First integrals for problems of calculus of variations
on locally convex spaces

Eugénio A.M. Rocha and Delfim F.M. Torres

Abstract. The fundamental problem of calculus of variations is consid-
ered when solutions are differentiable curves on locally convex spaces.
Such problems admit an extension of the Euler-Lagrange equations (Orlov,
2002) for continuously normally differentiable Lagrangians. Here, we for-
mulate a Legendre condition and an extension of the classical theorem of
Emmy Noether, thus obtaining first integrals for problems of the calculus
of variations on locally convex spaces.
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1 Introduction

The fundamental problem of the calculus of variations (CV) is studied in the setting
of infinite dimensional differential geometry [10], i.e. where solutions are differen-
tiable curves on locally convex spaces. The usual problem of CV concerns to find,
among all functions with prescribed boundary conditions, those which minimize a
given functional, i.e.

/ flz,u(x), Vu(z)) dv — min
Q

st. weX and ulsg = uo,

where 0 C R” is a bounded open set, u : @ C R” — R™, Vu € R™, f: Q x R™ x
R™ — R is a continuous function, ug is a given function, and X is a Banach space.
It is well known that problems of CV have very wide applications in several fields of
mathematics, and in many areas of physics, economics, and biology. In recent years,
part of the renewal of interest in variational methods finds its origins in nonlinear
elasticity [4].

The present work deals with an extension of the setting of the previous problem
by replacing R™ by a locally convex space E. Although, for technical reasons, we will
only deal with the case n = 1. The problem of the CV on a locally convex space F is
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then
b
(1.1) J[z] = / L(t,z(t),z(t)) dt — min,

where L : [a,b] x Ex E — R, = : [a,b] — E. But it is not completely defined
without introducing the precise notions of differentiability and mapping regularity.
It is well known that such functionals (1.1) are not, in general, Fréchet differentiable
(see e.g. [3, 18]). Comparing with the classical CV, the main difficulties arise from
the substitution of R™ by a locally convex space E; moving from a finite-dimension
vector space with an inner product to an infinite-dimension vector space with only
a family of semi-norms. The motivation for such problem is the first author interest
[17] on studying calculus of variations and control theory on the infinite dimensional
differential geometry setting (differential calculus of smooth mappings between sub-
sets of sequentially complete locally convex spaces) developed by Frolicher, Kriegl and
Michor [10]; so called convenient spaces.

A central result of CV is the first order necessary optimality condition, asserting
that optimal solutions satisfy the FEuler-Lagrange equation. Solutions of the Euler-
Lagrange equations are called extremals. Extremals include optimal solutions but, in
general, may also include non-optimal solutions. A function C(t,x,v) which is pre-
served along all the extremals (i.e. C(t,x(¢),&(t)) is constant Vt € [a,b] and for any
extremal z) is called a first integral. The equation C(t,z(t),&(t)) = constant is the
corresponding conservation law. Conservation laws are a useful tool to simplify the
problem of finding minimizers [2, 11]. Emmy Noether was the first to establish a gen-
eral theory of conservation laws in the calculus of variations [12]. Noether’s theorem
comprises a universal principle, connecting the existence of a group of transformations
under which the functional to be minimized is invariant (the existence of variational
symmetries) with the existence of conservation laws. Noetherian conservation laws
play an important role on a vast number of disciplines, ranging from classical me-
chanics, where they find important interpretations such as conservation of energy,
conservation of momentum, or conservation of angular momentum, to engineering,
economics, control theory and their applications [7].

A very general approach to first order optimality conditions has been initiated
in the sixties of the XX century by H. Halkin [8] and R.V. Gamkrelidze and G.L.
Kharatishvili [5, 6]. In this work we use the notion of compactly normally differential
functionals (introduced in [16]) and inductive scales of locally convex spaces: (1) to
formulate a Legendre condition; (2) to extend the classical Noether’s theorem to the
calculus of variations on locally convex spaces.

The use of inductive scales of locally convex spaces is not a merely generalization,
it is a need. First, as shown in [13], Banach manifolds are not suitable for many
questions of global analysis. Second, we require the evaluation map E* x F — R to
be jointly continuous in order to be able to use integration by parts on some working
space. However, if F is a locally convex space, and E* is its dual equipped with any
locally convex topology, then the jointly continuity of the evaluation map imply that,
in fact, E is a normable space. Since, then, there are neighborhoods U C E and
V' C E* of zero such that the image of V' x U by the evaluation map is contained on
[—1,1]. But then U is contained in the polar of V, so it is bounded in E. Therefore,
FE admits a bounded neighborhood.
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2 Inductive scales of locally convex spaces

In what follows, F, E are locally convex spaces (LCSs) with the corresponding deter-
mining systems of semi-norms {| - ||, }pese: {|l - |?}¢ess, that are inductively ordered
according to the increase of semi-norms. The set of linear continuous maps from F' to
E will be denoted by L(F, E). For a gentle introduction to locally convex topological
vector spaces we refer the reader to [3, 9].

Let A € L(F,E). For any q € Sg, the normal index of A is the increasing multi-
valued mapping n4 : Sg — 2°F defined by

na(q)=<pe€Sr: sup ||Ay|? <40,
llyllp<1

and Ngp gy = {na: A€ L(F,E)} is the set of all normal indices. We will consider
the following inductive scale of LCSs [21]

N .

(F,E) = {(Xn,Tn)}neNquE) with X, ={A € L(F,E):ns <n},
i.e. a system of LCSs inductively ordered according to the continuous embedding
m < n = X, C X,; where each space X,, has the projective topology 7, with
respect to the determining system of semi-norms

A7 = { sup [|[Ayl|?:p € nlq),q € SE} :

llyll,<1
This inductive scale of LCSs generalize classical interpolation scales [20]. Properties
of a scale are related with properties of the spaces of the scale and vice-versa [14].
Convergence in the scale (TE)) is the convergence in any space X, of the scale. For Z
a LCS, an operator A € £(Z, (TE))) if Ae L(Z,X,) for some X, and n € Ny p).

—_—
Definition 2.1. A mapping ¢ : F — (F, E) is
1. continuous at a point yo € F if y — yo = ¢(y) — ¢(yo) for some X,,.

2. uniformly continuous on a set D C F if, for some X,,, the map ¢ : D — X, is
uniformly continuous.

Let Fy, F» be LCSs. The canonical isomorphism [15] correspondence B(y1,y2) =
(Ay1)y2 between linear operators A : Fy — L(Fy, E) and bilinear operators B :
Fy x F5 — E justifies the following isometrically identification

(21) (Fl, (FQ,E)) = (Fl X FQ,E).

If F = R, the conjugate space has a normal decomposition into the following inductive
scale of Banach spaces

B — —

(FE=F = {7 € LER): ISP = sup |/(@)] < 400 and p e S}

x| p<
In this case, we have the following canonical isometrical isomorphism of linear and
bilinear operators in LCSs
—_—

-4 R
(Fl,FQ ) = (Fl X FQ) .
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3 Compactly normal differentiability

Let F, E be LCSs, y € F, and C a convex compact subset of F' having y as limiting
point.

Definition 3.1. Amapg: F — E is

1. normally differentiable at the point y if Ag(y, h) = ¢'(y)h+ ¢, (h) where ¢'(y) €
L(F,E) and

ey (MNT n—o

Vqe Sgdp e Sp : Hh” 0.
p

2. continuously normally differentiable at y if g is normally differentiable in a neigh-
borhood of y and the derived mapping ¢’ : F' — (F, E) is continuous at y. This
last condition means that §’ : [o,3] C F — X, is continuous for some X,
and that the compactness of [, ] implies ng (,y < n for n € Ny(p gy and all
y € [, .

3. twice continuously normally differentiable at y if g is continuously normally
differentiable in a neighborhood of y and ¢’ : ' — X, is normally differentiable
at a vicinity of y for some X,,. In this case, ¢”(y) will denote (¢’)'(y) and, by

_—

the identification (2.1), f: F — (F x F, E).

4. K-differentiable (compactly normally differentiable) at a point y if for each C the
restriction f = g|¢ is normally differentiable at the point y. The value (f|c)’(y)
does not depend on the choice of subset C, and it is denoted by g% ().

Lemma 3.1. A mapping g : F — E is continuously normally differentiable at a
convex compact set C C F if and only if

lg(z +h) = g(z) = g'(x)h]*
1l

—0ash—0,z€C,

for some normal index na € Np(ppy and any s € Sp and m € n4(s).

Remark 3.1. If F' is a Banach space then ¢,(h) = o(||h||) and ¢’ is the Fréchet
derivative of g. In such case, we denote the derivative by a dot, g.

We denote by C*'([a,b]; E) the space of continuous differentiable mappings z :
[a,b] — E with a determining system of semi-norms {||z||{},cp where

lzllf = sup [lz(®)ll, + sup [|&(t)]p-
a<t<b a<t<b

4 FEuler-Lagrange and Legendre conditions

Let F = [a,b] x E x E. The following theorem proves that optimal solutions of
the problem of the Calculus of Variations, for K-differential functionals, verify an
Euler-Lagrange equation.
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Theorem 4.1 ([16]). Let a function L(t,x,v) be continuously normally differ-
entiable on [a,b] x E x E. If the functional J[:] (1.1) has an extremum at a point
z € C([a,b]; E), then J[-] is K-differentiable at x and we have

b
(4.1) T [z]h :/ [gi(t,x(t),;t(t))h(t) + %(t,x(t),gb(t))h(t) dt = 0.

Observe that & is the Fréchet derivative of z, where [a, b] — ([ b], E) is identified
with [a,b] — E. For a given z, let u, : [a,b] — F be defined by /J,x( ) = (t,z(t), ().
For any (f,%,v) € F define LE&-;) R —Ras L, , (t) = L(t,7,0), L E—Ras
L?f,f) (z) = L(t,z,v), and Lq(’t—_j) :E—Ras L( ,z)( v) = L(t,z,v). Partial derivatives
are defined as usual
(12)

oL ,_ oL oL

O 1,2,5) = (L) ), 2 (d,2,5) = (L) (@), 22(02,0) = (L)) ()

hence, for a given extremal &, we have g—é ouz : la,b] — E* and 2L oux : [a,b] — E*.
Now, by virtue of the jointly continuous of the evaluation map on E* x FE, the space
C={A® B¢ E([a,b],ﬁ) x L([a,b], E) : A and B are differentiable mappings} is a
derivation algebra, i.e. it admits the Leibniz product rule and the usual integration
by parts.

The Euler-Lagrange equation is obtained as a corollary of Theorem 4.1 in the
usual way, considering the integration by parts of the second addend of (4.1)

/ab (gﬁ om;(t)) h(t) dt = (gﬁ oui(t)> h(t) —/a p [‘ZL o m(t)] h(t)dt

and using an extension of the fundamental lemma of the calculus of variations.

b

a

Corollary 4.2 ([16]). Let a function L(t,z,v) be twice continuously normally
differentiable on [a,b] x E x E. If functional J-] (1.1) has an extremum at a point
—

& € CY([a,b]; E), then & satisfies the Euler-Lagrange equation (in E*)

oL d oL
(4.3) 52 ° s (t) — 90 ° sz (t) = 0.

Following the classical terminology [2, 11], we call extremals to the solutions of
(4.3); first integrals to functions which are kept constant along all the extremals.

Other necessary conditions exist apart from the Euler-Lagrange equation. In what
follows we obtain, from the second variation, the so called Legendre condition. Let
us observe that the Euler-Lagrange equation is just a consequence of the Fermat
lemma (if a function f : E — R has a local extremum at a point x and is normally
differentiable at this point, then we have f'(x) = 0), and the Legendre condition is a
consequence of the necessary condition of second order (if a function f: E — R has
a local minimum at x and is twice normally differentiable at this point, then not only
f'(x) =0 but also f"(x) > 0). Such conditions are proved by the standard methods
on [1].

Consider the natural extensions of the partial derivatives defined on (4.2) to higher
orders.



212 Eugénio A.M. Rocha and Delfim F.M. Torres

Theorem 4.3. Let a function L(t,z,v) be twice continuously normally differ-
entiable on [a,b] x E x E. If functional J-] (1.1) has an extremum at a point
x € CY([a,b]; E), then = satisfies the Legendre condition

L
. > .
(4.4) o5, O Ha(t) 20 Wt E [a, 1]

Proof. As shortcut define X = C1([a, b]; E), which is a locally convex space. Recall
/ e " v o v+

that J : X - R, Jg[] : X — X* and Jg[]: X — X x X*. Theorem 4.1 ensures
that Jj[7] is a K-differentiable mapping at x, so it is (locally) normally differentiable
at . We will show that Jj/[z] is also a K-differentiable mapping at x.

Consider an arbitrary convex compact set C' C X where z is a limiting point. The
sets A={y € F:ye€x(ab]),r€Cland B={z¢€ E:ze€ ia,b]),s € C} are
convex compacts in E. By the definition of normal differentiability, we have

b
OL
[(t, x4+ ho, &+ ha)hy

Th & + halhy — T 2]y :/ -

a

OL . . oL . oL N
—l—%(t,x + ho, T + hg)hl] — L):c(t’x’x)hl + (%)(t’x’x)hl} dt

b 2 2
0°L . 0°L .
= /a |:<8'U8'U o Hz) hiho + <81}8$ o ,Uq> hahy
0L ; 0L ’ ;
+ (8:381} %) hahz + (aa °“w> ’“’”} s [ i o)
where 7, is the residual term of the increments at the point (t,z(t),&(t)). Since L

is twice continuously normally differentiable on C' = [a,b] X A X B, we can apply
lemma 3.1 to r;

¢ (ha(t), h2(t))|
[h2 ()|l + [[h2 () [l m

Let Ry (he) = f; 7(ha(t), ha(t)) dt. The uniform convergence and the above condition
Ry (h2)
MTha[l7*

Hence, the second variation for J[z] reads as follows, for all x, h € C([a,b]; E),

— 0 as (ha(t), ha(t)) — 0.

— 0 as hy — 0, which implies the K-differentiability of J}/[z] at x.

imply

St = | b[(;jaﬁ]omf)) o +2 (o mlt)) (o] a

+f b (ai;x o um<t>) h)? d,

with the corresponding Jacobi eigenvalue equation

& (RWh®) + POA(E) = Mh(t), h e C((a,b]:B),
where we have defined
0%L 0%L d 0’L

R0 = gy oralt) and P =555 0 1ell) = Gt ugy © 1)
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Now, if we observe that £h(t)? = 2h(t)h(t), then integration by parts of the second
variation yields

(4.5) Ji-[x]h = /b Rt)A(t)? + P(H)h(t)*dt  Va,h € C*([a,b]; E).

The necessary condition of second order implies that Jy [z] (h,h) > 0 for all h €
C'([a, b]; E). Therefore, (4.4) follows from (4.5). Namely, if R(ty) < 0 for a ty € [a, b],
then one can always choose an h € C'([a,b]; E) having very large h(ty) and small
h(to), so that Jy [z] (h,h) < 0 holds; however, this is not possible. O

5 Invariance and conservation laws

To obtain a Noether theorem on locally convex spaces, we will need further regularity
of the solution curves x on the LCS E. Similarly to C'([a,b]; E), we denote by
C?([a, b]; E) the space of twice continuous differentiable mappings z : [a,b] — E with
a determining system of semi-norms {||z|/5},cp where

Iz = sup [lz(t)ll, + sup [lE(E)]lp + sup [lE(2)]]p.
a<t<b a<t<b a<t<b
Therefore, the problem of calculus of variations is
b
(5.1) Jz] = / L(t,x(t),&(t)) dt — min,

where L : [a,b] X E x E — R is twice continuously normally differentiable and x €
C([a,b); B).

Let us introduce a local Lie group h® with generators T' e X. A transformation
h in the space R x E is a twice continuously normally differentiable mapping h :
R x E — R x E with h(t,z) = (f,z) defined by the equations

t=h(t,x), T=hy(tx),

for h; and h, given functions. The symmetry transformations, which define the
invariance of problem (5.1), are transformations which depend on a real parameter
s € R. Let s vary continuously in an open interval |s| < g, for small ¢, and h® be a
family of transformations defined by

(5.2) t=hi(t,x) =h(t,z,s), T=hi(tz)=nh:(tzs),

where h; and h, are analytical functions in [a,b] x E x (—¢,€). The one-parameter
family of transformations h® is a local Lie group if and only if it satisfies the local
closure property; contains the identity (without loss of generality, we assume that the
identity transformation is obtained for parameter s = 0); and inverse exist for each
s sufficiently small. Since normally differentiable mappings admit a Taylor formula
in the asymptotic form [16], if h* defined by (5.2) is a local Lie group, then one can
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expand hy = (t,x,s) and h, = (t,z, s) in Taylor series about s = 0:

Ohy 16%h,

77 —_— — —_— 2 DY
t=hy(t,z,0)+ 95 (t,:z:,O)s+2 542 (t,2,0)s” +
=t+T(t,x)s+o(s),

1 0%h,
2 0s?

Z=hgy(tz,0)+ 6;: (t,2,0)s +

=x+4+ X (t,x)s+o(s),

(t,x,0) 8% +---

where the quantities T'(¢,z) = % (t,x,0), and X(¢t,z) = 8;; (t,x,0) are called the

generators of h®. A local Lie group h® induces, in a natural way, a local Lie group h*
in the space R{t} x E{z} x E{¢}:

t =h(tx,s),
h,si T :hx(t7m7$) )
Ohgp Ohyp
T =R =
L o
dt 5t + o &

This group is called in the R"-setting the extended group. Noticing that
Ohy oT Ohy oT

—t_1 il b N el
R T R i R
Te _ 9% po(s), o159 o)
at Tt T Tar T T TV
then
f_s%—)f—i—(l—&—s%—f)ab—i—o(s)_g'c—|—sX’+0(s)
(5.4) o 1+s2 s o(s) L+ ST 4 0(s)

T+ (X' —2T") s+ o(s)
T+ Vs+o(s),

with V(t,z,&) = X'(t,z) — 2T'(t, ) the generator associated with the derivative.
The integral functional J[-] of the fundamental problem of the calculus of variations
(5.1),

b
ﬂﬂ:/Lmeﬂmﬁ,

is said to be invariant under a local Lie group h® if, and only if,

/tt L <t,x(t)7(Z(t)> dt + o(s) = /ttL (t,f({),‘fg f)) i

¢ oh: | . Ohd

_ ? LR e ot t+x ox dhf dt
t) %) dhg . Oh$ dt ’
t ot T T

where El = ht(t1,$(t1),s), 7?2 = ht(t27x(t2)78)7 h’f = ht(t,ﬂ?(t),s), h; = hl(tax(t)7s)7
and (5.5) is verified for all |s| < ¢, for all z € C?([a,b]; E), and for all [t1,t3] C [a,b].

)

—~

(5.5)
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Condition (5.5) is equivalent to

=0
s=0

(5.6) ;S/:L(t,f@,fg(t‘)) i

R ons

d ta s 15 Ot + a; dhg
ﬁ%/ L(hthzahah a "
t It +T ox

s=0
The requirement that (5.6) hold for every subinterval [t1, 2] of [a, b] permits to remove
the integral from consideration, and to put the focus on the Lagrangian L(,-, ).

Definition 5.1 (Invariance/symmetry). The fundamental problem of the cal-
culus of variations on locally convex spaces (5.1) is said to be invariant under the
local Lie group A? if, and only if,

oh’ . Oh?
d e 4 gpSle\ dps
5.7 — L hs hs, 0L~ 0z ¢
( ) ds{ ( ts gy %_’_S.ﬂah; dt

s=0

We then say that h® is a symmetry for the problem.

Theorem 5.1 (Necessary and sufficient condition of invariance). The fun-
damental problem of the calculus of variations (5.1) is invariant under a local Lie
group (5.2) with generators T and X if, and only if,

(5:8)  (Lia(o),ac)) OT(t 2(t) + (L, o)) (@) X (¢, 2(t))
+ (Lipww)) @0) (X' (8, 2(8) — 20T (t,2(t))) + L o po ()T (¢, 2(t)) = 0.

Proof. Carrying out the differentiation of equation (5.7) we obtain:

d (dt d (. _dz
. L—|(— —L |tz — =0.
(5.9) ds (dt>‘820+ ds ( ' dt) I
Recalling (4.2), and having in mind that by (5.3) and (5.4)
d (dt d (d
= (= == T =T
ds (dt) ‘5—0 ds (dt (t en 0(8))> s=0 7

—T+—X+ — (X' —aT"),

d - dz 0L oL oL
T _, Ot Ox Ov

we obtain from (5.9) the intended conclusion. O

Theorem 5.2 (Noether’s Theorem on Locally Convex Spaces). If

b

Jlz] = / L(t,x(t),z(t))dt
1s tnvariant under a local Lie group h® with generators T and X, then
(5:10) Lo palt) = #(O(Liyu) (#(0)] Tl 2(2))

+ (Ll 20y) (#(1) X (¢, 2(t)) = constant
Yt € [a,b], and along all the solutions x of the Euler-Lagrange equation (4.3).
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Remark 5.1. If we introduce the Hamiltonian function H(-,-,-) by

L
H (t,x,&) = —L (t,z, &) —l—g'cg— (t,z, &) ,
v

with 2 as in (4.2), then the conservation law (5.10) can be written in the form

[gﬁ ° uz(t)} X (t,x(t)) — [H o pg ()] T (t,2(t)) = constant .
Proof. Direct calculations show that:
d (0L dOoL d oL oL _, doL oL _,
(5-1) dt(aX) “XGoe " dov T Ndow o
dL oL . oL OL 0L, 0L, oL . oL
" 12) dtT—axl‘T—avl‘T—(at+ax$+avx)T—ame—avxT
. B @T
ot
d (0L, .d oL doL, oL d . . d oL
_— i (50T) 5 = T G O gy
' 9L ... .,

Substituting (5.12) in the necessary and sufficient condition of invariance (5.8) we
obtain that
dL oL oL ., oL oL oL

.14 =T — =37 — =T+ —X+—X'— = (T’ LT =0;
(5-14) dt oz v +8m +81} Ov (@T7) + ’

substituting (5.11) in (5.14) we get

dL oL . oL . oL d (OL
615) T =5 T~ T+ 5. X T <8X>
doL oL, ,
“XGa g W TLT =0

d—LT— a—L:ET— 8—LiT—&— 8—LX+ 4 <8LX>

dt ox v Ox dt \ Ov
d oL 0L . d (0L, ., d oL ,
which, by simplification, takes form
dL oL . d (0L d (0L . d 0L ) ,

d oL oL . . oL d oL
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By definition, along the solutions of the Euler-Lagrange equations (4.3) g—é — % g—ﬁ =0,
and one gets the desired conclusion:

d oL oL

— LT+ —X - —3iT ) =0.

dt ( * v do " )

a

The theory of the calculus of variations on locally convex spaces is under devel-
opment. Much remains to be done, in particular, in the vectorial setting. Even for
the scalar case, it would be interesting, for example, to have a version of the DuBois-
Reymond necessary condition on locally convex spaces. With such condition one can
try to prove Theorem 5.2 for more general classes of admissible functions, following
the scheme in [19].
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