Preface

How to solve partial differential systems by completing the square. This could well
have been the title of this monograph as it grew into a project to develop a sys-
tematic approach for associating suitable nonnegative energy functionals to a large
class of partial differential equations (PDEs) and evolutionary systems. The minima
of these functionals are to be the solutions we seek, not because they are critical
points (i.e., from the corresponding Euler-Lagrange equations) but from also be-
ing zeros of these functionals. The approach can be traced back to Bogomolnyi’s
trick of “completing squares” in the basic equations of quantum field theory (e.g.,
Yang-Mills, Seiberg-Witten, Ginzburg-Landau, etc.,), which allows for the deriva-
tion of the so-called self (or antiself) dual version of these equations. In reality,
the ““self-dual Lagrangians™ we consider here were inspired by a variational ap-
proach proposed — over 30 years ago — by Brézis and Ekeland for the heat equation
and other gradient flows of convex energies. It is based on Fenchel-Legendre du-
ality and can be used on any convex functional — not just quadratic ones — making
them applicable in a wide range of problems. In retrospect, we realized that the “en-
ergy identities” satisfied by Leray’s solutions for the Navier-Stokes equations are
also another manifestation of the concept of self-duality in the context of evolution
equations.

The book could have also been entitled How to solve nonlinear PDES via convex
analysis on phase space. Indeed, the self-dual vector fields we introduce and study
here are natural extensions of gradients of convex energies — and hence of self-
adjoint positive operators — which usually drive dissipative systems but also provide
representations for the superposition of such gradients with skew-symmetric opera-
tors, which normally generate conservative flows. Most remarkable is the fact that
self-dual vector fields turned out to coincide with maximal monotone operators,
themselves being far-reaching extensions of subdifferentials of convex potentials.
This means that we have a one-to-one correspondence between three fundamental
notions of modern nonlinear analysis: maximal monotone operators, semigroups of
contractions, and self-dual Lagrangians. As such, a large part of nonlinear analy-
sis can now be reduced to classical convex analysis on phase space, with self-dual
Lagrangians playing the role of potentials for monotone vector fields according to
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a suitable calculus that we develop herein. This then leads to variational formula-
tions and resolutions of a large class of differential systems that cannot otherwise be
Euler-Lagrange equations of action functionals.

A note of caution, however, is in order about our chosen terminology. Unlike
its use in quantum field theory, our concept of self-duality refers to an invariance
under the Legendre transform — up to an automorphism of phase space — of the
Lagrangians we consider. It also reflects the fact that many of the functionals we
consider here are self-dual in the sense of convex optimization, meaning that the
value of the infimum in the primal minimization problem is exactly the negative of
the value of the supremum in the corresponding dual problem and therefore must be
zero whenever there is no duality gap.

Another note, of a more speculative nature, is also in order, as our notion of
self-duality turned out to be also remarkably omnipresent outside the framework
of quantum field theory. Indeed, the class of self-dual partial differential systems —
as presented here — becomes quite encompassing, as it now also contains many of
the classical PDEs, albeit stationary or evolutionary, from gradient flows of convex
potentials (such as the heat and porous media equations), Hamiltonian systems, and
nonlinear transport equations to Cauchy-Riemann systems, Navier-Stokes evolu-
tions, Schrédinger equations, and many others. As such, many of these basic PDEs
can now be perceived as the “self-dual representatives” of families of equations that
are still missing from current physical models. They are the absolute minima of
newly devised self-dual energy functionals that may have other critical points that
correspond — via Euler-Lagrange theory — to a more complex and still uncharted
hierarchy of equations.

The prospect of exhibiting a unifying framework for the existence theory of such
a disparate set of equations was the main motivating factor for writing this book.
The approach is surprising because it suggests that basic convex analysis — prop-
erly formulated on phase space — can handle a large variety of PDEs that are nor-
mally perceived to be inherently nonlinear. It is also surprisingly simple because
it essentially builds on a single variational principle that applies to a deceivingly
restrictive-looking class of self-dual energy functionals. The challenges then shift
from the analytical issues connected with the classical calculus of variations to-
wards more algebraic/functional analytic methods for identifying and constructing
self-dual functionals as well as ways to combine them without destroying their self-
dual features.

With this in mind, the book is meant to offer material for an advanced graduate
course on convexity methods for PDEs. The generality we chose for our statements
definitely puts it under the “functional analysis” classification. The examples —
deliberately chosen to be among the simplest of those that illustrate the proposed
general principles — require, however, a fair knowledge of classical analysis and
PDEs, which is needed to make —among other things — judicious choices of function
spaces where the self-dual variational principles need to be applied. These choices
necessarily require an apriori knowledge of the expected regularity of the (weak)
solutions. We are therefore well aware that this project runs the risk of being per-
ceived as “too much PDEs for functional analysts, and too much functional analysis
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for PDErs.” This is a price that may need to be paid whenever one ventures into any
attempt at a unification or classification scheme within PDE theory.

At this stage, | would like to thank Ivar Ekeland for pointing me toward his 1976
conjecture with Haim Brézis, that triggered my initial interest and eventually led to
the development of this program. Most of the results in this book have been obtained
in close collaboration with my postdoctoral fellow Abbas Moameni and my former
MSc student Leo Tzou. | can certainly say that without their defining contributions —
both conceptual and technical — this material would never have reached its present
state of readiness.
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Ekeland, Craig Evans, Richard Froese, Stephen Gustafson, Helmut Hofer, Robert
McCann, Michael Struwe, Louis Nirenberg, Eric Séré, and Tai-peng Tsai for the
numerous and fruitful discussions about this project, especially during the foggi-
est periods of its development. | am also thankful to Ulisse Stefanelli, who made
me aware of the large number of related works on evolution equations. Much of
this research was done during my visits — in the last five years— to the Centre de
Recherches Mathématiques in Montréal, the CEREMADE at I’Université Paris-
Dauphine, I’'Université Aix-Marseille 111, I’Université de Nice-Sophie Antipolis,
and the Universita di Roma-Sapienza. My gratitude goes to Jacques Hurtubise,
Francois Lalonde, Maria Esteban, Jean Dolbeault, Eric Séré, Yann Brenier, Philippe
Maisonobe, Michel Rascle, Frédéric Robert, Francois Hamel, PierPaolo Esposito,
Filomena Pacella, Italo Capuzzo-Dolcetta, and Gabriella Tarantello, for their friend-
ship and hospitality during these visits. The technical support of my ever reliable
assistant Danny Fan has been tremendously helpful. I thank her for it.

Last but not least, “Un Grand Merci” to Louise, Mireille, Michelle, and Joseph
for all the times they tried — though often with limited success — to keep me off this
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Chapter 2
L egendre-Fenchel Duality on Phase Space

We start by recalling the basic concepts and relevant tools of convex analysis that
will be used throughout the book. In particular, we review the Fenchel-Legendre
duality and its relationship with subdifferentiability. The material of the first four
sections is quite standard and does not include proofs, which we leave and recom-
mend to the interested reader. They can actually be found in most books on convex
analysis, such as those of Brézis [26], Ekeland and Temam [47], Ekeland [46], and
Phelps [130].

Our approach to evolution equations and partial differential systems, however,
is based on convex calculus on “phase space” X x X*, where X is a reflexive Ba-
nach space and X* is its dual. We shall therefore consider Lagrangians on X x X*
that are convex and lower semicontinuous in both variables. All elements of convex
analysis will apply, but the calculus on state space becomes much richer for many
reasons, not the least of which is the possibility of introducing associated Hamilto-
nians, which are themselves Legendre conjugates but in only one variable.

Another reason for the rich structure will become more evident in the next chap-
ter where the abundance of natural automorphisms on phase space and their inter-
play with the Legendre transform becomes an essential ingredient of our self-dual
variational approach.

2.1 Basic notions of convex analysis

Definition 2.1. A function ¢ : X — RU{+e-} on a Banach space X is said to be:

1. lower semicontinuous (weakly lower semicontinuous) if, for every r € R, its epi-
graph Epi(¢) := {(x,r) € X x R;@(x) < r} is closed for the norm topology
(resp., weak topology) of X x R, which is equivalent to saying that whenever
(X¢) is @ net in X that converges strongly (resp., weakly) to x, then f(x) <
liminf, f(Xq).

2. convex if, for every r € R, its epigraph Epi(¢) is a convex subset of X x R,
which is equivalent to saying that f(Ax+ (1 —Ay) < Af(x)+ (1 —A)f(y) for
anyx,ye Xand0<A <1
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26 2 Legendre-Fenchel Duality on Phase Space

3. proper if its effective domain ( i.e., the set Dom(@) = {x € X;@(X) < +eo}) is
nonempty, the effective domain being convex whenever ¢ is convex.

We shall denote by 4 (X) the class of convex lower semicontinuous functions on a
Banach space X.

Operations on convex lower semicontinuous functions

Consider ¢ and y to be two functions in € (X). Then,

1. The functions ¢ + w and Ao when A > 0 are also in #(X).

2. The function x — max{¢(x), w(x)} isin €(X).

3. The inf-convolution x — @ w(x) :=inf{e(y) + y(x—y);y € X} is convex. If ¢
and y are bounded below, then ¢ x y is in € (X) and Dom(@ + ) = Dom(¢) +
Dom(y). Moreover, ¢ x y is continuous at a point x € X if either ¢ or y is
continuous at X.

4. If p e €(R), thenx — p(||x||x) is in €(X).

Convex functions enjoy various remarkable properties that make them agreeable to
use in variational problems. We now summarize some of them.

Proposition 2.1. If ¢ : X — RU {+<0} is a convex function on a Banach space X,
then:

1. ¢ is lower semicontinuous if and only if it is weakly lower semicontinuous, in
which case it is the supremum of all continuous affine functions below it.

2. If @ is a proper convex lower semicontinuous function on X, then it is continuous
on the interior D of its effective domain, provided it is nonempty.

We shall often use the immediate implication stating that any convex lower semi-
continuous function that is finite on the unit ball of X is necessarily continuous.
However, one should keep in mind that there exist continuous and convex functions
on Hilbert space that are not bounded on the unit ball [130].

2.2 Subdifferentiability of convex functions

Definition 2.2. Let ¢ : X — RU {+-<} be a convex lower semicontinuous function
on a Banach space X. Define the subdifferential d¢ of ¢ to be the following set-
valued function: If x € Dom(¢), set

do(x) ={peX*(py—x) < o(y)—o(x) forally € X}, (21)
and if x ¢ Dom(g), set do(x) = 0.

The subdifferential d¢(x) is a closed convex subset of the dual space X*. It can,
however, be empty even though x € Dom(¢), and we shall write
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Dom(d¢) = {x € X;do(x) # 0}. (2.2)
An application of the celebrated Bishop-Phelps theorem due to Brondsted and Rock-
afellar (see [130]) however yields the following useful result.

Proposition 2.2. Let ¢ be a proper convex lower semicontinuous function on X.
Then,

1. Dom(d ) is dense in Dom(o).
2. Moreover, d¢(x) # 0 at any point x in the interior of Dom(¢) where ¢ is contin-
uous.

If x € Dom(¢), we define the more classical notion d ¢(x) of a “right-derivative”
atx as

(d*o(x),y) ==lim_o+ 1 (@(x+ty) — (x)) foranyy € X. (2.3)
The relationship between the two types of derivatives is given by

p € dp(x) if and only if (p,y) < (dT¢(x),y) foranyy € X. (2.4)

Now ¢ is said to be Gateaux-differentiable at a point x € Dom(¢) if there exists
p € X*, which will be denoted by Dg ¢ (x) such that

(p.y) =limo ¢ (@(x+ty) — 9(x)) forany y € X. (25)
It is then easy to see the following relationship between the two notions.
Proposition 2.3. Let ¢ be a convex function on X.

1. If ¢ is Gateaux-differentiable at a point x € Dom(¢), then d(x) = {Dg@(x)}.
2. Conversely, if @ is continuous at x € Dom(¢), and if the subdifferential of ¢ at x
is single valued, then d¢(x) = {Dg¢(X)}.

Subdifferentials satisfy the following calculus.

Proposition 2.4. Let ¢ and y be in €' (X) and A > 0. We then have the following
properties:

1. 9(A@)(x) = Ade(x) and do(x) +dy(x) C d(¢@ + y)(x) for any x € X.

2. Moreover, equality d@(x)+dy(x) = d(¢+ y)(x) holds at a point x € Dom(¢) N
Dom(w), provided either ¢ or v is continuous at x.

3. IfA:Y — X is a bounded linear operator from a Banach space Y into X, and if
o is continuous at some point in R(A) N"Dom(), then d(@p o A)(y) = A*dp(Ay)
for every pointy €Y.

As a set-valued map, the subdifferential has the following useful properties.
Definition 2.3. A subset G of X x X* is said to be

1. monotone, provided

(x—y,p—q) >0 for every (x,p) and (y,p) in G. (2.6)
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2. maximal monotone if it is maximal in the family of monotone subsets of X x X*
ordered by set inclusion, and

3. cyclically monotone, provided that for any finite number of points (xi, pi)i_, in
G with xg = X, we have

n
k§1<Pk,Xk*Xk—1> >0. (.7)

A set-valued map T : X — 2X" is then said to be monotone (resp., maximal mono-
tone) (resp., cyclically monotone), provided its graph G(T) = {(x,p) e X x X*;p €
T(x)} is monotone (resp., maximal monotone) (resp., cyclically monotone).

The following result was established by Rockafellar. See for example [130].

Theorem 2.1. Let ¢ : X — RU{+oo} be a proper convex and lower semicontinuous
functional on a Banach space X. Then, its differential map x — d¢(x) is a maximal
cyclically monotone map.

Conversely, if T : X — 2X" is a maximal cyclically monotone map with a
nonempty domain, then there exists a proper convex and lower semicontinuous func-
tional on X such that T = d¢.

2.3 Legendreduality for convex functions

Let ¢ : X — RU {+eo} be any function. Its Fenchel-Legendre dual is the function
¢@* on X* given by
¢ (p) = sup{(x,p) — @(x);x € X} (2.8)

Proposition 2.5. Let ¢ : X — RU {4} be a proper function on a reflexive Banach
space. The following properties then hold:

1. ¢* is a proper convex lower semicontinuous function from X* to RU {+-oo}.

2. " == (¢")" : X = RU {+e-} is the largest convex lower semicontinuous func-
tion below ¢. Moreover, ¢ = ¢** if and only if ¢ is convex and lower semicon-
tinuous on X.

3. For every (x,p) € X x X*, we have ¢(x)+ ¢*(p) > (x, p), and the following are
equivalent:

) o(X)+¢*(p) = (X, p),
i) pedo(x),
i) x € do*(p).

Proposition 2.6. Legendre duality satisfies the following rules:

1. ¢*(0) = — inf o (x).
X
2. 1f <y, then o* > y*.
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3. We have (i-QT‘Pi) = sup o and (sup ¢;)* iQF‘Pi* whenever (¢j)ic; is a family of
! il !
functions on X.

4. Forevery A >0, (A@)*(p) = 29" (3 D).
.Foreverya eR, (p+0)* =" —o.

6. For a fixed a € X, we have, for every p € X*, @i(p) = ¢*(p) + (a, p), where
Pa(X) := p(x—a).

7. If p is an even function in €' (R), then the Legendre transform of ¢ (x) =
is ¢*(p) = p*(I[pllx). In particular, if ¢(x) = Z|Ix[I§, then @*(p)
where & + 5 = 1.

8. If ¢ and y are proper functions, then (¢ x y)* = ¢* + y*.

9. Conversely, if Dom(¢) — Dom(y) contains a neighborhood of the origin, then
(p+y)" =@ xy.

10. Let A: D(A) € X — Y be a linear operator with a closed graph, and let ¢ : Y —
RU{+-eo} be a proper function in € (Y ). Then, the dual of the function ¢a defined
on X as ga(X) = @(Ax) if x € D(A) and +e- otherwise, is

oa(p) = inf{o"(q); A"q = p}.

11. Let h(x) := inf{F (X1, X2); X1,X2 € X, X = 3 (X1 +X2) }, where F is a function on
X x X. Then, h*(p) = F*(§,5) for every p € X*.

12. Let g be the function on X x X defined by g(x1,X2) = ||X1 —X2||?. Then, g*(p1, p2) =
lp1]|2 if p1 + p2 = 0 and - otherwise.

8]

(Hullg)
1Pl

p
1
B

The following lemma will be useful in Chapter 5. It can be used to interpolate be-
tween convex functions, and is sometimes called the proximal average.

Lemma2.1. Let f1, fo : X — RU{+eo} be two convex lower semicontinuous func-
tions on a reflexive Banach space X. The Legendre dual of the function h defined for
X eX by

h(x) := inf{;fl(x1)+;f2(x2)+ %||x1—x2||2; X1, X2 € X, X = %(xl +x2)}
is given by the function h* defined for p € X* by
0 (9) = int {5 6 p0) + 5 5 (p2)+ gllp1— Bl propa € X D= 5 (pa o) .
Proof. Note that
h(x) := inf{F(xl,xz); X1,X2 € X, X = %(xl +x2)},

where F is the function on X x X defined as F (x1,X2) = g1(X1,X2) + g2(X1,X2) with

g1(X1,X2) = 3 fi(x1) + 3 fa(x2) and  ga(xq,X2) = §|x1 — X%
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It follows from rules (10) and (7) in Proposition 2.6 that
oy~ (PP (PP g (PP
h(p) =F" (5.5) = (@+92)" (5.5) =0i*0: (5.5

It is easy to see that

* 1 « P1 1 « P2

91(P1,p2)=§f1(7)+§f2(7)a

while rule (11) of Proposition 2.6 gives that

95(p1,p2) =2||p1l|? ifp1+p2=0 and +eoo otherwise.

It follows that

h*(p) = i35, 0)

e Lo P 1o P2 P_ P12, .
_|nf{2f1(2)+2f2(2)+2H2 4H 1, P2 € X ,p—pH—pz}
1., 1., P du2. . 1
:'nf{zfl(Q1)+2f2(QZ)+2H2—21H ;01,02 € X ,p=2(q1+qz)}
= '”f{zfl(Q1)+2f2(CI2)+8Q2—Q1|2;Q1,CI2€X ,p=2(q1+q2)}.

The following theorem can be used to prove rule (8) in Proposition 2.6. It will also
be needed in what follows.

Theorem 2.2 (Fenchel and Rockafellar). Let ¢ and y be two convex functions on
a Banach space X such that ¢ is continuous at some point xg € Dom(¢)NDom(y).
Then,

Inf {o(x) +w(x)} = max{-¢*(=p) — v (p)}. (2.9)

The theorem above holds, for example, whenever Dom(¢) — Dom(y) contains a
neighborhood of the origin or more generally if the set IntDom(¢) N Dom(y) is
nonempty.

The following simple lemma will be used often throughout this text. Its proof is
left as an exercise.

Lemma2.2. If ¢ : X — RU{+eo} is a proper convex and lower semicontinuous
functional on a Banach space X such that —A < ¢(y) < 2||y||# +C with A >0,
C>0,B>0,and o > 1, then for every p € do(y)

B a-1
Pl < {aBE (Iylx+A+C)+1}" . (2.10)
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2.4 Legendretransforms of integral functionals

Let Q2 be a Borel subset of R" with finite Lebesgue measure, and let X be a separable
reflexive Banach space. Consider a bounded below function @ : 2 x X — RU {4}
that is measurable with respect to the o-field generated by the products of Lebesgue
sets in Q2 and Borel sets in X. We can associate to ¢ a functional @ defined on
L*(Q,X) (1 < o < +o0) via the formula

o) = [ plo.x@)do,

where x € L*(€2,X). We now relate the Legendre transform and subdifferential of
¢ as a function of its second variable on X to the Legendre transform and subdiffer-
ential of @ as a function on L*(€Q, X). We shall use the following obvious notation.
Forwe Q,xe X,and p € X*,

¢*(0,p) = ¢(®,-)"(p) and do(w,x) =dp(®,)(X).

The following proposition summarizes the relations between the function ¢ and “its
integral” @. A proof can be found in [46].

Proposition 2.7. Assume X is a reflexive and separable Banach space, that 1 < o <
oo, é+% =1, and that @ : Q x X — RU {+e} is jointly measurable such that
Jolo*(w,p(w))|dw < o for some p € LP(Q,X), which holds in particular if ¢ is
bounded below on Q x X.

1. If the function ¢(w,-) is lower semicontinuous on X for almost every o € €,
then @ is lower semicontinuous on L% (2, X).

2. If p(w,-) is convex on X for almost every m € 2, then @ is convex on L% (€, X).

3. If (w,-) is convex and lower semicontinuous on X for almost every o € €,
and if @(X) < +oo for some x € L=(£2,X), then the Legendre transform of @ on
LB (2,X) is given by

@*(p) = [ ¢*(0,p(w))do  forall peLP(Q,X). (2.11)

4.1f [olo(w,X(w))|do < e and [ |¢* (0, p(w))|do < - for some x and p in
L>=(€Q,X), then for every x € L*(£2,X) we have

ID(x) = {p e LB(Q,X); p(o) € d¢(0,x(0)) a.e.}. (2.12)

Exercises 2.A. Legendre transforms of energy functionals

1. Review and prove all the statements in Sections 2.1 to 2.4.
2. Let Q be a bounded smooth domain in R", and define on L?(£2) the convex lower semicontin-
uous functional
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1r 2 1
_ [ 3JalVulfon Hy(Q)
oW { +oo elsewhere. (213)

Show that its Legendre-Fenchel conjugate for the L2-duality is ¢*(v) = § [, |[V(—4)~1v|?dx
and that its subdifferential d¢ = —A with domain H}(Q) NH?(Q).

3. Consider the Hilbert space H~1(£) equipped with the norm induced by the scalar product
(UV)y-1(g) = Jou(—A)~tvdx. For m > 22, we have L™"(Q) C H™?, and so we may con-
sider the functional

1 m+1 m+1
_ [ wizaul™ on L)
o) { +oo elsewhere. (214)

Show that its Legendre-Fenchel conjugate is ¢*(v) = 27 [o [(—A) V| "t dx with subdiffer-
ential dp(u) = —A(U™) on D(J@) = {u € L™ (Q);u™ € H}(Q)}.

4. 1f0 <m < 1, then (—A)~tu does not necessarily map L™(Q) into L%, and so we consider
the space X defined as

X = {uel™(Q); (-A) tuel"™ (@)}

equipped with the norm [Jul|x = [|uflm+1 +||(=4) Ul m:2 . Show that the functional ¢(u) =
m

=11 Jo lu/™* is convex and lower semicontinuous on X with Legendre-Fenchel transform
equal to

m 1, M+l . 1 mel
ey - | i fol(=A) "W dx if (—A)lvelw (Q)
) {:L]‘” otherwise. (2.19)

2.5 Legendretransformson phase space

Let X be areflexive Banach space. Functions L : X x X* — RU{+eo} on phase space
X x X* will be called Lagrangians, and we shall consider the class .#(X) of those
Lagrangians that are proper convex and lower semicontinuous (in both variables).
The Legendre-Fenchel dual (in both variables) of L is defined at (q,y) € X* x X by

L*(a,y) =sup{(d,x) + (y,p) —L(x,p); x € X, p € X"}
The (partial) domains of a Lagrangian L are defined as
Domj (L) = {x € X;L(x,p) < +oo for some p € X*}

and
Domy(L) = {p € X*;L(x, p) < +eofor some x € X}.
To each Lagrangian L on X x X*, we can define its corresponding Hamiltonian
HL : X x X — R (resp., co-Hamiltonian H : X* x X* — R) by
HL(x,y) = sup{(y, p) —L(x, p); p € X*} and H(p,q) = sup{(y, p) —L(y,q);y € X},

which is the Legendre transform in the second variable (resp., first variable). Their
domains are
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Domy(HL) : = {x € X;H_(X,y) > —forally € X}
= {x e X;HL(X,y) > —efor somey € X}

and

Domy(HL) : = {q € X*;HL(p,q) > —eoforall p € X*}
= {qe X*;H.(p,q) > —eofor some p € X*}.
Itis clear that Dom; (L) = Domj (H.) and Domy(L) = Dom,H .

Remark 2.1. To any pair of proper convex lower semicontinuous functions ¢ and y
on a Banach space X, one can associate a Lagrangian on state space X x X* via the
formula L(x, p) = @(X) + y*(p). Its Legendre transform is then L*(p,X) = w(x) +
©*(p). Its Hamiltonian is HL(X,y) = w(y) — @(x) if x € Dom(¢@) and —eo otherwise,
while its co-Hamiltonian is H(p,q) = ¢*(p) — w*(q) if q € Dom(y*) and —eo
otherwise. The domains are then Dom; H, := Dom(¢) and Dom,(H ) := Dom(y*).
These Lagrangians will be the building blocks of the variational approach developed
in this book.

Operationson Lagrangians

We define on the class of Lagrangians .#(X) the following operations:

Scalar multiplication: If A > 0 and L € £ (X), define the Lagrangian A-L on
X x X* by

(lLan):A?L(%,%).
Addition: IfL,M € .Z(X), define the sum L& M on X x X* by:
(LeM)(x,p) =Iinf{L(x,r) +M(x,p—r);r € X*}.
Convolution:  If L,M € £ (X), define the convolution LxM on X x X* by
(LxM)(x,p) =inf{L(z,p) + M(x—2z,p);z € X}.

Right operator shift: IfLe #(X)and I : X — X* is a bounded linear operator,
define the Lagrangian L on X x X* by

Lr(x,p) :=L(X,—I'x+p).

Left operator shift: If L € Z(X) and if I' : X — X* is an invertible operator,
define the Lagrangian L on X x X* by

FL(X7 p) = L(X_Filparx)'

Freeproduct: If {L;;i € 1} is a finite family of Lagrangians on reflexive Banach
spaces {Xi;i € |}, define the Lagrangian L := Xic|L; on (ITic/Xi) x (ITic1 X") by
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L((xi)i, (pi)i) = ZietLi(Xi, pi).

Twisted product:  IfL e Z(X)and M € Z(Y ), where X and Y are two reflexive
spaces, then for any bounded linear operator A : X — Y *, define the Lagrangian
LeaMon (X xY) x (X*xY*) by

(LeaM)((x,y), (p.q)) := L(X,A"y + p) + M(y, —Ax+q).

Antidualization of convex functions: If ¢, y are convex functions on X xY and
if Ais any bounded linear operator A : X — Y *, define the Lagrangian ¢ & y on
(X xY) x (X*xY*) by

PoAy((X,Y),(p,q) = o(X,y) + ¥ (A'y+ p,—Ax+0).

Remark 2.2. The convolution operation defined above should not be confused with
the standard convolution for L and M as convex functions in both variables. Indeed,
it is easy to see that in the case where L(X, p) = @(x) + ¢*(p) and M(x, p) = y(x) +
yv*(p), addition corresponds to taking

(LeM)(x,p) = (¢+y)(X)+ " *y"(p),

while convolution reduces to

(LxM)(x,p) = (@xw)(X) + (¢" +v¥")(P).

Proposition 2.8. Let X be a reflexive Banach space. Then,

1L (A-L)*=A-L foranyL €. (X)andany A > 0.

2. LeoM)* <L*xM*and (LxM)* <L*@®M* forany L,M € Z(X).

3. If M is a basic Lagrangian of the form ¢ (Ux) + y*(V*p), where v is continuous
on X and U,V are two automorphisms of X, then (LxM)* = L* @ M* for any
L e Z(X).

4. 1fL,M € .Z(X) are such that Dom;(L*) — Dom;(M*) contains a neighborhood
of the origin, then (LxM)* =L* & M*.

5. 1f L,M € Z(X) are such that Dom; (L) — Dom1(M) contains a neighborhood
of the origin, then (L& M)* = L*xM*.

6. IfLe Z(X)and I : X — X* is a bounded linear operator, then (L1 )*(p,x) =
L*(I"*x+ p,X).

7.1fLe Z(X)and if I : X — X* is an invertible operator, then (rL)*(p,x) =
L* (=%, (T 1) p+x).

8. If {Lj;i € I} is afinite family of Lagrangians on reflexive Banach spaces {X;;i €
1}, then

(ZierLi)™ ((pi)is (Xi)i) = Zier L' (pi, Xi)-

9.1fLe Z(X)and M € .Z(Y), where X and Y are two reflexive spaces, then for
any bounded linear operator A : X — Y*, we have

(LeaM)*((p,a),(x,y)) = L*(A"y+p,x) + M*(~Ax+q,y).
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10. If ¢ and y are convex functions on X xY and A is any bounded linear op-
erator A: X — Y™, then the Lagrangian L defined on (X xY) x (X* xY*) by
L((xY),(p,a)) = @(x,y) + v*(A*y + p, —Ax+q) has a Legendre transform

L*((p, ), (X,¥)) = w(X,y) + @*(A"y + p, —Ax +q).

Proof. (1) is obvious.
To prove (2) fix (q,y) € X* x X and use the formula (@ x y)* < @* + y* in one
variable on the functions ¢(p) = L(z, p) and w(p) = M(v, p) to write

(LxM)*(a,y) = sup{{a,x) + {y,p) = L(z,p) =M(x—=2,p); (z,X,p) € X x X x X"}
= sup{(q,v+2) +{y,p) —L(z,p) — M(v, p); (z,v,p) € X x X x X*}

< sup {(q,v+2z)+sup{(y,p) —L(z,p) —M(v,p);p € X"}}
(z,v)eXxX

(z,v)eXxX prex*

< sup {<q,V+Z> + inf { sup ({w.py)—L(z p1))

+ sup ({y—w, p2) — M(v, pZ))}}

p2eX*

< inf {( sup  {(0,2) + (W, p1) —L(z,p1))}
Z,p1

- weX JEX XX *

+ sup {{q,V) +{y—w, p2) — M(v, pz)}

(v,p2)EXxX*
= inf {L"(q,w) +M"(q,y —w)}
weX
= (L"eM")(a,y)-
For (3), assume that M(x, p) = @ (Ux) + y*(V*p), where ¢ and y are convex

continuous functions and U and V are automorphisms of X. Fix (g,y) € X* x X and
write

(LxM)*(a,y) = sup{(a,x) + (¥, p) —=L(z,p) =M (x—=2,p); (z,X,p) € X x X x X"}
= SUp{<q,V+Z> + <ya p> - L(Z’ p) - M(Va p). (Z,V, p) S XXX x X*}
= sup {<y7 p)+ sup {(q,v+2)—-L(z, p)—(p(Uv)}—w*(V*p)}

peX* (z,v)ex2
~ sup {<y, ) +sup{(a.2) — L(z.p))
peX* zeX

T sup{{a.v) <p<uV>}w*<V*p>}

veX

— sup {<y, p)+sup{(6.2) Lz p>}+<p*<<u-1>*q>w*<V*p>}

peX*
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= sup sup{(y. p) +(0,2) —L(z.p) = v (V') } + 97((U )

= (L+T)"(@y) + o (U Y a),
where T (z,p) := y*(V*p) forall (z, p) € X x X*. Note now that

o0 if q#0,
w((Vly)if =0,

in such a way that by using the duality between sums and convolutions in both
variables, we get

(L+T)*(q,y) = conv(L*,T*)(q,y)
= Jnf {U(nz)+T"(=r+a,—z+y)}

rex*ze

= inf {L*(0.2) + w(V (-2 +y))}.

T (@) = (0.2 + p) ~ (VD) = {

Finally,

(L=M)*(a,y) = (L+T)*(a,y) +¢* (U 1)*q)
= inf{L"(@2)+ ¥V (-2+y)} + 0" (U)'a)
= Zigg{l-*(qu) +(poU)*(a) + (¥ oV*)*(—z+Yy)}
= (L"eM")(q,y).

For (4), again fix (g,y) € X* x X, and write

(LxM)*(a,y) = sup {9, X) + (¥, p) —L(z,p) —M(x—2,p)}
(Z,X,p)EX XX xX*

= sup {<q,V+Z>+<y, p>7L(Zap)7M(Va p)}
(z,v,p)EX XX X X*

= Sup {_(P*(_L_Va_p)_ l[/*(Z,V, p)}
(Z,v,p)EX XX x X*

with ©*(z,v,p) = (d,2) + L(~z,—p) and y*(z,v,p) = —(y,p) — (A, V) +M(v, p).
Note that now

(p(l’,S,X) = sup {(r,z>+<v,s>+<x, p>—<q,Z>—L(—Z,—p)}
(z,v,p)EX X X x X*

= sup {(r=0,2)+{v,8)+Xp)—L(-z,—p)}

(z,v,p)EX XX X X*
= Sup{(V7 S> + L*(q = _X)}v

vex

which is equal to +e whenever s # 0. Similarly, we have
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y(rs,x) = sup  {(rz)+(v,5)+ (X, p) + (¥, p) +(v.q) —M(v,p)}
(z,v,p)EX XX x X*

= sup {(n7)+(v.q+s)+(X+Y,p) —M(v, p)}
(Z,V,p)EX XX x X*

= sup{(z,r) +M*(q+s,x+Yy)},
zexX

which is equal to +oo whenever r # 0. If now Domy(L*) — Domy(M*) contains a
neighborhood of the origin, then we apply the theorem of Fenchel and Rockafellar
to get

(LxM)*(a,y) = sup{—¢"(=z,—V,—p) = y"(z,V, p); (z,v,p) € X x X x X"}
= inf{o(r,s,x) + y(r,s,%); (r,$,X) € X* x X* x X}
= inf {sup{(v, s)+L*(q—r,—x)}

(rs,x)eX*xX*xX (veX

+sup{<z,r>+M*(Q+S7X+y)}}

zeX
= inf{L*(g,—X) + M*(g,x+Yy);x € X}
= (L"&M")(q,y).

Assertion (5) can be proved in a similar fashion.
For (6), fix (q,y) € X* x X, setr = I'x+ p and write

(Lr)"(a,y) = sup{(d,X) + (¥, p) —=L(x, =I'x+p); (X, p) € X x X"}
= sup{(g,x) + (¥, +I'%) —L(x,r); (x,r) € X x X"}
= sup{(aq+T7y,X) +(y,r) =L, 1); (1) € X x X7}
=L"(a+T7y,y).
For (7), letr =x—T""tpand s = I'x and write
(rL)*(@,y) = sup{(,x) + {y, p) = L(x—I""p,I'X); (x,p) € X x X'}
= sup{(q,I"1s) + (y,s—I'r) —L(r,s); (r,s) € X x X*}
= sup{{(T"1)"a+y,8) = (T"y,r) —L(r,8); (r,5) € X x X"}
=L (=T*y, (T ) g+y).
The proof of (8) is obvious, while for (9) notice that if (Z,7) € (X xY) x (X* x
Y*), where Z= (x,y) and I = (p,q), we can write

LBaM(Z,F) = (L+M)(Z,AZ+F),

where A1 X x Y — X* x Y * i the skew-adjoint operator defined by A(2) = A((x,y)) =
(—A*y,Ax). Now apply (6) and (8) to L+ M and A to obtain

(LaM)*((p,a), (x.y)) = (L+M)"(F+A"Z,2)



38 2 Legendre-Fenchel Duality on Phase Space
= (L +M*)(F—AZ,2)
= L"(A"y+ p,x) + M*(—AXx+q,y).

Assertion (10) follows again from (6) since the Lagrangian M((x,y), (p,q)) =
o(x,y) + w*(—A*y — p,Ax — q) is of the form L((x,y),A(x,y) + (p,q)), where
L((x,y),(p,a)) = @(x,y) + yv*(p,q) and A: X xY — X* x Y* is again the skew-
adjoint operator defined by A((x,y)) = (—A*y,Ax). The Legendre transform is then

equal to L*((p,q), (X,y)) = w(X,y) + @*(A*y + p, —Ax+q).

2.6 Legendretransformson various path spaces

Legendre transform on the path space L*([0,T], X)

For 1 < a0 < 4o, we consider the space L%[0,T] of Bochner integrable functions
from [0, T] into X with norm

ol = (] Iuige )

Definition 2.4. Let [0, T] be a time interval and let X be a reflexive Banach space.

A time-dependent convex function on [0,T] x X (resp., a time-dependent convex

Lagrangian on [0,T] x X x X*) is a function ¢ : [0,T] x X — RU {4} (resp.,

L:[0,T] x X x X* — RU{4-eo}) such that :

1. ¢ (resp., L) is measurable with respect to the o-field generated by the products
of Lebesgue sets in [0, T] and Borel sets in X (resp., in X x X*).

2. Foreacht € [0, T], the function ¢(t,-) (resp., L(t,-,-)) is convex and lower semi-
continuous on X (resp., X x X*).

The Hamiltonian Hy of L is the function defined on [0,T] x X x X* by

HL(t,x,y) = sup{{y,p) —L(t,x,p); p € X"}.

To each time-dependent Lagrangian L on [0,T] x X x X*, one can associate the
corresponding Lagrangian . on the path space L§ x LQ*, where é"‘ % =1tobe

T
Z(up)= [ L. p)dt.

as well as the associated Hamiltonian on LY x L§,

Hw) =sup [ (p(0.90) - Lieuo. p))at et |
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The Fenchel-Legendre dual of .Z is defined for any (q,v) € LQ* x LY as

Z7(q,v)=  sup /T {(a(t),u(t)) + (p(t),v(t)) — Lt u(t), p(t)) } dt.

(u,p)eL)‘i‘xLQ* 0
Proposition 2.7 immediately yields the following.

Proposition 2.9. Suppose that L is a Lagrangian on [0,T] x X x X*, and let .Z be
the corresponding Lagrangian on the path space L§ x LQ*. Then,

L.2*(p,u) = Jg L*(t,p(t),u(t))dt,
2. Hy(u,v) = fo H(t,u(t),v(t))dt.

Suppose now that H is a Hilbert space, and consider the space A% of all functions
in L2 such that u € L% equipped with the norm

_ 2 1112, \1/2
lullag, = (IluliZ, + a7, )*/2.

Theorem 2.3. Suppose ¢ is a convex lower semicontinuous function on H x H, and
let L be a time-dependent Lagrangian on [0, T] x H x H such that

For each p € L3, the map u — [y L(t,u(t), p(t))dt is continuous on L. (2.16)
The map u — fOT L(t,u(t),0)dt is bounded on the unit ball of L. (2.17)
—C < /(a,b) < 3(1+|al|3 +||b||%) for all (a,b) € H x H. (2.18)

Consider the following Lagrangian on L2 x Lf:

Jo L(t,u(t), p(t) — u(t))dt + £(u(0),u(T)) if u e A
+oo otherwise.

Z(u,p) = {
The Legendre transform of . is then

Jo L*(t, p(t) — (t), u(t))dt +£*(—u(0),u(T)) if u € AZ
oo otherwise.

Z"(p,u) = {
Proof. For (q,v) € L x A3, write

209 = sup sup { [ (u(0),(0) + (40) L0} ~ Lt u0). PO )

ueL?, pelf

~((u(0),u(T)) }

sup sup { [ ()10} + (00, PO} ~ L. U(0). (0 - 1)

ueA pelL?

—((u(0),u(T) }.
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Make a substitution p(t) — U(t) = r(t) € L. Since u and v are both in A, we have

T . T .
i) == [+ vT),u) — (). u(0)).

Since the subspace A%® = {u € A%;u(0) = u(T) = 0} is dense in L, and since
u— foT L(t,u(t), p(t))dt is continuous on LZ for each p, we obtain
= L d
) = 5 s {7 010.010)-+ 0010 +60) - Ll
—£(u(0),u(T))}
T
= sup sup { ()90 <40 + (0.0} Lt u). ) e

ueAg retz, (/0

T
= sup sup sup {/0 {{u,q—=V)+(v,ry — L(t,u(t),r(t))}dt

ueA reld, UOGAa'O
+(V(T), (u+uo)(T)) = (v(0), (u+ o) (0)) }
—0((u-+10)(0), (u+w0)(T))}

i
— sup sup sup { [ wt) ~ ol0), ) +00) + ((0). 1 (V)

weA rel? uyeaZ?
/Ltw ))dt}
{V(T).W(T) = (v(0). w(0)) — £(w(0). w(T))}
=supsupsup{/{xq )+ (VD) () — L(tX(), ()}t

weA? reld xeld,
HV(T),w(T)) = (v(0),w(0)) *E(W(O),W(T))}

Now, for each (a,b) € H x H, there is w € A such that w(0) = a and w(T) = b,

namely the linear path w(t) = <TT7—t)a+ %b. Since ¢ is continuous on H, we finally
obtain that

2av= sw sp g0+ w0 -Lexo.ro)a

(ab)eHxH (rx)eL? L3
+(v(T),b) = (v(0),&) — ((a,b) }
= sup sup { [ (0,000 =¥} + ((0.70) ~ Lx).r) e

2 2 /0
XeLg rely
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+supsup{ (v(T),b) — (v(0),a) — £(a, b)}

aeHbecH

— ./(;T L*(t,q(t) — V(t), v(t))dt + £ (—v(0),v(T)).

If now (q,v) € L x L% \ A, then we use the fact that u — [¢ L(t,u(t),0)dt is
bounded on the unit ball of A% and the growth condition on ¢ to deduce that

2*(qv) > sup sup { [ u0),00) + 0,70 + (0, 50) ~ Lt w0, 0o

ueh reAf,
~0(u(0),u(T)) }

)
> sup sup {—||u||LzH||q|LzH ~ Vi g, + ) = Lt u(o).rt)at

ueh reAf,
~((u(0),u(T)) }
T
> s {-all+ | (00.00) - L, 0 - ()T
T

ull,2 <1
lullag

> s {oor [ 0.60) - L0t~ S(uO) I+ I |

ul[,» <1
lulg

> s {0 [ e a)an- SquO)fE+umIR)

ul[,» <1
lulg

Since now v does not belong to A, we have that

sup {/OT<V(t),U(t)>dt—;(||U(0)||ﬁ+||u(T)||a)} — too,

ul|,2 <1
I HAH

which means that .£*(q,V) = +-oe.

Legendre transform on spaces of absolutely continuous functions

Consider now the path space A%, = {u:[0,T] — H; u € L2} equipped with the norm

RN
ol = (1@l + [ aifet)

One way to represent the space A2H is to identify it with the product space H x L2H
in such a way that its dual (A2 )* can also be identified with H x L? via the formula
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(U, (Pr.Po)) g, o = (UO0). PO+ [ L. pyd,  @19)

where u € A and (p1, po) € H x L. With this duality, we have the following the-
orem.

Theorem 2.4. Let L be a time-dependent convex Lagrangian on [0, T] x H x H and
let £ be a proper convex lower semicontinuous function on H x H. Consider the
Lagrangian on A% x (A%)* = A% x (H x LZ) defined by

N (U, p) = /OT L(t,u(t) — po(t), —U(t))dt -+ £(u(0) — a,u(T)), (2.20)

where u € A and (po(t),a) € L x H represents an element p in the dual of AZ.
Then, for any (v,q) € A% x (AZ)* with g of the form (go(t),0), we have

A(q,v) = AT L*(t, —v(t),v(t) — go(t),)dt + £ (—v(0),v(T)). (2.21)

Proof. For (v,q) € A, x (AZ)* with q represented by (qo(t),0), write

@) = sup sup. sup { (p1v0)) + [ (pot)- 90} + (000

P1€H poelf ueAd
T
- L<t,u<t>—po<t>,—u<t>>dt—6<u<0>—pl,um)}.
Making a substitution u(0) — p; = a € H and u(t) — po(t) = y(t) € L, we obtain

A7*(q,V) = sup sup sup {(u(O) —a,v(0)) —4(a,u(T))

acHyel ? ueA?
’ T
+/0 {<U(t)Y(t)7V(t)>+<QO(t)7U(t)>L(t7Y(t)7U(t))}dt}-
Since i and v € L2, we have
T T
|ty == [ @)+ w(T),u(m) = v(0),u()),
which implies

A7(9,v) = sup sup sup 4 (=a,v(0)) + (v(T),u(T)) — £(a,u(T))

acH yel? ueAy,
0090+ (0~ (o). ~0(0) ~ Lty o)t |

Now identify A,Z4 with H x L% via the correspondence
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We finally obtain

A7(q,v) = supsup {(a, —v(0)) 4+ (v(T),b) — ¢(a, b)}

acH beH

.
+ sup sup { [ y(0.9(0)-+ () ~ a0(0). (V) - Lty 0 r)c

yeL? reld,

_ (/OT L* (£, V() V(1) — G (1))t + £ (—v(0).v(T)).

Legendre transform for a symmetrized duality on spaces of
absolutely continuous functions

Consider again A% = {u:[0,T] — H; 0 € L2 } equipped with the norm

1

2 T 2

[ull g, = +/ lajfdt
H H 0

We can again identify the space A% with the product space H x L% in such a way
that its dual (AZ)* can also be identified with H x L2 via the formula

(om0, = (U0 0 [ ), ey,

2 2
A H XL

u(0)+u(T)
2

where u € A%, and (pg, po(t)) € H x L.

Theorem 2.5. Suppose L is a time-dependent Lagrangian on [0,T] x H x H and ¢
is a Lagrangian on H x H. Consider the following Lagrangian defined on the space
A % (AR)" =A% (Hx L) by

A (U,p) = /OT L(t,u(t) + po(t), —u(t)) dt+€(u(T) —u(0) + py, M)

The Legendre transform of .2 on A% x (L x H) is given by

(0) +u(T)

T u
///*(p,u):./o L*(t,—L’J(t),u(t)+po(t))dt+€*( 5 ,u(T)—u(0)+p1).

Proof. For (q,v) € A% x (A)* with q represented by (qo(t),q1), we have
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A*(Q,v) = sup sup sup <p1’V(O);7V(T)>+<%MZU(T)>

PiEH pocl? ueAd

[ 100,50+ (00 8) ~ L (t00) + polt), —u(0)] e

—£(u(T) ~u(0) + . “(°>;“(T>)}.

Making a substitution u(T) —u(0) + p1 = a € H and u(t) + po(t) = y(t) € L, we
obtain

v(0)4v(T) > N <Q1, u(0) +u(T)>

A*(Q,V) = sup sup sup <afu(T)+u(0), 3 5

acH yel? ueAd
—/(;T [(y(®) —u(t), V) +{ao(t), u(t)) — L(t,y(t), —u(t))] dt

_g(avuw);u(T))}.

Again, since U and v € L%, we have

[ w50 8t = [ i0),v(0) de-+ (), w(T) — (v(0),u(0)),
which implies

A*(Q,V) = sup sup sup {<a, V(O);V(T)>— <u(T),V(O)J;V(T) —v(T)>

acH yel? ueAl

{uorv) MDD g, MO

[ 0.9+ 60 0 + ) - Ly, i) d

_E(a’um);um)}

Hence,

MHQV) = sup <a,V(0)+V(T)>+<ql+v(.|_)_v(0),u(0)+u(T)>

acH yeld ueA? 2

_€<a’U(O)ZU(T)>

[ [0.50) + 60 90 + ao(0) L ey, )] dt}.
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Now identify A4 with H x L2 via the correspondence:

(b, f(t)) € Hx L Hb+% (/tT f(s)ds_./(:f(s)ds) €A%,

u(0) +u(T)

5 ,—U(t)) €H x L.

UGAaH(

We finally obtain

qw) = sup sup{ 0. M7 1 @y +u(T) - v(0).b) - t(ab) |

acH beH

s {0,900 + 00+ 0.10) - Ly, o)t
yeLZreLy (/0
v(0)+v(T)

Q1+ Vv(T)=v(0)) + /OT L*(t, —V(t),v(t) + qo(t)) dt.

Exercises 2.B. Legendre transforms on path spaces

1. Prove Proposition 2.9.
2. Establish the identification between the Hilbert spaces A[0,T] and H x L via the isomor-

phism u € Af; — (u(T),—U(t)) € H x L.

3. Establish the identification between the Hilbert spaces A[0,T] and H x LZ via the isomor-
phism u € Afy — (Y220 () € H x LY.

4. Show that the Legendre transform of the Lagrangian on L3 x L

2(u.p) = { Jg L(tu(t), p(t) — u(t)dt + (u(T) - u(0), “XHT Y if u e A
o0 otherwise

2 (pu) = Jo L* (&, p(t) —u(t), u(e)dt + ¢+ (LT y(T) —u(0)) if ue AZ
PUW=1 ¥ otherwise,

provided the conditions of Theorem 2.3 are satisfied.

2.7 Primal and dual problemsin convex optimization

Consider the problem of minimizing a convex lower semicontinuous function | that
is bounded below on a Banach space X. This is usually called the primal problem:

(2) inf 1(x). (2.22)

xexX

One can sometimes associate to | a family of perturbed problems in the following
way. LetY be another Banach space, and consider a convex lower semicontinuous
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Lagrangian L : X xY — RU {+e-} such that the following holds:

I(x) =L(x,0) forallxeX. (2.23)
For any p €Y, one can consider the perturbed minimization problem

(Zp) infL(x.p) (2.24)

in such a way that (%) is clearly the initial primal problem. By considering the
Legendre transform L* of L on the dual space X* x Y*, one can consider the so-
called dual problem

(27*) sup —L*(0, p*). (2.25)
p*EY*

Consider the functionh: Y — RU{+-<c} on the space of perturbations Y defined by

h(p) = Xlg)lz L(x,p) foreverypeY. (2.26)

The following proposition summarizes the relationship between the primal problem
and the behavior of the value function h.

Theorem 2.6. Assume L is a proper convex lower semicontinuous Lagrangian that
is bounded below on X x Y. Then, the following assertions hold:

1. (Weak duality) —oco < sup {—L*(0,p*)} < infL(X,0) < H-oo.
prey* xeX

2. hiis a convex function on'Y such that h*(p*) = L*(0, p*) for every p* € Y*, and

h™(0) = sup {-L"(0,p")}.

p*ey*

3. h is lower semicontinuous at 0 (i.e., () is normal) if and only if there is no
duality gap, i.e., if
sup {—L*(0,p")} = inf L(x,0).
preyY* xeX

4. h is subdifferentiable at 0 (i.e., (2?) is stable) if and only if () is normal and
(£7*) has at least one solution. Moreover, the set of solutions for (27*) is equal
to dh**(0).

5. If for some Xp € X the function p — L(xo, p) is bounded on a ball centered at 0
inY, then (22) is stable and (.2?*) has at least one solution.

Proof. (1) For each p* € Y*, we have

L*(0,p") = sup{(p",p) —L(x,p); xeX,peY}
> sup{(p*,0) —L(x,0); x € X}
= —inf{L(x,0); x € X}.
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(2) To prove the convexity of h, consider A € (0,1) and elements p,q €Y such
that h(p) and h(q) are finite. For every a > h(p) (resp., b > h(q)), find u € X (resp.,
v € X) such that

h(p) <L(x,p)<a and h(q) <L(v,q)<h.
Now use the convexity of L in both variables to write
h(Ap+(1—2A)q) = inf{L(x,Ap+(1—2)q); xe X}
<LAu+(1—-A)v,Ap+(1—2)q)
< AL(u,p) + (1= 2A)L(v,q)
< Aa+(1—-A)b,

from which the convexity of h follows.
(3) Note first that the Legendre dual of h can be written for p* € Y * as
h*(p*) = sup{(p*,p) —h(p); peY}
= sup{<p ,P) = Inf{L(x,p); p eY}}
= sup{(p",p) —L(x,p); p€Y,xe X}
=L7(0,p).

It follows that

sup {—L*(0,p*)} = sup —h*(p*) =h"*(0) <h(0) = infL(x,0). (2.27)
p*EY* p*EY* xeX

Our claim follows from the fact that h is lower semicontinuous at 0 if and only if
h(0) = h**(0).

For claim 4), we start by establishing that the set of solutions for (&7*) is equal
to dh**(0). Indeed, if p* € Y* is a solution of (27*), then

—h*(p*) = —L(0,p")
= sup{-L"(0,0");q" € Y"}
= sup{—h"(q"); q eY }
= sup{(0,q") —h"(q"); q" € Y}
= h™(0),

which is equivalent to p* € dh**(0).

Suppose now that dh(0) # 0. Then, h(0) = h**(0) (i.e., () is normal) and
dh(0) = dh*™*(0) # 0, and hence (£7*) has at least one solution. Conversely, if h is
lower semicontinuous at 0, then h(0) = h**(0), and if Jh**(0) # 0, then 9h(0) =

oh™(0) # 0.
The condition in (5) readily implies that h is bounded above on a neighborhood of
zero in Y *, which implies that h is subdifferentiable at 0.
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Further comments

The first four sections summarize the most basic concepts and relevant tools of
convex analysis that will be used throughout this text. Proofs are not included, as
they can be found in a multitude of books on convex analysis. We refer to the books
of Aubin and Ekeland [8], Brézis [26], Ekeland and Temam [47], Ekeland [46], and
Phelps [130].

The particularities of convex calculus on phase space were developed in Ghous-
soub [55]. Legendre transforms on path space for the basic action functionals of the
calculus of variations have already been dealt with by Rockafellar [137]. Theorem
2.4 is due to Ghoussoub and Tzou [68], while the new symmetrized duality for A2
and the corresponding Legendre transform were first discussed in Ghoussoub and
Moameni [63].



