that
(2°, &) be a critical point of the function (, t) — L(X'(x)) restricted to the
subset A = {(b, t) e B X R : (X%, t)) €8}, provided that
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3.18. The system of Pfaffian forms d(¢.(X'(b)) has a constant dimension
on A, and A is a submanifold of B X R.

If 3.18 is not satisfied, note at least that 3.16 implies that (2°, %) is a critical
point of L(X") restricted to A. Summing up, we have proved

TareoreMm 3.3. With the above notations, if the integral curve of Z starting at
(bo, to) e A C B X R is an extremal of the Lagrange variational problem,
then (bo, t) s a critical point of the function (b, t) — L(X'(b), t) on A pro-
viding that A is a submanifold of B X R. Conversely, if (bo, t) 7s a critical
point and if 3.18 is satisfied in a neighborhood of (bo, ), then the integral
curve of Z starting there is an extremal.

In the general case, i.e., if 3.18 is not necessarily satisfied, let r be the dimen-
sion of the space of m-tuples (a,) such that as d(¢.(X*(b))), considered as
a covector at (2°, &), is zero. To identify r with a natural invariant of the
Lagrange problem, proceed as follows: Let o : [a, ] — B be any (formal)
extremal of the Lagrange problem, i.e., ox : [a, ] — M is a characteristic
curve of the 2-form d(0(L) + N (£)0(¢.)), for some curve Ao(t) in R™. Con-
sider now the set of such curves \,(¢). The difference of two such, say a
curve a,(t) in R™, satisfies a linear, homogeneous system of ordinary differ-
ential equations, namely:

3.19. ox {Z—t a.(t) dt A 0(da) + aa(t) da(m)} = 0.

The set of all solutions a,(t) of 3.19 forms a vector space, which, under the
classical “regularity conditions’ for the constraints ¢, , is finite-dimensional.
Its dimension is the class of the extremal . (This definition of the class is
slightly different from that given by Carathéodory [5], but seems to be geo-
metrically more natural, since it does not depend on the choice of a Hamil-
tonian function for the variational problem.)

Now suppose that Z = X' 4 9/dt is a vector field on B X R whose integral
curve o starting at (z°, &) e B X R is an extremal and such that Z’ leaves
invariant the Lagrangian and the constraints. It should be clear that the
number r defined above is precisely the class of the extremal o.

4. A Lagrange problem in Riemannian geometry

We suppose now that L defines a Riemannian metric on B; in local coordi-
nates, L = (g:; & &;)"*. Suppose further that the constraints are linear,
i.e., there is a field b — H, C B; of tangent subspaces (of constant dimen-
sion) on B. P(B, S) consists of those curves ¢ : [a, b] — B with ¢’(¢) e Ho( ,
a =t < b, ie., P(B, S) consists of the integral curves of the Pfaffian system
determined by H. In local coordinates, there are 1-forms w, = A dx;,
1=£ab - --=<m=dmB—-—dmH;1 =244 - -=nm-+1=Z
u, v, - -+ < n; summation conventions) such that w.(¢’(¢)) = 0,a =t = b.

IIA



648 ROBERT HERMANN

Introduce the Lagrange multipliers A\, and the Lagrangian L' = L 4 No Aa; & .
For b e B, let V, = Hj , the orthogonal complement of H, with respect to
the positive definite quadratic form defined in B, by L*. (Think of vectors
in Hy (resp. V) as horizontal (resp. vertical).) Since w, = 0 on Hy, the w,
restricted to V5, form a basis for the dual space of V. In accordance with
the remark that the A, transform dually to the w, , we see that (A\.) are to be
interpreted as the coordinates with respect to the w, of a vector on V3, ie.,
the \; are to be interpreted as functions on the bundle of vertical vectors.

Suppose for the moment that (w.) is part of a globally defined ortho-
normal moving frame (w;) of 1-forms, i.e., L*(v) = w;(v)w:(v) for v € T(B).
Let y; be the functions on T'(B) such that y;(v) = wi(v) for v e T(B).

(We simply relabel w; by y. , since we shall want to consider dy; , a 1-form
on T'(B), and want to avoid confusion with dw;, a 2-form on B. Further,
we want to consider the 1-forms p*(w;), where p : T(B) — B is the projection
map. Introducing the y; allows us to simplify notation and denote these
forms also by w;.)

Then, (dy;, w:) forms a basis for the 1-forms of T'(B). L', considered
as a function on 7T'(B) X R™, takes the form (¥:y:)"* + Na%a. A short
computation, left to the reader, shows that

4.1. O(L') = yswi/ (Wi y)" + Nawa.
(Since in this problem there is no explicit time dependence, we consider this
as a form on T(B) X R™. The problem is then to find its characteristic
curves lying in the constraint manifold.)

S, the constraint manifold, is defined by y. = 0; hence

4.2, O(L') restricted to S X R™ = 9y Wu/ (Yo ¥o)""> + Mo Wa .

Introduce the components of the Levi-Civita connection with respect to
the frame we are working with, i.e., the forms w;; with dw; = w;; A w; and
w;; + wi; = 0. Let w;; denote the same forms pulled up to 7'(B).

Suppose that ¢ : [0, a] — B is an extremal curve for the Lagrange problem,
ie., ¢ : [0, a] —» T(B), the tangent vector curve of o, is a characteristic
curve of d0(L’). We can suppose that o is parameterized by arc-length,
i.e., ¢’ lies in the submanifold of S defined by y.y. = 1. So restricted,
do(L’) takes the form

dyu A w, + Yu Wus A w; + dha N Wa 4 Mo Wai A w; .

Set yu(t) = wu(d’'(t)) = yu(d'(t)). The condition that (o'(t), Na(f))
be a characteristic curve is then, after a short computation,
d (o (8w + &
i3 Yu(O)wy + Yu(t)wyi(o’(2) )ws + 7 Na(1)wa
+ N wa‘i(a’(t) )w'i - )\u(t)wav Yy = 0.

To put these conditions in an invariant form, recall the notion of the co-
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variant derivative Vv of a vector field v along a curve

d
wi Vo)) = = wi0(8)) ~ wii(o’(£))w;(v(2)).
Let X : r—A\(t) e Bo(s) be the vertical vector field along o such that w,(A()) =
No(t) and w,(A(2)) = 0. The first four terms of 4.3 then take the form
wi( Va'(t) + VN (E))w:.

The fifth term in 4.3 depends bilinearly on A(¢) and ¢/'(¢); we write it as
—w;(Q(A(¢), o'(t)))w;, where (h, v) — Q(v, h) e By is a tensor field on
B defined for h e Hy, v e V,. As definition,

44, wi(Q(h, v))w; = Wa(V)Wao wu(h).
With this definition, the condition for an extremal takes the form
4.5. Vd'(t) + VA(ER) = Qo' (1), N (t)) foro6 =t =< a.

Since the condition expressed by 4.5 is independent of choice of moving
frame, and the left-hand side of 4.5 is independent of this choice, the right-
hand side, i.e., 4.4, must be also. @ is then a bona fide tensor field on all of B,
even when B does not admit a global moving frame. This can also be verified
directly, as follows: If (w;) is another orthonormal moving frame, with
w; = M;;w;, and with (wi;) as connection forms, a short, well-known
computation shows that

4.6. wi; = dMa My + Mawa M.

If w, = 0 also defines H, then M,, = 0 = M,,. Hence, from 4.6
47. Wau = May Who Moy ,

i.e., the waq, transform tensorially. Summing up, we have proved

TureoreM 4.1. With the above notations, the horizontal curves o that occur
as solutions of 4.5, parameterized by arc-length, are precisely the extremals of
the Lagrange variational problem defined on integral curves of the Pfaffian
system H by the condition that arc-length be stationary. If the metric on M 1s
complete, then, given b e B, h e Hy, No e Vi, there are a unique integral curve
o of H:[0, ©) — B, parameterized by arc-length, and a vertical vector field
At), 0 £t < =, along o such that both satisfy 4.5, with ¢’ (0) = h, A(0) = N,.
(If H s not complete, ¢ and N both exist and are unique, but over a domain
possibly smaller than [0, « ), depending on h, b, and Ny .)

Proof. Since we have seen that the extremals, i.e., solutions of 4.5, are
integral curves of a vector field on the direct product on R™ and the sphere
bundle of unit horizontal tangent vectors of B, all should be clear except
perhaps the assertion that ¢ can be extended over [0, « ) in case B is complete.
To prove this, of course we try to apply the standard analytic continuation
arguments. Suppose then that ¢ and \ are defined over [0, a), with a < .
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Looking at 4.3, we see that the differential equations for A(r) are linear,
nonhomogeneous with continuous coefficients that have a limit as t — a. It
is then a standard fact in the theory of ordinary differential equations that
lim,., M(t) exists, since lim,,, o(t) exists by completeness, Q.E.D.

Suppose that H < V(B) continues to define a Pfaffian system b — H; on
the Riemannian manifold B. 'We may ask: When does H have the property
that an ordinary geodesic of B whose tangent vector at one point satisfies the
constraints, i.e., lies in H, must always lie in H?

Let us look at this in greater generality, in terms of the notation of Section
3. Since there is no essential loss in generality, we shall only deal with
homogeneous Lagrangians and constraints. Suppose then that L is a La-
grangian on B, i.e., a function on T(B), and that ¢, 1 < @, b, -+ = m,
are constraint functions on 7(B). Let S be the subset ¢, = 0 of T'(B). Let
6(L) be the 1-form on T(B) defined by Lemma 3.1. Suppose Z ¢ V(T (B))
is a characteristic vector field of d6(L);i.e., Z | d6(L) = 0. Then

4.8. If Z(¢s) lies in the ideal of functions on T'(B) generated by the ¢a , the
integral curves of Z starting at S lie in S. In particular, if this is true for each
Z satisfying Z _| d0(L) = 0, then the extremals o : [a, b] — B of L in B have
the following property: If o' (&) € S for some iy ela, b], then o'(t) ¢ S for
a=t=hb

For each Lagrange variational problem, the question arises of interpreting
the conditions involved in the hypothesis of 4.8. We proceed to deal with
this question in the case mentioned above, and then go on to present a generali-
zation in Section 5 to the case where H defines a Pfaffian system with singu-
larities on B. Then, L = ds defines a Riemannian metric on B. Suppose
(w:) is an orthonormal basis for 1-forms on B, with H defined by w, = 0.

a=45 - =nml1=2ab---=mym+1=2u0 - 2n)

As before, no notational distinction is made between a form on B and its
image in T'(B), and (y;) are the functionson 7' (B) such that y;(v) = w(v).
Then,

O(L) = yiwi/(ysyn)™".

S is defined by y. = 0. Further, we can obviously restrict everything to
S(B), the unit sphere handle to B. Then (L) = y;w:, y;:dy; = 0, there
is a unique Z ¢ V(S(B)) satisfying
4.9. (a) wi(Z) =yi, (b)) Z(y;) + yiwi(X)w; =0

(w;; are the connection forms; i.e., dw; = wij A wj, wi; + wji = 0), and Z
then satisfies Z _| d9(L) = 0, and is unique subject to 4.9(a). (Geometri-
cally then, the integral curves of Z when projected down to B are in arc-
length parameterization.) Suppose that

Wij = Pijk W .
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Then, we have proved

ProrosiTiON 4.2. Z(y.) lies in the ideal generated by the y. if and only
%f Tous + Tavu = 0. If this condition is satisfied, a geodesic of B whose tan-
gent vector lies in H at one point is an integral curve of H.

It is seen by using 4.7 that in any case the Toyo + Iavu transform ten-
sorially under change of frame. In the case the vector field b — V, = Hj
is completely integrable, i.e., defines a foliation, this tensor field is zero if
the metric is bundle-like in the sense of Reinhart [17] with respect to the folia-
tion V. (This gives another proof of Reinhart’s theorem that a geodesic
perpendicular to one leaf of a bundle-like foliation is perpendicular to all.)
Conversely, it is possible to show, by using Theorem 3.2 of [12], that the
vanishing of this tensor field implies that the metric is bundle-like. (Notice
that this proves that if the geodesics have this property, the metric is bundle-
like.)

5. Application to the study of the geometry of the tangent
bundle of a Riemannian manifold

Let B be a Riemannian manifold, and let M = T(B) be its tangent bundle.
Choose the range of indices and summation convention:

1=<44,k --- <n=dmB.

The fibre bundle T(B) — B has a connection, i.e., a field v — H, of tangent
subspaces complementary to the fibres of the projection T(B) — B. H is
defined by the standard Levi-Civita affine connection on B. We shall recall
the definition below. Let X be an infinitesimal isometry vector field on B, a
Killing field, and let X’ be its first-order prolongation to a vector field of
T(B). X' preserves H; hence for a v ¢ T(B) such that X'(v) e H, we have:
The integral curve of X’ starting at v is an integral curve of H, i.e., is hori-
zontal. If v ¢ By, for b ¢ B, and if ¢ : [0, a] — B is the integral curve of X
starting at b, this means that the vector field ¢t — (Exp ¢X)(v) on ¢ is self-
parallel. Such v e T(B) have an evident geometric importance.

Further, T(B) has a natural Riemannian metric (to be described below);
hence we can apply the machinery described above to find the orbits of X’
that are either geodesics of T(B) or extremals of the Lagrange variational
problem defined by the metric and by the horizontal field H. Our aim in
this section is to carry out the details of these calculations and try to find
the natural geometric interpretations of the results.

Since our work will be basically local, we can suppose that B has a global
basis (w;) of 1-forms that defines an orthonormal moving frame for the
Riemannian metric, i.e.,

ds’ = w;-w; (- = symmetric product).
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Let (w;;) be the 1-form components of the Levi-Civita connection, i.e.,
dw; = w;; A w;, wi; + wis = 0.
As before, we introduce functions y; on T(B) such that
y:(v) = w;(v) forveT(B).

This artifice enables us to make no notational distinction between a differen-
tial form on B and the same form pulled up to T'(B) via the projection map.
Define

0; = dy: — wi;y;.
It is easy to see that the field H is defined by setting 6, = 0. Suppose X is
a Killing field on B, i.e.,

X(w,,) = Qi; Wj, with Q;j + QAj; = 0.
A standard calculation gives

X(wij) = doij + i Wej — Wik O .
By definition,
X'(wi) = X(w:) and X'(y:) = aiy;.

It is easy to calculate that
X’(0,~) = Qij 0,’ .

The metric on T'(B) is
ds’z = w;-w; + 0;-0;.

It is clear from these facts that X’ is a Killing vector field for this metric
and that the metric is bundle-like in the sense of Reinhart [17] with respect
to the foliation of T'(B) defined by the fibres of the projection map T'(B) — B.
It is also readily verified that the metric on T'(B) does not depend on the
moving frame (w;) used to define it, and hence is defined even if B cannot
be covered by a global moving frame. Note that

5.1. 0:(X") = (aij — wi;(X))y; -
To calculate the right-hand side of 5.1, use
aijw; = X 1 (wi; A w;) + dX:, where X; = w,(X),
= wi;(X)w; — wi; X; + dX;
= wi;(X)w; + X w;,

with X;,; the components with respect to the moving frame of the classical
covariant derivative of the tensor field X.

In general, if T is a tensor field on B with components T',...,, , the com-
ponents of the covariant derivative are denoted by T%....;;, ie., for
veBy, V.(T) is a tensor at b of the same algebraic type as T, with com-
ponents T,...;,;;w;i(v). (Since we are using orthonormal moving frames,
it is unnecessary to distinguish between contravariant and covariant com-
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ponents.) For example,
Tyijw; =dT; —wi; Ty,
Tiyigiiwi = QT4 5, — Weyi Tisy + Wiy Tiy,5,  ete.
Note the following classical relation:

52. Tijx= Tiri + % Bajw T, where (Risn) are the components of the
Riemann curvature tensor.

Recall that, for v, v, , v: € By,
5.3. (wi(R(vr, v2)(v)) = wi(v)Rijen wi(vr)wa(vz) and
dwi; = wae A We; + Rignwe A W,  Rijn + Ranje + R = 0.
Note now that we can rewrite 5.1 as
54. 0.(X") = X595 .
From this, we see immediately that
5.5. Theintegral curve of X' atv e T (B) is horizontal if and only if V,X = 0.

To put this result in more geometric language, suppose v ¢ B, and suppose
t — Exp (tX) : B — B denotes the one-parameter group of isometries of B
generated by X. Let o be the curve in B, and let ¢ — o(t) = Exp (tX)(v)
be the vector field on ¢ resulting from translating » by the one-parameter
group Exp (tX). 5.5, then, says that v(¢) is a self-parallel vector field along
g if and only if V, X = 0.

The necessary and sufficient condition that X be a Killing vector field is

5.6. X,';j -+ Xj;i = 0,
Applying 5.3, and 5.6 several times, we have:
5.7. Xiiw = Xa(RBanje — Rini; + Bjnns)

= Xn(—Rujix — Rini; + Rjnri)
= Xu(Rui; + Rujri — Rinii + Rjnks) by using 5.3
= 2X5 Ruxij .

Let (X', X’) be the square of the length of X’ in the ds”-metric. Using
5.4, 5.6, and 5.7, we calculate

58. d(X', X") = 2wn(Xin Xi + Xisin i Xk vs)
= 2un(—Xn;s Xi + 2X0 Xk y5 Y Runsj)
+ 2X5y5 Xk dys -
5.9. d(0:(X")) = Xundys + Xignyiwn
= Xux dyr + 2Xny; wr Rarij .
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PropositioNn 5.1. With the above notations, the integral curve of X' at
v € By 13 a geodesic of T(B) if and only if the integral curve of X at b s a geodesic
of Band V,X = 0, i.e., X' (v) is horizontal.

Proof. Suppose that the right-hand side of 5.8 is zero at ». In particular,
X i(D)y;(v)Xir(b) = 0. The skew-symmetry of X, ; forces X, j(b)y;(v) to
be zero. Applying this again in the right-hand side of 5.8 forces X,:(b) X ;(d)
to be zero. This means that the integral curve of X at b is a geodesic of
B [14]. The converse is immediate.

Then, there are essentially no new geodesic integral curves of X’. How-
ever, the situation is considerably more interesting if we ask for the integral
curves of X’ that are extremals of the Lagrange problem defined by the
Lagrangian ds’* and the constraints §; = 0. According to previous results,
to find these extremals, form the new function (X, X")"* 4+ \; 6.(X"), with
constants \;, and find all critical points such that 5.4 is zero. The orbits
of these points will be extremals. By using 5.4, 5.8, and 5.9, these conditions
on v e B, become

5.10. (a) N Xik(b) =0,
(b) e Xn(b) Rinis(D)ys(v) = Xua(b) Xi(b)/(X(b), X(b))"".
We now put these conditions in invariant form. Define a vector \ € B, by
wi(N) = N | X (D) |.
Then 5.10(a) means V5 X = 0. 5.10(b) means
RN\ 0)(X(B)) = Vxey X.

These two formulas prove formulas 1.3.

Finally, we turn to the following question: If ¢ : [0, a] — B is a curve
parameterized by arc-length and v : [0, a] — T'(B) is a self-parallel vector
field, on ¢, (i.e., v, considered as a curve in 7(B), is an integral curve of the
Pfaffian system #; = 0), what are the conditions that v be an extremal of the
Lagrange problem defined by ds’ and constraints 6; = 0? In principle, 4.5
is the condition, but we want to cast it solely in terms of the geometry of B.
To do this, it is more convenient to return to the definition of the extremals
as characteristic curves of the form defined by 4.2. This form, however, is
to be considered as a form on the submanifold of T(T(B)) X R™ consisting
of the (u, \) e T(T(B)) X R™ satisfying: 6:;(y) = 0. The details of the
computation are similar to those by which we reached 4.5. Note that

dw; = w; N wj, do; = wi; N 0; — 3Ry we A wi.

If y; are the functions on T (T (B)) such that y;(u) = w,(u), foru ¢ T(T(B)),
then 4.2 takes the form:

Yi ww/(yz y¢)1/2 4+ N 6;.
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Taking the exterior derivative of this form, and expressing the fact that
(a) t — v(t), considered as a curve in T'(B) is a characteristic curve, and
(b) (d'(t), ’(t)) = 1, we have (details left to reader)

511. (a) VA1) = do'(¢),

(b) (R(a'(t), u(t))(N()), v(t)) = 0 for all u(t) € Bowsy , with X\ a vector
field on o such that w;(\) = \;.

Restated, ¢t — v(t) is an extremal of the Lagrange problem if and only if
there is a vector field A along o satisfying 5.11 (a) such that v(t) satisfies
5.11 (b). Alternatively, one can regard 5.11 as a system of ordinary differen-
tial equations determining both A and v.

Suppose conversely we ask for all A satisfying 5.11 for a given v. If \ and
\1 are solutions, with « = N — \;, we have

5.12. (a) Va = 0,

(b) 0 = (R(o'(2), u(t))(a(?)), v(t)) for all u(t) € Boy -
The solutions of 5.12 (a) and (b) form a finite-dimensional vector space.
Its dimension is called the class of the extremal v, as defined in Section 3.

Suppose for example that B is a symmetric Riemannian space, i.e., the
covariant derivative of the curvature tensor R( , )( ) is zero, and that
o is a geodesic of B. It then follows that the class of » is the dimension of
B minus the dimension of subspace R(¢'(0), Bo)(¥(0)) of Byg . (In
the nonsymmetric cases, the covariant derivatives of R come in and enor-
mously complicate the calculations.)

To put this into more familiar algebraic terms, suppose that B = G/K,
where G is a connected semisimple Lie group, K is a compact symmetric
subgroup [15]. Let G (resp. K) be the Lie algebra of G (resp. K), and let
G = K + M be the reduction of K in G, ie., [K, M] c M, [M, M] C K.
Suppose that we identify M with B,q in the usual way [15], and that
X (resp. Y) ¢ M corresponds to ¢’(0) (resp. v (0)) under this identification.
Using the Cartan-Nomizu formula for the curvature tensor for a sym-

metric space [15], we see that R(¢’(0), Bs)(v(0)) can be identified with
Ad Y Ad X(M), i.e., we have

ProrositioN 5.2. With the above notations, the class of the self-parallel
vector field v is equal to the dimension of the kernel of the endomorphism AdY Ad X
acting on M. In particular the class vs never less than the rank of the sym-
melric space G/K (i.e., the dimension of a maximal abelian (Cartan) sub-
algebra of M).

We note further that

5.13. The class of o s equal to the rank of the symmetric space if X and Y
are regular elements of the same Cartan subalgebra of M.

5.14. The rank of the symmetric space ts equal to the codimension of the
orbit of greatest dimension of the holonomy group of B acting on B, .



656 ROBERT HERMANN

Now, we turn to further work on the problem begun in Section 4. If H
is a real subspace of V(B) (possibly with singularities; i.e., dim H, may
vary for z ¢ B), when must a geodesic perpendicular to H at one point be
perpendicular at all?

If Y is a vector field on B, let gy be the function on S(B), the unit sphere
bundle to B, such that

gr(v) = (Y(x),v) forveB,, zeB.
If (w;) is an orthonormal basis of 1-forms on B, then
gy = wi(Y)y;, with y:;(v) = w(v) forveS(B).

Let 6 be the 1-form y; w; on S(B), and let Z be the vector field satisfying 4.9
whose integral curves projected down to B are the geodesics in arc-length
parameterization. Suppose Y, = wi(X), dY; = Y.;0; + wi; Y;, ete.
Then,

Y(w)) = (Yi; + w0if(Y))wj,
Y'(y:) = (Yi; + 0is(Y))yi,
dgy = (Y0 + wij Yi)yi + Yidy,
Y 1d0= (Yi;+ 0is(Y))yso; — Yidyi + yiwii(Y)o; — yi ¥ 0y
=Yiiy;wi— Yidyi — y: Y.

5.15. (a) dgy + Y 1do = (Y;;+ Y;)y:w;j, and hence
(b) Z(gv) = (Ya; + Yi)ysys .
Note that then

5.16. If Y is a Killing vector field, i.e., Yi;; + Y i = 0, then Z(gy) = 0;
1.e., a geodesic perpendicular to a Killing vector field at one point is perpendicular
at all points [2a).

In the general case we have

ProrosiTioN 5.3. Suppose that H is a linear space of vector fields on the
Riemannian manifold B. If each geodesic of B that is perpendicular to H at

one point is everywhere perpendicular, then H satisfies the following condition
at each x ¢ B, for Y ¢ H.

5.17. The quadratic form v — (V,, Y, v) on H; s identically zero.

Conversely, this condition is sufficient that H have this property, provided
that the ideal generated by the functions {gy : Y ¢ H} on S(B) is prime.
6. Isoparametric problems

Band M = T(B) X R and a Lagrangian L on M are asbefore. Inaddition,
we are given Lagrangians L,, 1 £ a < m. The extremal curves of the iso-
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parametric problem determined by {L; L,} are those curves ¢ : [a, b] — B
for which

L(s) = f L(a' (1), ¢) dt

has an extremal value, subject to the constraints that the L.,(s) have a fixed
value. The Lagrange multiplier rule suggests introducing new constants
(N2) (not, however, to be allowed to depend on ¢ as in the Lagrange problem)
and introducing a new Lagrangian, L' = A\, L., with the associated 1-form
6(L’) on M equal to (L) + No 6(L.). The formal extremals are those curves
¢ in B that satisfy the constraints and such that ¢ is a characteristic curve
of do(L’) for some choice of the A\,. For a given extremal o, the set of all
m-tuples (A\,) such that ¢4 is a characteristic curve of d8(L’) forms a sub-
space of R™. Its dimension is called the class of the extremal o.

Let Z = X' 4 9/dt be a vector field on B X R, with X’ a one-parameter
family of vector fields on B, such that Z’(L) = Z'(L,) = 0,1 = a £ m.
The integral curve of Z at (b, t) ¢ B X R is then, by 3.7, a formal extremal
for the isoparametric problem if and only if it is a critical point for the func-
tion (b, t) — L(X'(b)) + Na La(X'(b)) for some choice of (\.). The class
of this extremal orbit is then

m — (dimension of 1-covectors at (bo, %) spanned by the d(L.(X"))).

We shall restrict our discussion of the isoparametric problem to the classical
isoparametric problem in the plane and a class of problems immediately
generalizing it to other Riemannian manifolds. Suppose then first that B = R?,
the plane with coordinates (z, y), m = 1,

L=oy—ys, L=+
X =yd/dx — x9/dy,

the infinitesimal generator of the one-parameter group of rotations about
the origin. Since there is no time dependence, we are led to finding the critical
points of

L(X) + Ma(X) = —2" — ¢ + A" + )%, e, N = 2"+ o).

Hence, for every b € B, a N\ which makes b a critical point can be found, and
the integral curve of X starting at b, the circle about the origin, is an extremal.
Obviously the only such extremal whose class is nonzero is the limiting case
of the point circle.

To generalize, suppose that B is a Riemannian manifold with L; the La-
grangian determined by the Riemannian metric, and with L the Lagrangian
on B determined by a vector field ¥ on B: L(v) = (Y (b), v) for v e By,
beB. If X is a Killing vector field such that [X, Y] = 0, the critical points
of (Y, X) + MX, X)"? for some value of \, are the origins of the integral
curves of X that are extremals. A point b € B is such a critical point if and
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only if, for all v ¢ By,
0= (v” Y) X) + (Y7 VNX) + )‘(VVXy X)/(Xa X)1/2
= (Vo Y, X) = (Van X,0) — W(X, X)) (Ve X, )

by using conditions 5.6 that X be a Killing field. An integral curve ¢ of X
that is an extremal is then of nonzero class if and only if Vx X = 0 along o,
i.e., if and only if ¢ is also a geodesic of B.

Suppose that Y is also a Killing vector field. Then, the condition becomes

6.1. VY + Ve X 4+ VX, X)) Vx X =0 atb.
But VxY = Vy X since [X, Y] = 0, i.e., 6.1 becomes
6.2. 2y X 4+ VX, X)) UxX =0 ath.

In particular,

6.3. If Y = X, the integral curve of X at B s always an extremal, since \
can be chosen as —2(X, X)"*.

7. Remarks on the Lagrange multiplier rule and its relation to
the Volterra calculus for path spaces

Our aim in this section is to show how the Lagrange multiplier rule for the
Lagrange variational problem can be thought of as an application of Vol-
terra’s ideas on the differential geometry of function spaces [18]. First we
recall how the Lagrange multiplier rule works for functions on finite-dimen-
sional manifolds.

Let N be a manifold, and let f, fo , 1 < a < m, be C* functions on N. Let
S be a submanifold of N such that f, = O on S. For any choice of constants
. , the eritical points of f + A f. that lie on S are critical points of f restricted
to 8. Conversely, if S, = {v e N, : dfo(v) = 0} and if x ¢ S is a critical point
of f restricted to S, then there are constants A\, such that f + N, f, has a critical
point at . Note further, since fo = 0 on S, that to look for critical points
of f + Ao fo with A, constant is the same as 16oking for them with A, variable,
regarded as coordinates of an R™, since fod\, = Oon S X R™.

If x ¢ N is a critical point of f subject to the constraints f, = constant,
define the class of z as the dimension of the linear space of m-tuples ()\,) such
that A.df. = 0 at z, i.e., the codimension of the space of covectors at z
spanned by the df.. Then the class zero case may be thought of as the
regular or nondegenerate situation.

Now, the formal aspects of the calculus of variations are best understood
by regarding the space of C* curves on a manifold as an “infinite-dimen-
sional manifold” [1]. The Lagrange multiplier device can then be regarded
as a generalization of the Lagrange multiplier idea for finite-dimensional
manifolds recalled above. However, there are often an infinite number of
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constraint functions f, to consider, and summation over a must be replaced,
at least formally, by an integration.

We present a brief outline of Volterra’s ideas as applied to the calculus of
variations, adopting of course an intrinsic, coordinate-free point of view. Let
B be a manifold, with points b, b; fixed in B. Let P be the space of C*
curves on B going from by to b; . For convenience, we shall regard an element
o ePasaC”map: [0,1] — B, with ¢(0) = by, o(1) = b;.

For ¢ ¢ P, P, , the “tangent space” to P at o, will consist of the set of C*
vector fields v : t — v(t) € Bsty , 0 = t = 1, on ¢ which vanish at t = 0 and
t = 1. Since vector fields on ¢ can be added pointwise, P, has a linear struc-
ture. A deformations,,0 =< s = 1,0f0 (i.e.,00=0),05(0) = by, 0:(1) = by,
will be thought of as a “curve” in P starting at ¢. The “tangent vector”
to the “curve” o; at s = 0 will be a vector field » on ¢ such that »(¢) is the
tangent vector to the curve s — o,(t) at s = 0. In general, if 4(s, t), 0 =
s, t < 1, is a homotopy in B, D, 4(s, {) (resp. D,d(s, t)) will be the tangent
vector to the curve u — 6(u, t) (resp. u — 8(s, ) at 4 = s (resp. u = t).
If 6(s, 1) = as(t), then v, the ‘“tangent vector” to the curve in P at s = 0,
will be the vector field t — v(¢) = D, 8(0,t). If fis a real-valued function
on P, the “differential” of f at ¢ ¢ P will be (if it exists, of course), a linear
function df : P, — R, such that

d
7.1. %f(os) L= df(v).

s==

For example, suppose that L is a (time-independent, homogeneous for sim-
plicity) Lagrangian on B, i.e., L is a real-valued function on 7'(B). Define
a function L on P by

L(s) =fo L(o'(2)) dt.

The classical “first variation” formula can be interpreted as giving just such
a ‘‘differential” for the function L on P. Another example: Suppose in
addition that S is a submanifold of T'(B), defined by setting functions ¢, ,
1 =< a = m,on T(B) equal to zero. We want to consider

P(S) ={ceP:d(t)eS for 0=t=1}.

Looked at from the point of view of infinite-dimensional differential geometry,
P(8) is a “submanifold” of P, obtained by setting an infinite set of functions
F"*, indexed by [0, 1] X {1, - -+, m}, equal to zero. For ¢ €0, 1], F**(¢) =
¢a(a(t)). It is then plausible to extend the Lagrange multiplier rule by
introducing an infinite set of Lagrange multipliers A", forming

L' =L+ D \"F",

considered as a function on P. However, “summation” over ¢ is, by the
“Volterra Principle”, to be replaced by integration over ¢. Rewriting A"
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as Aa(t) leads us to form the new Lagrangian L’ = L -+ \.(t)¢, as before,
and to find the critical points of L that happen to lie on P(S), which is of
course the starting point of our work in Section 3.

Generalizing the definition of class for a finite-dimensional problem given
above, we may define the class of an extremal o ¢ P(S) as follows: The
set of m-tuple functions of ¢, (A.(f)) such that ¢ is an extremal in the usual
sense of L + \a(t)p. forms a linear space; its dimension is the class of o.
(The point is that the A.(¢) satisfying the condition usually satisfy a system
of linear homogeneous ordinary differential equations, and hence form a
vector space of finite dimension.)

We now list the results of the calculation of the differentials of various
functions on P.

7.2.  Suppose that f is a function on T(B), t € [0, 1], and F" is the function on
P such that F'(¢) = f(a(t)) for each o € P. Then,

dF'(v) = df(v'(t)) forallveP,.

(Since v can be considered as a curve in T(B), v’ is, as usual, the tangent-
vector curve to it, a curve in T(T'(B)).)

7.3. Suppose that B is a Riemannian manifold, with metric ds’, and
(a) L = |ds|. Then,

1 ,
aL0) = g [ (900,000
provided that o is parameterized according to arc-length, which we can suppose
with no essential loss in generality. N refers to covariant differentiation of a
vector field along o [12, p. 450].
(b) L = ds’. Then,
1
dL() = 2 [ (Va'(5), o(0)) d.
o
(e) L(v) = (X(b),v) for each v ¢ By , where X is a vector field on B. Then,
1
AL = [ (Vo X,0'(8) = (Vo X, 0(0)) di
which, providing that X is a Killing vector field, is equal to
1
=2 [ (Voo X, 0(0))
Lemma 7.1. Suppose wa, 1 = a £ m, are 1-forms on a manifold B, con-
sidered as Lagrangians. For tel0, 1], 1 < a < m, construct the functions

F"* on P. Suppose ¢ ¢ P. Suppose that \.(t), 0 < t < 1, are functions
such that formally

1
f No(2) dF"°,
0
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a linear form on P, , is identically zero. Then, No(t) satisfy the differential
equations:

74, (‘ét Mt)) e -+ M) () L dws =0 ato (), for0<t=<l

Then, if 7.4 has no solutions that are not identically zero, the functions
F'*,0 <t < 1, on P may be thought of as “functionally independent”, and
the subset of P defined by F.,, = F,,:(s) may, at least locally about o, be
thought of as a ‘“submanifold” of P.

Proof. 1t is easy to see that the problem is purely local. We can suppose
then that B has a coordinate system of functions z; (1 < 4, j, -+ £ n).
Suppose that w, = A, dr;. Suppose 6(s, t), 0 = s, ¢ < 1, is a homotopy
of curves of B with §(0,t) = o(¢), D, 8(0,t) = v(¢),8(s,0) = by, 8(s,1) = by,
for0 =< s=<1. Putwzi(st) = z:(8(s,t)). Then,

d A, 9z 9 8°w;
dz;(v(1)) = a—a-x.(s, t) o= am; 35 + A s

_ OAai 02,02 9Aas 9202 | 0 (4 03
dx; ds at  ox; At as A\ “ ds

8=0

8=0

Hence,

1
_ t,a
0 = [o (1) dF

dt.

=0

! ! 9 ox;
= [ 0 dwto, @) e [ 0 % (4%
) ) at s
The second term on the right-hand side, after integration by parts and taking
into account the boundary conditions »(0) = 0 = »(1) is

Y/d ,
_ fo <Jt w)) wa(' (1)) dt,
whence 7.4.

Let us now express 7.4 in a more intrinsic form. Suppose that w, = 0
defines a nonsingular Pfaffian system on B, i.e., if Hy, = {v € By : wa(v) = 0},
then dim H, is constant on B. We can suppose then that the w, are every-
where linearly independent. Let H = {X ¢ V(B) : wa(X) = 0}. Suppose
that o is an integral curve of H and that X is an element of H such that
X(o(t)) = o'(t). Suppose w is a differential form on B such that w(H) = 0
and w = N\ (f)w, on o. It is readily seen that 7.4 is equivalent to the con-
dition:

7.5. X(w) =0 ono.
Since w(X) = 0, we have
76. X(w) = X _| dw, ie., 0 = dw(X(a(t), Y(a(t))

= —w([X, Y])(s(t)) for0<t=<1, all Y ¢H.
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For X, Y ¢ V(B), define Ad’ X(Y) inductively so that
AL X(Y) =Y, AdX(Y) = [X,Ad X(V)].
Using 7.5 and 7.6, applying Ad’ X to 7.6, we have
7.7. w(Ad’ X(Y)) = 0on o for all integersj = 0, all Y ¢ H.

This suggests the following definitions: Let H < V(B) define a Pfaffian
system (possibly with singularities) on a manifold B, i.e., H is a C(B)-sub-
module of V(B). ForbeB,let H, = {X(b) : X eH}. Let X e H. Define
a submodule D ;(H, X), the j** partially derived system of H by X, inductively
as follows: Do(H, X) = H; D;(H, X) is the submodule of V(B) spanned
by D;_«(H, X) and [X, D, ;(H, X)]. Finally, let

DH,X) = U; D;(H, X).
We can also write D(H, X) = D,(H, X).
7.8. If X(b) = O for some b € B, then D;(H, X,) = H,, for all j.

Proof. Suppose Y ¢ D;;(H, X) and that X is of the form of X’ f ¢ C(B)»
X' eH, with f(b) = 0. (Since X(b) = 0, X can be written as the sum of
fields of this form.) Then,

(X, Y] = —Y(NX'+/X', Y], ie, [X,Y](b)=—Y(f)(b)X'(b)eHs.

Hence, we have proved 7.8 inductively. This result allows us to define
D;H,v) € By,0 £j £ «, forveH,, as follows: Choose an X ¢ H such
that X (b) = vand define D;(H,v) = D;(H, X) .

Returning now to X and w as defined above, e.g. in 7.5, we see that 7.7
implies

79. w(D(H,d(t))) =0for 0 =t = 1. In particular,if D(H, ¢'(t)) =
By for 0 = t < 1, then 7.4 admits no nonzero solutions.

We now want to show that if dim D(H, ¢’(¢)) is constant for 0 = t = 1

and less than dim B, then 7.4 admits nonzero solutions. This is the special
case of the following result:

ProposiTion 7.2. Let H C V(B) define a Pfaffian system (possibly with
singularities) on a manifold B. Let S be a submanifold of B such that dim H,
1s constant for b e S. Let X be a vector field on B such that (1) X s tangent to
S, and (2) [X, H]y € H;, for b e S. Let wo be a 1-covector to B at by € S such
that wo(Hy,) = 0. Suppose that X (by) = 0. Then, there is a neighborhood
U of by and a 1-form w on U such that (a) w = wo at by, (b) w(H) = 0 for
beUnS, and (¢) X(w) = 0on Un 8.

Proof. We can first assume that U is chosen so small that there are every-
where independent 1-forms w, (1 < a, b, --- < m) in U such that

we(v) = 0 if andonlyif veH, forveBy,,beSnU.
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Then, there are functions (Ags) on S n U such that
X(w,) = Asws on Sn U.

We look for w of the form A, w, for some functions (A4,) on S. The 4, must
then satisfy

7.10. (a) Aau(bo)ws = w, at bo, (b) X(4o) = A 4s.

Let o : [0, 1] — S n U be an integral curve of X. Then, 7.10 (b) implies
that

%Ab(a(t)) = Aa(a(t))An(a(2)),

i.e., the A, along ¢ are the solutions of a system of linear homogeneous differ-
ential equations. Then, to find locally solutions of 7.10 (b), we have only
to choose any hypersurface S’ of S transversal to the integral curves of X
and solve these linear differential equations along the integral curves of X
starting at points of §’, Q.E.D.

We can now give the following heuristic answer to the problem with which
we began. Let H be a nonsingular Pfaffian system on B. Let P be the
space of C* curves on B joining two fixed points bo and b, . Let P(H) be the
subset of P consisting of the integral curves of H. Then, the formal con-
dition that P(H) be a ‘“submanifold” in a neighborhood of o ¢ P(H) and
that the Lagrange multiplier rule work is that

7.11. D(H, ¢'(t)) = B,y , for0 =t =<1.

Example.
we = dta — (A s + Vauyu) dt = 0,

1=2a,b,---Emym+1=u,0,--+- =,

Ap = Aw(t), Veu = Vau(t) functions of ¢, determines a Pfaffian system in
the space B of variables (Xa, yu,t). The subspace H C V(B) annihilating
the w, is spanned by

Xy = 8/0Yu, Y =9/0t + (Aw s + Vauyu) 9/0%a .
Introduce a matrix-vector notation:
A= (Aw), an (m X m)-matrix function of ¢.
Vo= (Vi.), an (m X 1)-vector function of t.
3/0x = (9/dz.), a (1 X m)-vector operator function of ¢.
In terms of matrix multiplication,

d 9
Y—(Tt'l"é;(Ax’l'Vuya)
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(u is, in this notation, considered to be merely a counting index and not a
vector index). Introduce a ‘“‘covariant differentiation” operation ¥ on
matrix functions of ¢:

d
vV = 7 V — AV,
if V= (V,) is a 1-vector function of {. Computing, we have
_ 0y 9 o
¥, X = = Vo = = (V'Va),
[Xa ) [Y; Xa]] = 0; [[Y, Xu]) [Yy X'v]] = 07
=9 (o
ete., ie.,
AC(V)(X) = =2 (V77 and (A" (V)(X.), Ad*(V)(X.)] = 0

if N and M are > 0. Combining the calculations with W. L. Chow’s ac-
cessibility theorem [11], we have

ProrosiTion 7.3. Suppose that the dimension of the space of (m X 1)-
vectors spanned by the V,(t), VV.(t), V'Vu(t), - is independent of t;
call it p. Then, every point of (x, u, t)-space can be reached by starting from a
given point along piecewise differentiable integral curves of H if and only if
p = m.

Now suppose Z = 2, X, + 20 Y e H. We want to calculate dim D(H, Z).
In carrying out these calculations, we might as well suppose that z, and z,
are constants. Then,

Z,X.] = alY, X.] = —zo-c% (V°V.),

- =29 (7).
[Z) Y] - zu[Xu) Y] - zu ax (V Vu),

hence,

(i) Ifz = 0,D(H, Z) = D(H).
(i) Ifz = 0,dim D(H, Z) — dim H = 1, unless 2z, V, = 0, in which
case D(H, Z) = H.

If D(H) = V(B), then case (i) implies 7.11 is satisfied. Notice also that
the integral curves of fields Z satisfying (i) (with 2, not necessarily con-
stant) are precisely those which can be reparameterized by ¢ so as to be a
solution of the system:

dz,

7.12. == Agp 25(t) + Vau yu(t), for some choice of y,(%).
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Returning to the general case where H is a Pfaffian system on a manifold B,
we now investigate another infinitesimal property of P(H). First, we must
make precise what is meant by the tangent space P(H), at a “point’’ ¢ ¢ P(H).

1=a,b,:-=m; m4+1=uv -+ =n

Suppose (w;), 1 < 4,7, --- = n, is a basis of 1-forms such that w, = 0 deter-
mines H. Suppose that

dwi = Ciriw; N wy.

Let o : [0, 1] — B be an integral curve of H with ¢(0) = , , and o™ (w,) = 0.
Change the definition of P(H) slightly: It is now the set of integral curves
of H starting at x,, with the end-point (1) free to wander. To define
P(H),, proceed as follows: Let o,, 0 < s < 1, be a curve in P(H), with
8(s, t) = o.(t). The corresponding infinitesimal deformation v(z) =
D,5(0, t) then satisfies a certain set of linear differential equations, the
“linear variational equations” of the Pfaffian system w, = 0 about o; P(H),
is then the set of vector fields satisfying these equations. (It is not a priori
obvious that every solution arises in this way from a curve in P(H). This
question in turn is related to the “submanifold” structure of P(H) but will
not be pursued here.) Now, let ¢ : P(H) — B be the mapping ¢ — ¢(1).
The “differential”’ at o, ¢« : P(H), — B, is then the mapping which as-
signs to each v ¢ P(H), the vector v(1) at o(1). ¢ is said to be of maximal
rank about o if ¢4 is onto.

To derive the linear variational equations, suppose then that (s, t) is a
homotopy, with 6(0, t) = ¢(¢). We have

gammw)—iumuw)=mm@n»%aw%wwy
S at

Hence
7.13, 2 0a(0(1)) = Cialo(t) us(o(D) (o (D), or
7.14. @mmﬂw»—%wm»=a

P(H), is then the set of vector fields v along ¢ satisfying 7.14, and the bound-
ary condition »(0) = 0.

THEOREM 7.4. ¢ is of maximal rank about o if 7.11 s satisfied.

Proof. Given v' € B, , we must prove there is a vector field v(¢) satisfying
713 with »(1) = ¢'. Now 7.13 is a differential equation of type 7.12,
with w.(v(t)) identified with x.(t), w.(v(t)) identified with y.(t), Aa(?)
identified with coua(o(t))wu(e’(2)), and with v4,(t) identified with
Cuva(d())w,(a’(t)). Then, the proof follows from Proposition 7.3 if we
can identify the codimension of the space of (m X 1)-vectors spanned by
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Vu, VVu, -+ with the codimension of D(H, ¢’(¢)) in B, sy . This follows
from the following argument.

Let (E;) be a basis of vector fields dual to the w;, i.e., w;,(E;) = 8;;. Then,
(E,) span H. Let E = f, E, be a field such that ¢ is an integral curve of
E, ie.,

Ju(a(8)) = wu(d'(¥)).

[E7 Ev] = fu Cuva Ea (mOd H),

ie., [E, E,] on ¢ can, mod H, be identified with V,,(c(?))E.(c(t)). Notice
further that [E, [E, E,]] on ¢ can, mod H, be identified with ( VV,). E.(c (%)),
ete., Q.E.D.

Then,

8. The connection with Carathéodory’s definition of the class
of an extremal

Let K(x: , y:) be a function of 2n real variables (z;, y:), (1 £ 4,7, --- S n;
summation convention). Let M be the space of these 2n varlables and
let o be the curve determined by functions x;(%), y:(¢), 0 < t < 1, that are
solutions of the Hamilton equations:

d K d oK
8.1. gl‘txz(t) = a—?/z (113, y), ﬁyz(t) = ‘a;; (1), y>°

The linear variational equations based on ¢ are
d I'K
Xi(t) = ErTs (o(t))X &) + 5=~ (a(t))Y (1),

8.2.

d
T Yi(t) = —

B eoxi) - 5

axi oz; 6% (a())Y(2).

Consider the solutions of 8.2 for which the X;(¢) are identically zero, i.e.,
the solutions of
2

83. Lvin = - 2L v,

'K
az; 9y, -(o(8))Y(t) = 0.

a
Y 9Y;
The solutions of 8.3, considered as vector-valued functions of ¢, form a vector
space. Its dimension is the class of the extremal ¢ in the sense of Carathéo-
dory [5], C-class for short.

The C-class of o has the following geometric meaning: Under certain
additional assumptions [5], if the class is zero, all points of z-space sufficiently
close to x;(1) can be joined to z;(0) by a curve which is the projection on
z-space of a solution of 8.1.

Let wa = aq:dx; be everywhere independent 1-forms such that w, = 0
defines a nonsingular Pfaffian system H, 1 < @, b, --- =< m, on B, the space
of the variables (z;). Suppose that

aai(x>Kn+i(x) ?/) = 0’
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i.e., the solutions of the Hamilton equations 8.1 when projected down to
x-space are integral curves of H. Further, suppose that rank (Kntini;) =
n — m, ie., if N Knpinsi(2, ¥°) = 0 at a point (z°, 3°), then the vector
X = (\;) is a linear combination of the vectors (a.:(z°)).

(K; = 8K/dz:,  Kuyi = 0K/0yi,  Kuyij = 0°K/dy; oz;,
Kn+z‘,n+j = 62K/ay% 9y, etc')

Let o(t) = (z(t), y(1)) be a solution of 8.1, and let o5(¢) = (x(¢)) be
the projection onto z-space. Let Y;(¢) be a solution of 8.3. Let w be a
1-form such that w(H) = 0 and w(os(t)) = Y.(¢) dz;, and let X be a vector
field such that X (o5(t)) = 05(t). Ifw = Y,dz;and X = X,;9/dz;,

X(w) = X(Y,) dx; + Y. d(X,).

We can suppose that there are functions y;(x) such that

Xi(x) = Kntiz, y(®)),  y(@(®) = y().
(We use the fact that rank K, ;ny; = n — m.) Then,

dX; = Kuyii(z, y(2)) dv; + Kntinsi dyi(2).
Hence, by using 8.3,

84. X(w)(os(t)) = (AYi(t)/dt)dx; + YiKnyii(o(®))dz;, ie.,

X(w) = 0 at every point of os(t).

We are now back to the situation dealt with in Section 7. Applying the
results and notation developed there, we have

TuroreM 8.1. The C-class of the extremal o is no greater than
minyg <1 (dim B — dim D(H, o5(t)).

In particular, of D(H, o5(t)) = Bo for 0 < t < 1, the C-class 1s zero. Then,
if in addition the Legendre condition that the quadratic form (Kaiimii) be
positive semidefinite is satisfied, and if op is sufficiently small, every point of
x-space suffictently near to o5(1) can be reached as the end-point of an extremal,
i.e., as the projection of a solution of 8.1, starting at o5(0).

This result has the following intuitive meaning: If D(H) = V(B) by
Chow’s accessibility theorem [11], every point of B can be reached as the
end-point of an integral curve of H starting at a fixed point xo = 5(0),
ie., if P(H) — B is the space of integral curves of H starting at xo, then
¢(P(H)) = B. As we have seen,

D(H, O';k(t)) = Ba(t) , 0t 1’

is the condition that ¢« : P(H),, , the differential of ¢ at o5, be onto B,y .
Since P(H) is some sort of infinite-dimensional manifold, the implicit func-



668 ROBERT HERMANN

tion theorem cannot be used a priori to prove that ¢ maps a neighborhood
of o5 in P(H) onto a neighborhood of ¢3(1). However, if o5 is an extremal,
Theorem 8.1 gives conditions that this be so, and even that points near
o5(1) can be reached on extremals that are near to oz. This stability
phenomenon might be important in applied problems.

9. Appendix. A proof of the local minimizing property of the
formal extremals

Despite the fact that it forms one of the most elegant parts of the classical
theory, Carathéodory’s proof of the local minimizing property of the ex-
tremals of a Lagrange variational problem [4] does not seem to be well known.
Of all the classical methods, it is best suited to the needs of applied mathe-
matics, where ‘nonclassical” problems involving inequality constraints
arise [16]. We present a treatment, based on Carathéodory’s ideas, for the
case where the Lagrangian and constraint functions are homogeneous and
time-independent. (The general case can be reduced to this one.)

Let B be a manifold of dimension n (1 < %, 7, -+ = n). Let T(B) be
the tangent bundle to B. Let L (resp. ¢a, 1 £ @, b, --- = m) be real-
valued functions on 7'(B) such that

9.1. L(rv) = rL(v) (resp. ¢u(rv) = 7rea(v)) for each r > 0, v e T(B).

For a curve o : [a, b] — B, define

b
L(s) = f L(o'(0)) dt.

Because of 9.1, it is independent of the parameterization of . For x e B,
let L° (resp. ¢;) be the function on B, resulting from restricting L (resp. ¢.)
to B,. Introduce local coordinates (x;) for B, and the corresponding local
coordinate (x;, #;) for T(B). Let L(x;, #;) and ¢.(2:, &;) be the expres-
sions for the corresponding functions in local coordinates. Let

_e g, L

az;’ Yo%, 9%’
By Euler’s relations for homogeneous functions (i.e., by suitably differentiat-
ing 9.1), we have

9.2. (a) Lz T; = 0,
(b) Lz, ré) = Li(x, ) forr > 0,
(c) Lij :f?j = 0.

(Similar relations hold for the ¢., since they too are homogeneous.) If
we construct the 1-form 6(L) = L;dx; — (L; #&; — L)dt on T(B) X R,
notice, by 9.2 (a) that 6(L) = L;dz;, i.e., 8(L) is a form on 7(B) alone.
We shall so consider it from now on and shall forget about explicit time
dependence. Similarly, 8(¢s) = ¢,,; dz; are 1-forms on T(B).

. oL .
L'i(x7 x) = b_d;, (xy .’l?), Pasi ete.
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Let S © T(B) be the constraint manifold defined by the ¢, , i.e.,
S = {veT(B) : ga(v) = 0}.

For z ¢ B, let 8° = SnB,. We shall suppose that the following classical
conditions are verified.

9.3. The matrix ¢.; has constant rank m. In particular, S (resp. S°, for
x € B) 1s an imbedded submanifold of T(B) (resp. B.).

We shall suppose, as explained in Section 3, that M’, the normal bundle
of S,is S X R™, with (\,) the coordinates of R™, i.e., M’ is the subset of
R" X R™ X R™ defined by ¢, = 0. Consider the form (L, S) on M':

0(L, 8) = 0(L) + N 0(¢s) restricted to S X R™.
A real-valued function W on B is a solution of the Hamilton-Jacobi equation
if

9.4. There is a cross-section f : B — M’ = S X R™ and a function F( )
of one variable such that

F*6(L, 8)) = d(F(W)).

To see how such conditions on W arise in a natural geometric way, consider
a cross-section g : B — S and a real-valued function W on B such that

9.5. (a) dW(g(x)) = 1 forall x ¢ B.
(b) For each x ¢ B, g(x) is a critical point of L* restricted to
S°n{veB,:dW(v) = 1}.

(¢) For all x eB, dW and ¢., considered as functions on B, are func-
tionally independent in a neighborhood of S°.

Then, according to the Lagrange multiplier rule for ordinary functions,
for each z e B there is a system of numbers (A(z), A(2)) such that g(x)
is a critical point of the function L® 4+ N (x)(dW(z) — 1) + Ae(z)¢s on
B (dW (z) denotes dW restricted to B,). Further, the N(z) and M.(x) are,
by 9.5 (¢), uniquely determined and hence are differentiable functions of z,
by the implicit function theorem.

In local coordinates, put g;(z) = @:(g(x)) = dx:(g(x)) and W, = 0W /dzx; .
Then, the conditions stated take the form:

9.6. Li(z, g(x)) + NMa)Wi(z) + Ne(@)pai(z, g(z)) =0 for each x ¢ B.
Let f: B— 8 X R™ = M’ be the cross-section such that

f(x) = (g(x), Na(®)) forz ¢ B.
Then, we see that 9.6 is equivalent to the condition:
9.7. focL, 8)) = —x(z) dw.
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Further, multiplying each term of 9.6 by g:(x) and summing, we have
0 = Lz, g(z))g:(z) + M2)Wi(2)gi(x) + Ma(@)eai(, 9(2))g:(x)
= L(z, g(z)) + Nx), by 9.2 and 9.5(a).

Hence, we have

9.8. ¢*(L) is a constant on the level surfaces of W if and only if W is a
solution of the Hamilton-J acobi equation.

THEOREM 9.1. Suppose f: B— M' = S X R" and g : B — S are cross-
sections such that f(x) = (g(x), Na(z)) for all x e B. If W is a corresponding
solution of the Hamilton-Jacobi equation such that 9.5 (a) s satisfied, then

9.5 (b) s satisfied. Suppose that the further conditions, strengthening 9.5 (b),
are satisfied:

9.9. For each x ¢ B, L(g(x)) < L(v) for all v e S such that dW(v) = 1
and v # g(x).

9.10. The surfaces W = constant are connected.
9.11. L(v) > 04fv = 0,veS.
Let o : [a, b] — B be a curve such that ¢'(t) = g(c(l)) for a = ¢t < b, s.e.,

o 18 an iniegral curve for the vector field determined by g. If oy : [ay, bl — B
1s a curve with W(ai(a)) = W(e(a)), W(eor(b)) = W(a(b)) and with
o1(¢) e S for ay < t £ b, then L(oy) > L(o) unless oy s also an integral curve
of g (with a posstble change of parameterization), in which case L(a1) = L(o).

We may remark that it is, in the classical theory, customary to assure
9.9 by assuming a ‘“Legendre condition” on the second partial derivatives
Lij and Paij -

Proof. The first part is easily proved by reversing the reasoning which led
t0 9.7. To prove the second part, note first that we are free to change the
parameterization of ¢ so that W(a(t)) = t,a £ t < b.

Case 1. dW (o1 (t))/dt > Ofora; =t < b;. We can then, by an allowed
change of parameterization, suppose also that W(e:(¢)) = ¢. By 9.7, 9.8,
9.9, and 9.10, for z ¢ B

L(g(z)) = min {L(v) :veS’, yeB,dW(v) =1, W(y) = W(z)}.

Then, L(o1(t)) = L(d'(t)) for W(a) £ t £ W(b), and equality holds if
and only if o1 (1) = g (01 (¢t)). Then, L(o1) = L(c), and equality holds,
by continuity of ¢’ and o1 if and only if ¢, is an integral curve of ¢.
Turning to the general case, notice that [a; , bi] can be broken into sub-
intervals in which dW (e1(t))/dt is (a) positive or (b) nonpositive. Since
W (o1(t)) must go from W(sc(a)) to W(a(b)) as ¢ goes from a; to b;, and
L(o;) over an interval satisfying (a) is = L(s) over that interval, and
L(e) > 0 over any intervals satisfying (b), the reasoning by which one



THE LAGRANGE VARIATIONAL PROBLEM 671

obtains L(s;) = L(s) is an obvious consequence of the fact that
L(o3) = L(a1) + L(o:) if a curve o3 is obtained by putting end-to-end
curves o; and o3 .

CoroLLARY 9.2. L(o1) > L(o) for all other curves o1 satisfying the con-
straints joining o(a) to o(b), if conditions 9.9, 9.10, and 9.11 are satisfied.

This does not exhaust the classical results. The next problem: Given a
sufficiently small formal extremal o of the Lagrange problem, i.e., the pro-
jection into B of a characteristic curve of d8(L, S), can we find cross-sections
f:U—->M,g:U— 8 with f(x) = (g(zx), Na(2)), defined in a sufficiently
small neighborhood U of ¢ such that o is an integral curve of g and there
is a function W in U with f*(8(L, S)) = dW?

This problem can be handled by standard Hamilton-Jacobi theory, as
Carathéodory does [4], by showing the equivalence, via a ‘“Legendre trans-
formation”, with a Cauchy problem for a first-order partial differential
equation. However, it is also possible to deal with this “Cauchy problem”
directly by using Cartan’s theory of exterior differential systems. We shall
sketch such a treatment here:

First, eliminate consideration of W by noticing that we are looking for a
cross-section f : U — M’ such that f*(d§(L, 8)) = 0. Consider f(U) as
a submanifold N of dimension »n of M’. Notice that it is an integral manifold
of the 2-form d8 (= do(L, S)), i.e., df restricted to it is zero. The charac-
teristic vector fields X (on M’) of the differential ideal generated by dé are
then the X ¢ V(M') such that X _] d6 = 0, i.e., the vector fields defining
what we called the characteristic foliation F of d# in Section 2. The follow-
ing property of the X e F/ is well known:

If N, © M’ is an integral submanifold of d@ to which X is nowhere tangent,
there is an integral submanifold of dé of one higher dimension containing N, ,
obtained by finding the integral curves of X whose origin lies on N; .

Then, we may hope to find integral manifolds of df of dimension n by
finding integral manifolds of lower dimension which are not tangent to the
characteristic foliation of dé.

Derintrion. If A is a submanifold of B and 7 : A — M’ is a cross-section
map, then = is transversal to A (with respect to the Lagrange variational
problem) if 7(6) = 0. Then, 7(4) is a submanifold of M’ of the same
dimension as 4 which is a fortiori an integral submanifold of d8.

Under suitable regularity conditions, it is easy to see that (a) r(4) is
not tangent to F, and (b) the existence of such 7’s, given 4 with dim 4 <
dim B, can be proved by invoking the implicit function theorem only. Rather
than work out these points in the general case, it is more instructive to look
at the special case considered in Section 4.

Suppose then that L defines a Riemannian metric on B and that the con-
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straints are linear. As before, let (w;) be an orthonormal moving frame of
1-forms on B, pulled up and considered as 1-forms on T'(B), and let (y:) be
the functions on 7'(B) such that w;(v) = y:(v) for v e T(B). Then, L =
(y:y:)'"*. Further, let the (w;) be chosen so that y, = 0 defines the con-
straint submanifold Sof T'(B). (1 £ a,b,--- S m;ym~+1=u,v, -+ S n.)
The 1-form 8(L, 8) (= 6) on S X R™ is then

0 = yuwa/ (Wi )" + Nawa.

Let A be a submanifold of B, and let 7 : A — 8 X R™ be a cross-section
defined by giving y. and A, as functions of x ¢ 4, say y.(2) and A\,(z). The
condition for transversality is then

9.12. Yu(@)wa/ (Yi()y:(x))"* + Na(@)wa = 0
for z ¢ A, (w;) restricted to A.

For z € B, consider H, (resp. V), the set of horizontal (resp. vertical) vec-
tors that satisfy w, = 0 (resp. w, = 0). Let h (resp. \) : A — T(B) be
the horizontal (resp. vertical) tangent vector field on A such that

wu(h(z)) = yu(z) (resp. wa(NM(z)) = Na(2)).
Then, 9.12 is equivalent to
9.13. (h(z),v)/| h(z) | + (A (z),v) =0 forallzed,ved,.

This suggests making the following definition:

DerFiNiTION. Let H : @ — H, be a field of tangent space subspaces of
constant dimension on a Riemannian manifold B. Forz ¢ B,let P : B, — H,
(resp. P* : B, — H;) be the corresponding projections. A tangent vector
v e B, is said to be transversal to a v; € B, if

9.14. (P(0),n)/| P(v) | 4+ (P*(v), v1) = O.

(Notice that this is not necessarily a transitive relation, i.e., v; is not neces-
sarily transversal to v, unless dim H = 0, when the condition reduces to the
standard notion of perpendicular vectors. This is, of course, typical of
variational problems more general than those provided by Riemannian
metrics. )
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