Chapter 2
Legendre-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 {+ec} 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 a met in X that converges strongly (resp., weakly) to x, then f(x) <
liminfy f(xg).

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 —A1)f(y) for
anyx,y€ X and 0 <A <.
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3. proper if its effective domain ( i.e., the set Dom(¢p) = {x € X;¢(x) < +oo}) is
nonempty, the effective domain being convex whenever ¢ is convex.

We shall denote by ¢ (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 ¢ + y and A @ when A > 0 are also in €' (X).

2. The function x — max{¢(x), y(x)} is in €(X).

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

4. If p € €(R), then x — 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 {+eo} 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

dp(x) ={p € X";(p,y—x) < ¢(y) — ¢(x) forall y € X}, (2.1)
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;dp(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(@).
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) :=1lim, o+ +(@(x+1y) — @(x)) forany y € X. (2.3)

The relationship between the two types of derivatives is given by
p € d¢(x) if and only if (p,y) < (dT@(x),y) forany y € X. (2.4)

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

(p,y) = lim,ﬁo%((p(x—kty) —¢(x)) forany y € X. (2.5)
It is then easy to see the following relationship between the two notions.

Proposition 2.3. Letr ¢ 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) = {Dco(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. d(A@)(x) =Ad@(x) and d(x) + Iy (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(¢p) N
Dom(y), provided either @ or ¥ is continuous at x.

3. IfA:Y — X is a bounded linear operator from a Banach space Y into X, and if
@ is continuous at some point in R(A) NDom(@), then d(@oA)(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)



28 2 Legendre-Fenchel Duality on Phase Space

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 (x;, p;)7_, in
G with xo = x,,, we have

TM:

]<Pk,Xk —x3-1) > 0. (2.7

A set-valued map 7 : X — 2% 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{+eo} be a proper convex and lower semicontinuous
functional on a Banach space X. Then, its differential map x — 0@ (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 = 0.

2.3 Legendre duality for convex functions

Let ¢ : X — RU{+oo} 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{+co} 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. 0" = (@")" : X — RU{+oo} is the largest convex lower semicontinuous func-
tion below @. Moreover, @ = @** if and only if @ is convex and lower semicon-
tinuous on X.

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

>

i) ¢(x)+¢*(p) = (x,p),
ii) p € dp(x)
iii) x € do*(p).

Proposition 2.6. Legendre duality satisfies the following rules:

1. ¢*(0) = — ig}f((p(x).
2. If o <y, then ¢* > y*.
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3.

4.
5.
6.

7.

10.

11.

12.

We have (inf @;)* = sup ;" and (sup ¢;)* < inf @ whenever (@;)ics is a family of
i€l icl icl i€l

functions on X.

Forevery A >0, (A@)*(p) = l(p*(%p).

Forevery o €R, (p+ )" = 0" — .

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

If p is an even function in € (R), then the Legendre transform of ¢(x) = p(
is 9*(p) = p*(|pllx+). In particular; if (x) = g||x|§, then ¢*(p) = f|
where é—i—% =1

Hullg)
|P||X*’

. If ¢ and  are proper functions, then (@ y)* = @* + y*.
. Conversely, if Dom(@) — Dom(y) contains a neighborhood of the origin, then

(P+y)" =@ xy".

Let A: D(A) C X —Y be a linear operator with a closed graph, and let ¢ : Y —
RU{H-oo} be a proper function in € (Y ). Then, the dual of the function @4 defined
on X as @a(x) = @(Ax) if x € D(A) and +e otherwise, is

@a(p) =inf{@"(q); A"q = p}.

Let h(x) := inf{F(xl,xz);xl,xz eX,x= %(xl +x2)}, where F is a function on
X x X. Then, h*(p) = F*(5,5) for every p € X*.

Let g be the function on X x X defined by g(x1,x2) = ||x1 —x2||>. Then, g*(p1,p2) =
Hip1l1? if p1 + p2 = 0 and +eo otherwise.

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.

Lemma 2.1. Let f1, f> : X — RU{+4oo} be two convex lower semicontinuous func-
tions on a reflexive Banach space X. The Legendre dual of the function h defined for

X

€ X by

. 1 1 1 1
h(x):= mf{zfl (x1)+ §f2(x2) + ngl —x2||2;x1,x2 eX,x= E(XI +x2)}

is given by the function h* defined for p € X* by

2

w0 =it { S )+ 5500+ gl = palFi o €X' p = (14 .

Proof. Note that

1
h(x) := inf{F(xl,xz);xl,xg cX, x= E(xl +x2)},

where F is the function on X x X defined as F(x1,x2) = g1(x1,x2) + g2(x1,x2) with

gi(x1,%2) =3 filx1)+ 5 fo(x2) and  go(x1,x2) = g|lx1 —x2] %
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It follows from rules (10) and (7) in Proposition 2.6 that

pp pp pp
0 =r(55) =erer(53) =sia(35)
h(p) 7i5) =@t8) (5.5)=81*%82(53
It is easy to see that
81(p1,p2) = f1 ( b+ fz( 2),

while rule (11) of Proposition 2.6 gives that
& (p1,p2) =2||p1|> ifpi+p2=0 and oo otherwise.

It follows that

h*(p) = g1 *g5(

(S S}

p
2

1
=inf{fr<”2‘>+ LAy 2|2 -ny

L2 €XT p=pi +P2}

_ inf{;f (q)+ fz +2Hf——

B 1
341, €XT, p= 2(‘11+Q2)}

= lnf{2f1 (q1)+ Efz (g2) + gl\qz—quz; g, €X', p= 5(6]1 +qz)}.

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). Ler ¢ and v be two convex functions on
a Banach space X such that @ is continuous at some point xo € Dom(¢@) NDom(y).
Then,

inf {@(x) +y(x)} = max {—¢"(—p) —y"(p)}. (2.9)
xXE J4S

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.

Lemma 2.2. If ¢ : X — RU {40} 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 a > 1, then for every p € d¢(y)

B a—1
Iplix- < {oB(lylx +a+C)+1} . (2.10)
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2.4 Legendre transforms 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 ¢ : Q x X — RU{+oeo}
that is measurable with respect to the o-field generated by the products of Lebesgue
sets in €2 and Borel sets in X. We can associate to ¢ a functional @ defined on
L*(2,X) (1 < o < o) via the formula

o) = | plo.x(w)do.

where x € L*(Q,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% (€, X ). We shall use the following obvious notation.
Forwe Q,x€ X, and p € X*,

¢*(0,p) = ¢(®,-)"(p) and  Jp(w,x)=Id¢(®,-)(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 <
foo, L4 B =1, and that ¢ : Q x X — RU{+oo} is jointly measurable such that

Jo \(p (0, p(0))|do < o for some p € LP(Q,X), which holds in particular if ¢ is
bounded below on €2 x X.

1. If the function ¢(®,-) is lower semicontinuous on X for almost every ® € €,
then @ is lower semicontinuous on L*(€,X).
2. If o(®,-) is convex on X for almost every @ € Q, then @ is convex on L*(Q,X).
3. 1If (®,-) is convex and lower semicontinuous on X for almost every ® € €,
and lfCD( %) < +oo for some ¥ € L”(€,X), then the Legendre transform of ® on
LB(Q,X) is given by

O (p) = [0 0" (0,p(0)do  forall pe IP(Q,X). @11

4.If [olo(w,5(®))|do < e and [, |¢* (0, p(®))|do < o for some X and p in
L*(Q,X), then for every x € L*(Q,X) we have

D (x) = {p e LF(Q,X); p(o) € I¢(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 2 be a bounded smooth domain in R”, and define on L?(£2) the convex lower semicontin-
uous functional
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1 2 1

_ 3 Jo|Vul® on  Hy(Q)

o) { oo elsewhere. 2.13)

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

3. Consider the Hilbert space H~!() equipped with the norm induced by the scalar product
U vV)g-10)= Jo u(—A)~tvdx. For m > %, we have L"1(Q) C H™!, and so we may con-
sider the functional . | .

+ m+
_ e Jolu™ on  LMTHQ)
o) { +oo elsewhere. @.14)

Show that its Legendre-Fenchel conjugate is ¢*(v) = 724 [ [(—=A) V| " dx with subdiffer-

ential d@(u) = —A(u™) on D(d@) = {u € L"1(Q);u" € HI(Q)}.
4. If0 < m < 1, then (—A)~'u does not necessarily map L*!(Q) into L"#"
the space X defined as

, and so we consider

X ={uel™NQ);(~A) el " (Q)}

equipped with the norm |Jul|x = ||u||ms1 + ||(—A)~'u|| ws1 . Show that the functional ¢ (u) =
1

a1 Jo |u|™*! is convex and lower semicontinuous on X with Legendre-Fenchel transform
equal to

m_ 1, mEL . 1 mEl
ey | fol(A) [ dx it (—A)Tlve L (Q) -
*°w) {+°° otherwise. 2.15)

2.5 Legendre transforms on phase space

Let X be a reflexive Banach space. Functions L : X x X* — RU{+-e} on phase space
X x X* will be called Lagrangians, and we shall consider the class .Z(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 (¢,y) € X* x X by

L*(q,y) =sup{(q.x) + (y.p) —L(x,p):x € X,p €X"}.
The (partial) domains of a Lagrangian L are defined as
Dom; (L) = {x € X;L(x, p) < 4o for some p € X*}

and
Domy(L) = {p € X*;L(x, p) < +oofor some x € X }.

To each Lagrangian L on X x X*, we can define its corresponding Hamiltonian
H; : X x X — R (resp., co-Hamiltonian H; : X* x X* — R) by

Hi(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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Dom;(Hy) : = {x € X;H(x,y) > —coforall y € X}
= {x € X;H(x,y) > —eofor somey € X }

and

Domy(Hy) : = {q € X*;H(p,q) > —eoforall p € X*}
= {qeX";H.(p,q) > —oofor some p € X*}.

It is clear that Dom| (L) = Dom (H; ) and Dom, (L) = DomyH;..

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) = y(x) +
¢©*(p). Its Hamiltonian is Hy(x,y) = w(y) — ¢(x) if x € Dom(¢) and —eo otherwise,
while its co-Hamiltonian is Ay (p,q) = ¢*(p) — w*(q) if ¢ € Dom(y*) and —oo
otherwise. The domains are then Dom; H; := Dom(¢) and Dom, (A} ) := Dom(y*).
These Lagrangians will be the building blocks of the variational approach developed
in this book.

Operations on Lagrangians

We define on the class of Lagrangians % (X) the following operations:
Scalar multiplication: If A > 0 and L € .Z(X), define the Lagrangian A-L on
X x X* by
AL =22 (f 3) .
( ) ('x7 p) )’ ) ;{,
Addition: If L,M € £ (X), define the sum L& M on X x X* by:
(LoM)(x,p) =inf{L(x,r)+M(x,p—r);re X*}.
Convolution: If L,M € £ (X), define the convolution LxM on X X X* by
(LxM)(x, p) = inf{L(z,p) + M (x —z,p);z € X }.

Right operator shift: IfL e % (X)and I : X — X" is a bounded linear operator,
define the Lagrangian L on X x X* by

Lr(x,p) :=L(x,—T'x+p).

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

rL(x,p) :=L(x—T"'p,I'x).

Free product: If {L;;i € I} is a finite family of Lagrangians on reflexive Banach
spaces {X;;i € I'}, define the Lagrangian L := X;c/L; on (ITie/X;) x (ITiefX;") by
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L((x:)i, (pi)i) = ZierLi(xi, pi)-

Twisted product: IfL e Z(X)and M € £(Y), where X and Y are two reflexive
spaces, then for any bounded linear operator A : X — Y*, define the Lagrangian
LosMon (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 x Y and
if A is any bounded linear operator A : X — Y*, define the Lagrangian ¢ &4 Y on
(X XY)x (X*xY*) by

POAy((x,y),(p,q) = 0(x,y) + ¥ (A"y +p,—Ax+¢q).

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) +
v*(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,

1. (A-L)* = A-L* forany L € £ (X) and any A > 0.

2. (LeoM)* <L*xM* and (LxM)* < L*®M* for any LM € L (X).

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

4. If LM € Z(X) are such that Domy (L*) — Domy (M™) contains a neighborhood
of the origin, then (LxM)* =L* ®M".

5. If LM € £(X) are such that Dom| (L) — Dom; (M) contains a neighborhood
of the origin, then (L&M)* = L* xM*.

6. IfLe £(X)and T : X — X* is a bounded linear operator, then (Lr)*(p,x) =
L*(I'x+ p,x).

7.IfLe Z(X)and if I : X — X" is an invertible operator, then (rL)*(p,x) =
L (—=T*x,(I' ") p+x).

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

(ZierLi)™ ((pi)is (xi)i) = ZierLi (pisxi)-

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

(LeaM)*((p,q),(x,y)) = L (A"y+p,x) + M*(—Ax+gq,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* X Y*) by
L((x,),(P:q)) = ¢(x,y) + W (A"y + p,—Ax+q) has a Legendre transform

L*((p’Q)’ (xvy)) = W(xvy) +(p*(A*y+p, _Ax+Q)'

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

(LxM)*(q,y) = sup{{q,x) + (y,p) — L(z,p) —M(x—z,p); (z,x,p) EX x X x X"}
= sup{{(q,v+2) + (»p) —L(z,p) =M (v, p); (z,v,p) € X XX x X"}
S( g X{<q,V+Z>+SuP{<y,p>*L(z,p)*M(v,p);pGX*}}

< sup {<q,v+Z>+mf{Sup ((w,p1) —L(z,p1))
(z,v)EX XX WEX prex*

+ sup ({y—w,pa) M(V,Pz))}}
p2EX*

ginf{ sup  {(g,z) +(w,p1) —L(z,p1))}

WEX | (z,p1)EX xX*

(v,p2)EX xX*
— inf {L"(g,w) +M"(q,y — )}
= (L*&M*)(q,y).

+ sup {{g,v)+(—w,p2) —M(V’Pz)}

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 (¢,y) € X* x X and
write

(L*M)*(q,y) = sup{{g,x) + (» P>_L(Z>P)—M(X—Z7p);(z,x7p)EXXXXX*}

= sup{(q,v+2) + (v,p) — L(z,p) = M(v,p); (z,v,p) € X x X x X"}
= sup{ sup {{qg,v+2)—L(z, )—(P(UV)}—W*(V*P)}
peEX* (z,v)eX?
= sup { +sup{ q,2) —L(z,p)}
peEX*

Fsup{{g.v) — p(Uv)} — w*(V*p)}

veX

= sup {(y, p)+ sg)g{(q,@ —L(z,p)}+ 0" (U ") q) - w*(V*p)}

peEX*
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= sup sup{(y,p) +(¢,2) —L(z,p) —¥*(V*p)} + ¢* (U ")"q)
peX* zeX

= (L+T) (g9 +9 (U 1)),
where T (z,p) := y*(V*p) for all (z,p) € X x X*. Note now that

; _ - o —+o0 if q 7’5 07
() =splla) + o) —w v ={ o 470

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

(L4+T)"(q,y) = conv(L*,T*)(q,y)

— inf {L* T (— _
r@g,{{zex{ (n)+T*(~r+q,—z+y)}

) . 1
inf {L*(q.9) + w(V ™' (=2 +5)}
Finally,

(LxM)*(g,y) = (L+T)"(¢,y) + " (U ")*q)
= inf{L(q,2) +y(V (=2 )} + 0" (U )9)
= inf{L%(¢,2) +(@oU)" () + (y o V") (=z+y)}
= (L"&M")(q,y).
For (4), again fix (¢,y) € X* x X, and write
(LxM)*(q,y) = sup  {{g,x)+(»p)—L(z,p) —M(x—2z,p)}

(z,x,p)EX XX X X*

= sup  {{g,v+z)+(p)—L(z,p) —M(v,p)}
(z,1,p)EX XX x X*

= sup {_(P*(_Z7 -V _P)_W*(Zvvyp)}
(z,1,p)EX XX X X*

with @*(z,v,p) = (¢,2) + L(—z,—p) and y*(z,v,p) = —(y,p) — (g,v) + M (v, p).
Note that now

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

= sup {(r—q,2)+(vs)+ (x,p) —L(—z,—p)}
(z,v,p) EX XX X X*

= sup{(v,s)+L"(¢g—r,—x)},
veX

which is equal to +eo whenever s # 0. Similarly, we have
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y(rsx) = sup  {(nz)+(vs)+(x,p)+(.p)+(v,q) —M(v,p)}
(z,1,p) EX XX X X*

= sup  {(nz) +(v,g+s)+ (x+y,p)—M(v,p)}
(z,,p)EX XX x X*

= sup{(z, ") + M" (g +s,x+y)},
X

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

(LxM)*(q,y) = sup{=0" (=2, —v,=p) = ¥"(z,»,p); (z,v,p) € X XX x X"}
= inf{o(r,s,x) + y(rs,x);(r,s,x) € X" xX* x X}

= inf sup{(v,s) +L"(g—r,—
(r,s,x)eX*xX*xX{vg)I?{<v S> (q " X)}

+sup{(z,r) +M*(CI+57X+)’)}}

zeX
= inf{L"(q,—x)+M" (¢, x+y);x € X}
= (L"&M")(q,y)-

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

(Lr)*(g.y) = sup{(q,x) + (y,p) — L(x, =I'x+ p); (x,p) € X x X"}
= sup{(q,x) + (y,r +I'x) = L(x,r); (x,r) €X x X"}
= sup{{g+T"y,x)+ (y,r) —L(x,r); (x,r) € X x X"}
=L (g+I"yy).
For (7), let r :xfl“’lp and s = I'x and write
(rL)*(g.y) = sup{(g.x) + (v, p) = L(x—I""'p,T’x); (x,p) € X x X"}
= sup{(q, T 's) + (y,s—'r) — L(r,5); (r,5) € X x X*}
= sup{((I"")*q+y,s) = (T, r) = L(r,5); (r,5) € X x X*}
=L (-T*y, (T ") q+y).
The proof of (8) is obvious, while for (9) notice that if (Z,7) € (X x¥) x (X* x
Y*), where Z = (x,y) and 7 = (p,q), we can write

LPaM(Z,7) = (L+M)(3,A7+7),

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

(LoaM) ((p,q),(x,y)) = (L+M)"(F+A'Z,2)
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= (L4 M) (7~ Az2)
=L"(A"y+p,x) + M*(—Ax+q,y).

Assertion (10) follows again from (6) since the Lagrangian M((x,y),(p,q)) =
¢(x,y) + y*(=A*y — p,Ax — q) is of the form L((x,y),A(x,y) + (p,q)), where
L((x,y),(p,q)) = ¢(x,y) + wv*(p,q) and A : X x Y — 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)) = y(x,y) + @* (A*y + p, —Ax+q).

2.6 Legendre transforms on various path spaces

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

For 1 < a0 < +eo, we consider the space L§[0,7] of Bochner integrable functions
from [0, 7] into X with norm

1
T o
el = ( ) uolgar)

Definition 2.4. Let [0, 7] 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 ¢ : [0,7] X X — RU {+-oo} (resp.,
L:[0,T] x X x X* — RU{+eo}) such that :

1. ¢ (resp., L) is measurable with respect to the o-field generated by the products
of Lebesgue sets in [0, 7] and Borel sets in X (resp., in X x X*).

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

The Hamiltonian Hy, of L is the function defined on [0,7] x X x X* by
Hy(t,x,y) = sup{(y,p) — L(t,x,p);p € X"}.

To each time-dependent Lagrangian L on [0,7] x X X X*, one can associate the
corresponding Lagrangian . on the path space L§ x Lg*, where é + % =1tobe

T
Zup)i= [ L. p0),

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

Hy (1,v) = sup { [ o010~ Lie.ute) ey s p e L‘i}
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The Fenchel-Legendre dual of .Z is defined for any (g,v) € LQ* x LY as

£ (q;v) = sup /T {{q(t),u(t)) +(p(2),v(1)) — L(t,u(r), p(t)) } dr.

(u,p)eLy ><L)ﬁ(* 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 £ be
the corresponding Lagrangian on the path space L§ x Lg*. Then,

1. 2 (o) = 1 L (0. ple) o).
2. Hy(u,v) = [ Hy(t,u(t),v(t))dr.

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

2 <112 2
ol g, = (s + 2, )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 € LY, the map u— [} L(t,u(t), p(t))dt is continuous on LY. (2.16)
The map u — fOTL(t, u(t),0)dt is bounded on the unit ball of L2,. (2.17)
—C < t(a,b) < X(1+|al3 +|b||3) for all (a,b) € H x H. (2.18)

Consider the following Lagrangian on L%, X L%_I:

T L(r,u(t), p(t) — i(r))dt + £(u(0),u(T)) if u € A3
Llu.p) = { 4?00 ! othervlzise.

The Legendre transform of £ is then

Jo L* (2, p(t) = iu(t), u(t))dt + £*(=u(0),u(T)) if u € A
+o0 otherwise.

2L (p,u) = {
Proof. For (q,v) € L% x A2, write

2(g.) = sup sup { [ (u0).a0)+ (0).p0) = Late). () i)
~£(u(0),u(T)) }
sup sup { [ (u().0(0) + 0(0) (1)~ Lirae). ()~ o))

ueA%, peL%{

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

[ iy = [ 5+ )T)) ~ ((0),(0).

Since the subspace A?,’O = {u € A%; u(0) = u(T) = 0} is dense in L%, and since
u— [ L(t,u(t), p(t))dt is continuous on L% for each p, we obtain

4v) = sup Sup{/{ () 1)) — Lt (o), (1)) e

ueA2 reL2

~ sup sup { /’T{<u<r>,q<r>—v<t>>+<v<r>,r<r>> L), ()Y

uEA%_I rEL%{ J0

H(T),u(T)) = ((0),u(0)) — £(u(0),u(T)) }
— sup sup sup {/()T{<u,q—V)—|—<v,r>—L(t,u(t),r(t))}dt

ueA%i rEL%{ m EAiiO

HT), (1) () = (¥(0), (u+0)(0)) }
—~(((u+10) (0), (u+10)(T)) |
T

= sup sup s { [ 000) < 100,000+ 50) + 000 (0)

wEA%_I reL%i uOEAil'O
T
—/0 L(t,w(t)—uo(t),r(t))dt}
+W(T),w(T)) — (v(0),w(0)) *f(W(O),W(T))}
= sup sup sup { [ {{x.q )+ (000),7(0) - Llr0). )t

WGA%[ rGL%, xGL%,
+(T),w(T)) = (v(0),w(0)) *f(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,
(T 1)

namely the linear path w(t) =
obtain that

a+ b Since ¢ is continuous on H, we finally

ZL*(q,v) = sup sup {/ {{x,g—v)+ (v,r) = L(t,x(2),r(t)) }dt

(a.b)eHxH (rx)eL? <L,
+((T),b) — (v(0),0) — (a,b) }
T
= sup sup { | 0.0 =50) + (0(0),0)) = Lt x0). ))}dt}

2 2
XLy rely
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+supsup{ (v(T),b) — (v(0), a) —E(a,b)}
acH beH

- /0 "L (6,9(6) = ¥(0),v(0))dt + € (—v(0),¥(T).

If now (q,v) € Ly x L3, \ A%, then we use the fact that u — [y L(t,u(r),0)dr is
bounded on the unit ball of A12-1 and the growth condition on ¢ to deduce that

P(gv) > sup sup { o) a0+ 00,0+ 000, 0)) — LG, 0) 10

2 2
u€Ay reAy

~((u(0),u(T)) |

T
> sup sup el lall, = g Il + [ 0= L))

2 2
uEAy reAy

~((u(0),u(T)) |
T
> s {-lall | (00.00) - L. 0~ )7 |

a a2, <1
T ' {

- g <1 {C+./() (v(e), (1)) = L(1,,0)dt — 5 (Ju(0)|* + ||u(T)||2)}
T iole) 4 1

- u;:g’q{m_/o 00 aor = 5O+ ()R}

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

sup_{ [ 000000t = S0O)y + 1D p =+

ujl .2 <1
llell 2,

which means that .Z*(gq,v) = +-co.

Legendre transform on spaces of absolutely continuous functions

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

2 T 2 %
i, = () + [ alPar)
H 0

One way to represent the space qu is to identify it with the product space H x L%,
in such a way that its dual (A%)* can also be identified with H x L2, via the formula
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<u>(p17p0)>A%_17HxL%1 = <”(0)7PI>H +/()T<bl(t),p0(t)>dt, (2.19)

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 L2;) defined by

N (u,p) = /OTL(t,u(t) —po(t),—u(r))dt + £(u(0) — a,u(T)), (2.20)

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

N (gq,v) = /OT L*(t,—v(1),v(t) — qo(t),)dt + £*(—v(0),v(T)). (2.21)

Proof. For (v,q) € A% x (A%)* with g represented by (go(t),0), write

A"(q,v) = sup sup sup {(phV(O))+/0T<po(t),v(t)>+<610(t),ﬂ(f)>dt

PVEH pyel ueA,
T
= [ o)~ o). o)t = 0u0) = ()}
Making a substitution u(0) — p; = a € H and u(t) — po(t) = y(t) € L%, we obtain

A*(q,v) = sup sup sup {(u(O) —a,v(0)) —(a,u(T))

acH ye[2 ueA?,
T
+/0 {<M(f)y(f)7v(f)>+<qo(t)7ﬂ(f)>L(tvy(t)vﬂ(t))}df}-
Since i and v € L%, we have
T T
|ty == [ )+ 6(1).(T) = (0(0), (),
which implies

A" (q,v) = sup sup sup {(—a,V(O)H v(T),u(T)) — (a,u(T))

act ye 2 ueA?,

00500+ 00) = an0) o) ~ Lt (0, a0 .

Now identify Ai, with H x L%, via the correspondence
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T
(b,r) €H x L} — b+/ r(s)dseAZ,7
t
we Ay — (u(T),—ut)) € Hx L.

We finally obtain

H*(qv) = supsup { {a, ~v(0)) + (v(T),b) — (a,b) }

acH beH

+sup sup { [ 0(0).50)-+ 600 = aul0). ) ~ L0 o)

2 2
YELR reLy

[ 20500, v00) a0l 4 (-4(0),w(T)).

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

Consider again A7, := {u: [0,T] — H;ii € L}, } equipped with the norm
1

2 T 2
ull o = +/ allZde b .
[ ull 2, { Ll (a7 }

We can again identify the space A%, with the product space H x L%{ in such a way
that its dual (A2)* can also be identified with H x L2, via the formula

<u,(P17P0)> = <M7P1>+./0.T<L't(t),190(t)>dt,

2 2
A% HXLY, 2

u(0) +u(T)
2

where u € A% and (p1,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 x (A3) = A3y x (H x L) by

M (u,p) = /OTL(t,u(t) + po(t),—u(t)) dt+€(u(T) —u(0)+ py, M)

The Legendre transform of .4 on A, x (L% x H) is given by

T

= u(0)-+u(T)

L (1, —a0). o) + po (1)) i+ £ (255 u(T) —u(0) + i ).

Proof. For (q,v) € A, x (A%)* with g represented by (qo(t),q1), we have
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v(0)+v(T) > n <q1, u(0) +u(T) >

AM*(q,v) = sup sup sup <p1, 5 5

PreH poel? ueA

[ pofe)900) + aole) ) — L{s,t0) + pole), )]

—t(u(r) ~ u(o) + pr, O }

Making a substitution u(7) — u(0) + p; = a € H and u(t) + po(t) = y(t) € L2, we
obtain

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

AM*(q,v) = sup sup sup <a7u(T)+u(O), > 7

acH yEL%_I uEAIZ,_I

[ 0 .9+ (a0 (0,0)) ~ Loy, i)

_g(mu(m;um)}

Again, since iz and v € L%,, we have

T T
| @50 de = = [0, v(0)) i+ (7). (7)) = (6(0)u(0)),

0

which implies

AM*(q,v) = sup sup sup {<a, V(0) +v(T) > - <u(T), V(0) +v(T) —v(T)>

acH yel2 uecAy, 2 2

{1t O, O

[ L6009+ 60)50) + a0(0) ~ Lo (), o)

(e u(O);um)}

Hence,

<a, v(0)+v(T)

M (q,v) = sup 5 > + <Q1 +v(T)—v(0), 3

aEH,yEL%ﬁueA%l
u(0) +u(T)
- (“’ 2 )

[ 10,560 + e v0) + 00(0)) — Lo, ~i0)] dr}.
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Now identify A12_1 with H X L%_I via the correspondence:

(b.£(1)) € Hx L2, Hb% (./I‘Tf(s)ds—./o.tf(s)ds) € A2,

u €Ay — (M,—u(z)) € Hx L.
We finally obtain
g0 = sop sup {0 "L 1 (g 1) - 0(0),0) - )|
acH beH

s {000+ 00+ 00 - L0 r0)ar

yeLZrel,

A (M,m +v(T) —v(0)) + /OT L*(t,—v(1),v(t) +qo(t)) dt.

Exercises 2.B. Legendre transforms on path spaces

—

Prove Proposition 2.9.
2. Establish the identification between the Hilbert spaces A%[0,T] and H x L3, via the isomor-

phism u € Ay, — (u(T), —i(r)) € H x L.

3. Establish the identification between the Hilbert spaces A%[0,T] and H x L} via the isomor-
phism u € Ay, (M —i(t)) € H x L.

4. Show that the Legendre transform of the Lagrangian on L2, x L,

g(u,p) = { f()TL(l‘7M(l‘)7P(t) - Il(l))dt+€(u(T) — 1,4(())7 M) if u EA%]'
e otherwise
is

2 (o) = JEL (1, ple) = ie),u(r))dr + 05 (U054 (7)Y —w(0)) if u € A
’ too otherwise,

provided the conditions of Theorem 2.3 are satisfied.

2.7 Primal and dual problems in 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 I(x). (2.22)

xeX

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

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

(2,) inf L(x, p) (2.24)

xeX

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

(%) sup —L*(0, p*). (2.25)
preys

Consider the function / : ¥ — RU{+-o<} on the space of perturbations Y defined by

h(p) = gg)f(L()gp) forevery p € Y. (2.26)

The following proposition summarizes the relationship between the primal problem
and the behavior of the value function 4.

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*)} < inf L(x,0) < H-oo.
prey* xeX
2. his a convex function on Y such that h*(p*) = L*(0, p*) for every p* € Y*, and
H(0) = sup {—L*(0,p")}.
preyY*
3. h is lower semicontinuous at 0 (i.e., (2) is normal) if and only if there is no

duality gap, i.e., if

sup {—L*(0,p")} = inf L(x,0).
prey* xeX

4. h is subdifferentiable at 0 (i.e., () is stable) if and only if () is normal and
(P7*) has at least one solution. Moreover, the set of solutions for (") is equal
to dh**(0).

5. If for some xy € X the function p — L(xo, p) is bounded on a ball centered at 0
inY, then (2?) 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);x€X,p €Y}

> sup{(p*,0) — L(x,0); x € X}
= —inf{L(x,0); x € X}.
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(2) To prove the convexity of A, consider A € (0,1) and elements p,g € ¥ such
that 4(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) <b.
Now use the convexity of L in both variables to write

h(Ap+(1—2)g) = inf{L(x,Ap+(1—2A)g);x€ X}
< L(Au+(1 =AW Ap+(1—21)q)
< AL(u,p)+ (1—A)L(v,q)

from which the convexity of & follows.
(3) Note first that the Legendre dual of 4 can be written for p* € Y* as

h*(p*) = sup{(p",p) —h(p);p €Y}
= SUP{<p*,p> — inf{L(x,p):p € Y}}

= sup{(p",p) —L(x,p);p €Y, x € X}
=L"(0,p").

It follows that

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

Our claim follows from the fact that & 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 (#?*) is equal
to dh**(0). Indeed, if p* € Y* is a solution of (£7*), then

—h*(p*) = —L*(0,p")
= sup{—L"(0,q");¢" € Y"}
=sup{—h"(¢");q" €Y}
= sup{(0,¢") —1"(¢"):¢" €Y}
= h"(0),

which is equivalent to p* € dh**(0).

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

The condition in (5) readily implies that % is bounded above on a neighborhood of
zero in Y*, which implies that 4 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].
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