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Abstract

The theory of anti-self-dual (ASD) Lagrangians, introduced in [6], is devel-
oped further to allow for a variational resolution of nonlinear PDEs of the form
Au+ Au + dp(u) + f = 0 where ¢ is a convex lower-semicontinuous function
on a reflexive Banach space X, f € X*, A : D(A) C X — X* is a posi-
tive linear operator, and A : D(A) C X — X™* is a nonlinear operator that
satisfies suitable continuity and antisymmetry properties. ASD Lagrangians on
path spaces also yield variational resolutions for nonlinear evolution equations
of the form u(¢) + Au(t) + Au(t) + dp(u(t)) + f = 0 starting at u(0) = ug.
In both stationary and dynamic cases, the equations associated to the proposed
variational principles are not derived from the fact that they are critical points
of the action functional, but because they are also zeroes of the Lagrangian
itself. For that we establish a general nonlinear variational principle that has
many applications, in particular to Navier-Stokes-type equations, to generalized
Choquard-Pekar Schrodinger equations with nonlocal terms, as well as to com-
plex Ginsburg-Landau-type initial-value problems. The case of Navier-Stokes
evolutions is more involved and will be dealt with in [9]. The general theory
of antisymmetric Hamiltonians and its applications is developed in detail in an
upcoming monograph [7]. (© 2007 Wiley Periodicals, Inc.

1 Introduction

We consider the question of solving variationally various nonlinear elliptic
equations of the type

—Au+ f(x,u,Vu) =0 forx € Q,

(1.1
u=20 for x € 092,

where f : Q x R x R” — R is a given nonlinearity or general equations such as

—Au+ A(x,u) =0 forx € ,

(1.2)
u=20 for x € 092,

where A (x, -) can be a general nonlocal operator as well as the corresponding evo-
lution equations. It is well-known that a variational resolution of (1.1) is possible
whenever f is—for example—free of the gradient term, since (weak) solutions
can then be obtained as critical points of the functional I («) = fQ %qul2 dx +
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F(x,u)dx where F(x, -) is a primitive of f(x, -) and that minimization of / suf-
fices as soon as s — F(x,s) is convex. This method, however, breaks down
as soon as f(x, u, Vu) comprises terms such as the first-order transport operator
a- Vu where a is a given vector field on €2, or the nonlinear Stokes operator u - Vu,
or when we deal with nonlocal convolution operators such as Au = (wxg(u))h(u)
for different functions g and h. In such cases, equations (1.1) and (1.2) are not
Euler-Lagrange equations associated to an appropriate energy functional, and our
main premise in this paper is that they can still, in many important cases, be re-
solved via an appropriately designed variational principle.

Motivated by our proof in [10] of a conjecture of Brezis and Ekeland [3, 4]
(see also Auchmuty [1, 2], such a variational framework was developed in [6]
for various semilinear PDEs and dissipative evolutions, which are not normally
of Euler-Lagrange type, but whose solutions can still be obtained as minima of
functionals of the form 7 (1) = L(u, Au) or, in the case of evolution equations,

(1.3) I(u) = fOT L(t,u(t), u)+ Au(t))dt + £u(0), u(T)).

The Lagrangians L and £ must obey certain “self-duality” conditions, while the op-
erators A are essentially linear and skew-adjoint. For such “anti-self-dual” (ASD)
Lagrangians, defined below, the minimal value of these functionals is always zero
and, just like the self (and anti-self) dual equations of quantum field theory (e.g.,
Yang-Mills and others), the equations associated to such minima are not derived
from the fact they are critical points of the action functional, but because an asso-
ciated nonnegative Lagrangian, obtained by completing the square, is zero as soon
as the functional attains its natural infimum.

The most basic anti-self-dual Lagrangians on phase space X x X*, where X is
a reflexive Banach space, is of the form L(x, p) = ¢(x) + ¢*(—p) where ¢ is a
convex, lower-semicontinuous function on X and ¢* is its Fenchel-Legendre trans-
form. They yield variational resolution for differential inclusions and parabolic
evolutions of the form

(1.4) —Au € 0p(u) and —u(t) — Au(t) € dp(u(t)) with u(0) = uy.

The self-dual functionals in these cases are I (u) = ¢(u) + ¢*(—Au) and
T
I(u) = / {p(®) + ™ (—Au(t) —u())} dt
0

1 2 2 2
+ 5 (uOF + (M%) = 2{u(0), uo) + luol”,

respectively. Note that here the operators A are linear but not necessarily self-
adjoint and hence cannot be treated via standard Euler-Lagrange theory. Our goal
in this paper is to develop the theory further to be able to include some of the
most basic nonlinear operators in this new variational framework. For that, we
need to work with the dual framework of antisymmetric Hamiltonians, which is a
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substantial enlargement of the class of Hamiltonians that are obtained from self-
dual Lagrangians by taking their Legendre transforms in one of the variables.

To illustrate our approach on equation (1.1), we use that the Laplacian —A is
the differential of the Dirichlet energy ¢(u) = % fQ |Vu|? dx, which is a convex
continuous function on the space H, (), and consider the Legendre-Fenchel dual
functional of ¢ defined on H~'(2) by

¥ . . 1 _l A-1/2.02
@"(v) = sup{(v, u) — @) :u € Hy(2)} = 5 [(=A)"“v|"dx,

We then consider the following functional on H] (Q):

J(u) = /|W| dx + = /|( A V2 f(x,u, Vu)|? dx+fuf(x u, Vu)dx
Q Q
= o)+ (—f(-,u,Vu)+ (u, (-, u, Vu)).

Legendre-Fenchel duality yields that J(z) > 0 on HO1 (£2), and the limiting case of
this inequality reduces the problem of solving (1.1) to proving that the infimum of
the functional J is 0, in addition to being attained.

Unlike the linear case, where the problem of attainability and the more impor-
tant issue of identifying the value of the infimum were dealt with via duality theory
in convex optimization, we approach the nonlinear case via a version of the Ky Fan
min-max theorem [5]. Indeed, we can write for u € H, (),

JW) =) + ¢ (= fC,u, Vu)) + (u, f(-,u, Vu))
= sup{e(u) — (w) + (f (-, u, Vi), u —w) : w € Hy (Q)
=sup{Hu,w):we Hol(SZ)}
The problem is then to show that the infimum
inf J(u) = inf sup H(u, w)

1
ueHO ueHO weHl

is equal to O, in addition to being achieved. Note that for every u € HO1 (2),
H(u,u) = 0 and H (u, w) is concave in w, and so in order to use the Ky-Fan
theorem, what is left is to impose conditions on f to insure coercivity (i.e., J (1) —
400 if |u| " oo) and some compactness by ensuring that u — H(u, w) is
weakly lower-semicontinuous. One can then deduce by the min-max principle
mentioned above that there exists # such that sup,, Lo H (u, w) < 0, which is
then a solution for (1.1). Now this simple idea becomes quite powerful once one
notices that it applies to a much larger class of Lagrangians than those of the form
¢(x) + ¢*(—p). Indeed, it is also shown in [6] that the class of anti-self-dual
Lagrangians is rich enough to contain:'

"'More recently the author actually established that a self-dual Lagrangian can be associated to
any equation involving a maximal monotone vector field [8].
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e the superposition of skew-adjoint operators with the gradients of convex
functions,

e the addition of appropriate boundary Lagrangians in order to solve prob-
lems with boundary constraints, and

e the lifting of anti-self-dual Lagrangians to path spaces yielding variational
resolutions to dissipative initial-value problems.

The above variational approach applied to general anti-self-dual Lagrangians
allows us to resolve variationally a large class of PDEs, and in particular nonlinear
Lax-Milgram problems of type

(1.5) Au+ Au+ f € —dp(u)

as well as parabolic evolution equations of the form

u(t) + Au(t) + Au(t) + f(t) € —0¢@(t,u(t)) ae.te€l0,T],

(10 u(0) = uo,

where u is a given initial value. Here ¢ is a convex lower-semicontinuous func-
tional, A is a nonlinear “conservative” operator, and A is a linear and not necessar-
ily bounded positive operator.

As applications to the method, we provide a variational resolution to equations
involving nonlinear operators such as the Navier-Stokes equation for a fluid driven
by its boundary:

u-VYu+ f =vAu—Vp onQQ,
(L.7) divu =0 on £,

u=u’ on 9%,

where u° € H*?(3%) is such that fasz u’ndo =0,v > 0,and f € L?(Q; R?).
We can also deal with the superposition of such nonlinear operators with non-self-
adjoint first-order operators such as

u-Vyu+a-Vu+apu+ul"u+ f=vAu—-Vp on€,
(1.8) divu =0 on €2,

u=20 on 0%2,
where a € C*(Q) is a smooth vector field and ay € L™ are such that ao—% diva >

0. The method is also applicable to nonlinear equations involving nonlocal terms
such as the following generalized Choquard-Pekar Schrédinger equation:

(1.9) —Au+Vxu = (w* f(u)gu)

where V and w are real functions, V (x) > § > 0for x € R", and w* f (1) denotes
the convolution of f (1) and w.
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The methods extend to the dynamic case where typically we give a variational
resolution to the complex Ginzburg-Landau initial-value problem on € R¥

u(t) — (k +io)Au+ (y +ip)|ul!'u —wu =0,

(1.10) u(x. 0) = .

where k >0,y >0,g > 1,and o, B € R.

The paper, though sufficiently self-contained, is better read in conjunction with
[6]. It is organized as follows: In Section 2, we give the main nonlinear self-dual
variational principle, while Section 3 contains its first applications to the varia-
tional resolution of various nonlinear equations. In Section 4 we deal with the
dynamic case where we provide a general principle for the variational resolution
of nonlinear parabolic initial-value problems. This is illustrated in Section 5 by
an application to the complex Ginsburg-Landau initial-value problem with various
parameters. Further applications to other models in hydrodynamics and magne-
tohydrodynamics will follow in a forthcoming paper [9]. The general theory of
antisymmetric Hamiltonians is detailed in the upcoming monograph [7].

2 A Nonlinear Self-Dual Variational Principle

Let X be a reflexive Banach space and let L : X x X* — R U {400} be
a convex lower-semicontinuous function that is not identically equal to +oco. Its
Legendre-Fenchel dual (in both variables) is defined on X* x X as

L*(q.y) =sup{{g, x) +(p.y) = L(x,p) :x € X, p € X"}
The (partial) domain of a Lagrangian L is defined as
dom;(L) = {x € X : L(x, p) < +oo for some p € X*}.

To each Lagrangian L on X x X*, we associate its Hamiltonian H; : X x X — R
by

Hp(x,y) =sup{(y, p) — L(x,p) : p € X"},
which is the Legendre transform in the second variable. The following class of
Lagrangians plays a significant role in our proposed variational formulation.

DEFINITION 2.1 Let L : X x X* — RU {400} be a convex lower-semicontinuous
function. Then L is an anti-self-dual Lagrangian (ASD) on X x X* if

2.1 L*(p,x) = L(—x,—p) forall (p,x) € X* x X.
We shall frequently use the following basic properties of an ASD Lagrangian:
2.2) L(x, p)+ {x,p) >0 forevery (x,p) € X x X*

and

2.3) L(x,p)+ (x,p)=0 ifandonlyif (—p,—x) e dL(x, p).
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Basic examples of ASD Lagrangians are L(x, p) = ¢(x) + ¢*(—p) where ¢ is
convex lower-semicontinuous on X. But as shown in [6], the class of ASD La-
grangians is much richer. For example, if A : X — X* is a skew-adjoint operator,
then L(x, p) = ¢(x) + ¢*(—Ax — p) is also an ASD-Lagrangian, and as shown in
Lemma 2.6 below, this property still holds for a class of unbounded skew-adjoint
operators.

Consider now the Hamiltonian H = H; associated to an ASD Lagrangian L
on X x X*. It is easy to check that they can be characterized as those functions
H:X x X — RU {400} U{—00} such that:

e for each y € X, the function H, : x - —H (x, y) from X to RU {+o00} U
{—o0} is convex and

e the function x — H(—y, —x) is the convex lower-semicontinuous enve-
lope of H,.

It readily follows that for such a Hamiltonian, the function y — H(x, y) is
convex and lower-semicontinuous for each x € X, and that the following inequality
holds for every (x, y) € X x X:

(24) H(-y,—x) = —H(x,y).
In particular, we have for every x € X,
25) H(x, —x) <0.

Note that H; is always concave in the first variable; however, it is not necessarily
upper-semicontinuous in the first variable. This leads to the following notion:

DEFINITION 2.2 A Lagrangian L € £(X) will be called tempered if for each y €
dom; (L), the map x — H(x, —y) from X to RU{—o00} is upper-semicontinuous.

If L is a tempered anti-self-dual Lagrangian, then its corresponding Hamilton-
ian satisfies

(2.6) H;(y,x) =—H;(—x,—y) forall (x,y) € X x dom;(L)
and therefore
2.7 H;(x,—x) =0 forall x € dom;(L).

It is also easy to see that if L is tempered, then dom;(L) is closed and con-
vex. A typical tempered Lagrangian (respectively, tempered ASD-Lagrangian) is
L(x, p) = ¢(x) + ¥*(p) (respectively, L(x, p) = ¢(x) + ¢*(—p)) where ¢ and
Y are convex and lower-semicontinuous on X.

We now introduce the following notion, which extends considerably the class
of Hamiltonians associated to self-dual Lagrangians.

DEFINITION 2.3 Let E be a convex subset of a reflexive Banach space X. A
functional M : E x E — R is said to be an antisymmetric Hamiltonian on E x E
if it satisfies the following conditions:

(i) For every x € E, the function y — M(x, y) is concave on E.
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(ii) Forevery y € E, the function x — M (x, y) is weakly lower-semicontinu-
ous.
(i) M(x,x) <Oforeveryx € E.

The class of antisymmetric Hamiltonians on a given convex set E, denoted
H?ym(E ), is an interesting class of its own. It contains the Maxwellian Hamiltoni-
ans M(x,y) = ¢(y) — ¢(x) + (Ay, x), where ¢ is convex and A is skew-adjoint.
More generally:

(1) If L is an anti-self-dual Lagrangian on a Banach space X, then the Hamil-
tonian M (x, y) = Hy(y, —x) is in H*®Y™(X).

2) f A : D(A) C X — X*is a (not necessarily) linear operator that is
continuous on its domain for the weak topologies of X and X*, and if the function

x — (Ax, x) is weakly lower-semicontinuous on a convex subset £ C D(A), then
the Hamiltonian H (x, y) = (x — y, Ax) is in H*Y™(E).

Examples of such operators are of course the linear positive operators. On the
other hand, they also include some linear but not necessarily positive operators
such as Au = Ju, which is weakly continuous on the Sobolev space leer[O, T] of
R?N_valued periodic functions on [0, T'], where J is the symplectic matrix. They

also include the nonlinear Navier-Stokes operator (see below).

Since H*Y™(X) is obviously a convex cone, we can therefore superpose certain
nonlinear operators with anti-self-dual Lagrangians, via their corresponding anti-
symmetric Hamiltonians, to obtain a remarkably rich family that generates non-
convex self-dual functionals as follows:

DEFINITION 2.4 Say that a functional /7 : X — R* U {400} is self-dual on a
convex set E C X if there exists an antisymmetric Hamiltonian M : E x E — R
such that

I(x) =supM(x,y) foreveryx € E.
yeE

A key aspect of our variational approach is that solutions of many nonlinear
PDEs can be obtained by minimizing self-dual functionals in such a way that the
infimum is actually O, i.e., /() = inf,cg I(v) = 0. This theory of self-dual
functionals will be developed in full in the upcoming monograph [7]. In this paper,
we shall concentrate on their first and most basic applications.

2.1 Unbounded Skew-Adjoint Operators and Regular Maps

Let now A be a linear, not necessarily bounded map from its domain D(A) C X
into X* such that D(A) is dense in X; we consider the domain of its adjoint A*
defined as:

D(AY) = {x € X :sup{{x, Ay) : y € D(A), |lyllx =1} < +o0}.
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DEFINITION 2.5 Say that

e A is antisymmetric if D(A) C D(A*) and if A* = —A on D(A) and
e A is skew-adjoint if it is antisymmetric and if D(A) = D(A™*).

LEMMA 2.6 Let L : X x X* — R be an ASD Lagrangian on a reflexive Banach
space X and let A be a linear map from its domain D(A) C X into X*. The
Lagrangian L 4 defined by

L )= L(x,Ax + p) ifx e D(A),
AV PTE Loo ifx ¢ D(A),

is then itself anti-self-dual on X x X* provided one of the following conditions
hold:

(i) D(A) = X (i.e., A is a bounded skew-adjoint operator).
(i) A is antisymmetric, L is tempered, and 0 € dom;(L) C D(A), or
(iii) A is skew-symmetric and the function x — L(x, 0) is bounded on the unit
ball of X.

PROOF: For (g, y) € X* x D(A), setr = Ax 4+ p and write:

Li(q,y) = sup{(g, x) + (y, p) — L(x, Ax + p); (x, p) € X x X*}
= sup{{g, x) + (y,r — Ax) — L(x,r); (x,r) € D(A) x X*}
=sup{{(g + Ay, x) + (y,r) — L(x,r); (x,r) € X x X*}
= L"(q+ Ay, y) = L(-y,—q — Ay)
= La(=y,—q).

(1) If D(A) = X, we are done.
Now assume y ¢ D(A); therefore —y ¢ D(A), and we distinguish the
two remaining cases.
(i1) In the antisymmetric case, we have —y ¢ dom;(L); hence —H;(—y,0) =
+o00. Since L is tempered, and 0 € dom;(L), we get from (2.6) that
H;(0,y) = —H;(—y, 0) = 4o0. It follows that

Ly(g.y)= sup {{y,r —Ax)+(x,q) — L(x,r)}
xedomj (L)
rex*

> Sup{<y7r>_L(0’r)}_C

reX*

=H0,y) —C=—-Hi(-y,0) = C =400 = Ls(—y, —¢q).
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(iii) In the skew-adjoint case, write

LZ(C],)’)= sup {<ysr_Ax>+<x’q>_L(x’r)}
xeD(A)
rex*

> sup {(—y,Ax)+(x,q) — L(x,0)}
Telp 21
X<

Since by assumption L(x,0) < K whenever ||x]y < 1, we obtain since
v ¢ D(A) = D(A*) assoon as —y ¢ D(A), that

Ly (q,y) = sup {{—y, Ax) — lqll — K}

xeD(A)

lIxllx =<1
= +Oo
= La(=y,—q)
Therefore L% (q, y) = La(—y, —q) forall (y,g) € X x X* and L, is an
anti-self-dual Lagrangian. O

DEFINITION 2.7

(1) Say that a (not necessarily) linear map A : D(A) C X — X* is a regular
map if

(2.8) u — Au is weak-to-weak continuous
and
2.9) u — (Au, u) is weakly lower-semicontinuous on D(A).

(i) Say that A : D(A) C X — X*is a regular conservative map if it satisfies
(2.8) and

(2.10) (Au, u) = 0 for all u in its domain D(A).

It is clear that positive, bounded linear operators are necessarily regular maps
and that regular conservative maps (which include skew-symmetric bounded linear
operators) are also regular maps. However, there are also plenty of nonlinear reg-
ular maps, many of them appearing in the basic equations of hydrodynamics and
magnetohydrodynamics (see below and [15]).

2.2 A Nonlinear Self-Dual Variational Principle

If now L is an anti-self-dual Lagrangian on X x X*, then for any map A :
D(A) C X — X* we have the following inequality:

(2.11) L(x,Ax)+ (x, Ax) >0 forallx € D(A).

What is remarkable is that, just as in the case of linear skew-adjoint operators [6],
the infimum will often be 0 as long as A is a regular map, a fact that will allow us to
derive variationally several nonlinear PDEs without using Euler-Lagrange theory.
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THEOREM 2.8 Let L be an anti-self-dual Lagrangian on a reflexive Banach space
X x X* such that dom; (L) is closed, and let Hy be the corresponding Hamiltonian.
Let A : D(A) C X — X™* be a regular map such that

(2.12) dom;(L) C D(A) and | ||lin}r Hp(0,x) + (Ax, x) = 4o00.

Then, the functional I (x) = L(x, Ax) + (Ax, x) is self-dual on D := dom;(L),
and consequently there exists x € D(A) such that

2.13) 1(¥) = inf I(x) =0,
(2.14) (—AX, —%) € IL(F, A¥).

Theorem 2.8 is a nice application of the following Ky-Fan-type min-max theo-
rem, which is essentially due to Brezis, Nirenberg, and Stampacchia [5].

LEMMA 2.9 Let D be a nonbounded convex and closed subset of a reflexive Banach
space X, and let M (x, y) be a real-valued function on D x D C X x X that satisfies
the following conditions:

(i) M(x,x) <0 foreveryx € D.
(i) For each x € D, the function y — M (x, y) is concave.
(iii) For each y € D, the function x — M (x, y) is weakly lower-semicontinu-
ous.
@(iv) The set Do = {x € D : M(x,0) < 0} is bounded in X.

Then there exists xy € D such that sup,e.p M (xp,y) <0.
PROOF OF THEOREM 2.8: Under assumption (2.12) we can write for each x €
D := dom, (L), since the Lagrangian L is anti-self-dual,
I(x) = L(x, Ax) + (Ax, x)
L*(—Ax, —x) + (Ax, x)
= sup{(y, —Ax) +(p, —x) = L(y,p) : y € X, p € X"} + (Ax, x)
= sup{(y, —Ax) + (p, —x) = L(y,p) : y € D, p € X"} + (Ax, x)
= sup{(y, —Ax) +sup{{p,—x)—L(y,p):peX*}:ye€ D} + (Ax, x)
= sup{(x — y, Ax) + H.(y, —x) : y € D}

= sup M(x, y)
yeD

where M (x,y) = (x — y, Ax) + H;(y, —x), and where H is the Hamiltonian
associated to L. We now claim that M satisfies all the properties of the Ky-Fan
min-max lemma above. Indeed:

(i) Foreach x € D, we have y — M (x, y) is concave since y — (x —y, Ax)
is clearly linear, and y — Hy (y, x) is concave.

(ii) For each y € D, the function x — M (x, y) is weakly lower-semicontinu-
ous since x — (x — y, Ax) is weakly continuous by hypothesis while
x — Hp(y, —x) is clearly the supremum of continuous affine functions.
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(ii1) To show that M (x, x) < 0 for each x € D, use the fact that H; is an ASD
Hamiltonian; hence Hy (x, —x) < 0.

(iv) The set Dy = {x € D : M(x,0) < 0} is bounded in X since M(x,0) =
H; (0, —x) 4+ (Ax, x) and the latter goes to infinity with ||x]||.

It follows from Lemma 2.9 that there exists X € D with I (x) = sup,., M(X, y) <
0. On the other hand, by (2.2) we have for any x € X that [ (x) = L(x, Ax) +
(Ax,x) > 0. It follows that L(x, Ax) + (Ax,x) = I(x) = 0 = inf,cx I (x).
Claim (2.14) now follows from (2.3). [l

Remark 2.10. Weaker hypotheses on M are sufficient to obtain the same conclusion
as in the Ky-Fan min-max theorem above. For our purpose, this translates to only
assuming that the operator A is pseudoregular in the sense that it only needs to
satisfy the following property:

If x, — x in X and limsup,_, , . .(Ax,, x, —x) <0,

(2.15) then liminf, . ;oo (AX,, X, — ¥) > (Ax, x — y).

The same conclusion as in Theorem 2.8 will still hold (see [5]). This weaken-
ing will be useful in the application to the complex Ginsburg-Landau evolution in
Section 5.

COROLLARY 2.11 Let L be an anti-self-dual Lagrangian on a reflexive space X x
X* such that dom (L) is closed and consider A : D(A) C X — X* to be a
regular map and B : D(B) C X — X to be a linear operator satisfying

(2.16) lim H.(0,x) 4+ (x, Bx + Ax) = +o0.

||x || =400
Suppose one of the following two conditions holds:

(1) B is a positive operator such that dom,(L) C D(B) N D(A) or
(ii) B is skew-adjoint and x — L(x, 0) is bounded on the unit ball of X while
D(B) Ndom; (L) C D(A).
Then the functional 1(x) = L(x, Bx + Ax) + (x, Bx + Ax) is self-dual on

dom;(Lg) = dom;(L) N D(B), and there exists x € dom;(L) N D(B) N D(A)
such that

(2.17) 1(%) = inf I(x) =0,
(2.18) (=A% — BX, —%) € dL(X, BX + A¥).

PROOF: In case (i), since dom;(L) is closed, we apply Theorem 2.8 to the
regular operator A = A + B, which also satisfies dom; (L) C D(B) N D(A) C
D(A).

In case (ii), that is, if the domain of the linear operator B is not large enough
but B is skew-symmetric, we can use the fact that L, defined in Lemma 2.6, is
then an anti-self-dual Lagrangian and apply Theorem 2.8 to Lp and the regular
operator A. U
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We now apply the above results to the most basic ASD Lagrangians of the form
L(x, p) = ¢(x) + ¢*(—Bx — p) where ¢ is a convex function and B is a linear
antisymmetric but not necessarily bounded operator. The domain of the nonlinear
operator A needs to be large, but we have much more flexibility with the linear
operator B. The applications differ because they will depend on the “size” and
“position” of the domain of B vis-a-vis the domains of ¢ and the domain of A.
Roughly speaking, B can be any positive operator if its domain is large enough
to contain the domains of ¢ (and the domain of the regular operator A if any),
while if B has a smaller domain than ¢, then one can still conclude provided it is
skew-adjoint.

COROLLARY 2.12 Let ¢ be a proper, convex, lower-semicontinuous function on a
reflexive Banach space X, let A : D(A) C X — X* be a regular operator, and
consider a linear operator B : D(B) C X — X* such that

o)+ (Ax + Bx, x)

= +400.
flx | =00 x|

Suppose one of the following two conditions holds:

(1) B is positive on X and dom(¢) C D(B) N D(A).
(ii) B is skew-adjoint on X, ¢ is bounded on the unit ball of X, and dom(¢) N
D(B) C D(A).

Then, for every f € X* there exists x € dom(p) N D(B) N D(A) that solves
(2.19) 0Oe f+ Ax+ Bx + 0¢p(x).

It is obtained as a minimizer of the self-dual functional

(2.20) I(x) =¢x)+ (f,x)+¢"(—Ax — Bx — f) + (x, Ax + Bx),
whose infimum on X is equal to 0.

PROOF: This corollary is an immediate consequence of Corollary 2.11 applied
to the Lagrangian L(x, p) = ¥ (x) + ¥*(—p) where ¥ (x) = ¢(x) + (f, x). Note
that its Hamiltonian is now H(x, y) = ¢(—y) — ¢(x) — (f, x + y), which means
that the coercivity hypothesis implies that H(0, y) + (y, Ay + By) — 400 with

lyll. Corollary 2.11 then applies with the Lagrangian L and the regular operator A
to obtain that the minimum in (2.20) is attained at some x € X. We then get

¢(X) +¢"(=Bx — Ax — f) = (=Bx — Ax — f, X),

which yields, in view of Legendre-Fenchel duality, that —Bx — Ax — f € dp(x).
O

An immediate application is the case where the linear operator component is
bounded, which already covers many interesting applications.
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COROLLARY 2.13 Let ¢ be a function on a reflexive Banach space X and let
B : X — X" be a bounded linear operator such that the function y(x) :=
e(x) + %(Bx, X) is proper, convex, lower-semicontinuous, and bounded below on
X. Let A : X — X* be any regular operator such that lim |« ||x]| 7' (¥ (x) +
(x, Ax)) = 4oo. Then for any f € X*, there exists a solution x € X to the
equation

(2.21) 0€ f+ Ax+ Bx + dp(x).
It can be obtained as a minimizer of the self-dual functional
(222) 1(x) =y (0) + (f,x) + ¥ (=Ax — B — f) + (x, Ax),
where B is the antisymmetric part of B.
PROOF: Apply the above corollary to ¥ (x) + (f, x) and to B¢ = %(B — B"),

the antisymmetric part of B. We then get x € X such that —B“x — Ax — f €
Y (x) = B*x + d¢(x); hence x satisfies (2.21). O

We can also give a variational resolution for certain nonlinear systems.

COROLLARY 2.14 Let ¢ be proper and convex lower-semicontinuous on X X Y, let
A 1 X — Y* be any bounded linear operator, and let By : X — X* (respectively,
By : Y — Y*) be two positive bounded linear operators such that

I Ok 1(Bix,x) + 3(Byy, y)
Ixll+lyl—o00 lxIl 4+ Iyl

=+OO

If A = (A, Ay) : X XY — X* X Y*is a regular conservative operator, then
forany (f, g) € X* x Y™, there exists (x,y) € X x Y, which solves the following
system:

Ai(x,y) — A%y — Bix + f € 019(x, y),

(2.23)
Aax(x,y) + Ax — Byy + g € drp(x, y).

The solution is obtained as a minimizer on X X Y of the self-dual functional
I(x,y) =¥, y) + " (=A% — Bix + Ai(x, y), Ax — BY'y + As(x, y)),

where

1 1
W(-xvy) =¢(xay)+ E(Bl-xvx> + 5(32)’» y) - (f’-x> - <g,y>,

and where B{ (respectively, BY) are the skew-symmetric parts of By and Bs.

PROOF: Consider the following ASD Lagrangian (see [6])

L((x,y),(p,q) =¥(x,y)+¢¥*(—A"Y — B{x + p, Ax — Bjy + q).
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Theorem 2.8 yields that 7 (x, y) = L((x, y), A(x, y)) attains its minimum at some
point (x, y) € X x Y and that the minimum is 0. In other words,

0=1(,y)
=YX, y) + ¢ (=A"Y — B{Xx + A1(X,y), Ax — B3y + Aa(X, y))
=YX, y) + Y (=AY — BiX + Ai1(X,)), AX — BYy + Ax(X, y))
— (%, 9), (=A"y = B{x + Ay (X, y), AX — B3y + A2(%, y)))
from which follows that
—A*y — Bix + Ai(x, y) € dip(x, y) + Bi(x) — f,

(2.24) . )
Ax — By + Ai(x,y) € dhop(x,y) + B5(y) — g.

3 Applications to Stationary Navier-Stokes
and Other Nonlinear Systems

Example 1: Variational Resolution
for Stationary Navier-Stokes Equations

Consider the incompressible stationary Navier-Stokes equation on a smooth
bounded domain € of R?
u-VYu+ f =vAu—Vp on§,
3.1 divu =0 on €2,
u=20 on 02,

where v > 0 and f € L?(Q; R?). Let

Vv 3 al/tj 2
(3.2) ) = 5[ Z (a_xk) dx
Q j.k=1

be the convex and coercive function on X = {u € Hj(2; R®) : divv = 0}. Its
Legendre transform ®* on X* can be characterized as ®*(v) = (Sv, v) where
S : X* — X is the bounded linear operator that associates to v € X* the solution
v = Sv of the Stokes’ problem

VAV+Vp=—v ong,
(3.3) divio =0 on £,
=0 on 0%2.

It is easy to see that (3.1) can be reformulated as

u-VYu+ f e —0®u) =vAu — Vp,

©h u e X.



ANTISYMMETRIC HAMILTONIANS AND NONLINEAR EVOLUTIONS 633

Consider now the nonlinear operator A : X — X™* defined as

(Au, v) fz k—v]dx_((u Vu, v).

Q Jk=1
We can deduce the following:

THEOREM 3.1 Assume 2 is a bounded domain in R and consider f € L?(Q2; R?)
for p > g. Then the infimum of the self-dual functional

3
I(u) =Pw)+ ¢ (—(u-Vyu+ f) — / iju]
o /=1

on X is equal to 0 and is attained at a solution of equation (3.1).

PROOF: To apply Theorem 2.8, it remains to show that A is a regular conserva-
tive operator. It is standard to show that (Au, u) = 0 on X. For the weak-to-weak
continuity, assume that " — u weakly in H'($2) and fix v € V. We have that

/Zuka vidx = — /Zuk—u dx

o Jk=1 Q Jk=1

converges to (Au, v) fQ i k 1Mk ax Lu; dx. Indeed, the Sobolev embedding in
dimension 3 implies that (1) converges strongly in L”(Q2; R?) for 1 < p < 6.
On the other hand, % is in L2(Q), and the result follows from an application of
Holder’s inequality. O

Example 2: Variational Resolution for a Fluid Driven by Its Boundary

The full strength of Corollary 2.13 comes out when one deals with the Navier-
Stokes equation with a boundary moving with a prescribed velocity:

(u-VYu+ f =vAu—Vp on§,
3.5) divu =0 on 2,

u=u’ on 0%2,

where fm u’ -ndo = 0, v > 0, and f € LP(; R3). Assuming that u e
H3/2(3R2) and that 3L is connected, a classical result of Hopf then yields for each
€ > 0, the existence of v° € H?(R2) such that

v =uon 0, dive’ =0,

0

3

3.6 ov;

(3.6) fzukﬁ“fdx§€||u||§f forallu € X.
. k



634 N. GHOUSSOUB

By setting v = u + v°, solving (3.5) reduces to finding a solution for

w-Vyu+ @ - Vyu4+ -Vl + f—vAar® + @ vl

=vAu—Vp on €2,
divu =0 on £,
u=20 on 0€2.

This can be reformulated as the following equation in the space X:

(3.7) u-Vu+ @ Vyu+ u-V)n'+4+ge—od®u)

where ® is again as in (3.2) and g := f —vAV? 4+ (v°- V)1 € X*. In other words,
this is an equation of the form

(3.9) Au+ Bu+g e —0d(u)

with Au = (u- V)u aregular conservative operator and Bu = W Vyu+(u- Vo
is a bounded linear operator. Note that the component B'u := (v° - V)u is skew-
symmetric, which means that Hopf’s result yields the required coercivity condition:

1 1
Y(u) = d(u) + E(Bu, u) > 5(1) —e)|lul*> forallu € X.

W is then convex and coercive and therefore we can apply Corollary 2.13 to deduce
the following:

THEOREM 3.2 Under the above hypothesis, with A® denoting the antisymmetric
part of the operator Au = (u - V)V°, the self-dual functional

3
T(w) =V +¥* (—u - Vu — (vo Vu— A%u+g) — / Zgjuj
Q /=1

has 0O for an infimum on the space X, which is attained at a solution u for (3.7).

Example 3: Variational Resolution for a Fluid Driven by Transport

Let a € C®(Q,R?) be a smooth vector field on a neighborhood of a C*
bounded open set Q@ C R?, let ayp € L*(RQ), and consider again the space X
defined above. The transport operator B : u — (a- V)u + %div(a)u with domain
DB)={ueX:a-Vu+ %div(a)u € X*} into X* is clearly a skew-adjoint on
the space X (see [11]).

Consider now the following equation on the domain  C R*:

u-Vu+@-Vyu+aou+|ul"u+f=vAu—-Vp onQ,
3.9 divu =0 on 2,
u=20 on 0%2,

where v > 0,6 >m > 1,and f € L9(%2; R3) forg > g. Suppose

1
(3.10) 3 div(a) —ap >0 on €,



ANTISYMMETRIC HAMILTONIANS AND NONLINEAR EVOLUTIONS 635

and consider the functional
b 3

v =3 [ ¥

‘]’ =

1 1
+Z/(diva—2ao)|u|2dx+—/Iulmdx—l-/ufdx,
m
Q Q Q

which is convex and a coercive function on X. Corollary 2.13 then applies to yield
the following:

THEOREM 3.3 Under the above hypothesis, the self-dual functional
1
I(u) = W(u) + lI’*(—(u “V)u—a-Vu — 3 diV(a)u>

has O for an infimum and the latter is attained at a solution u for (3.9).

Example 4: Nonlinear Transport Equations

Let again a € C*(2, R") be a smooth vector field on a neighborhood of a C*®
bounded open set 2 C RY, and consider the equation

G.11) a-Vu—Au=ul"'u—|ul""'u+ f(x) ong,
u=0 on 9%,

where f e H 'and 1 < p < g < (N +2)/(N — 2). Consider the functional
1 1
v =5 [ v+ — [ = [ reon,
Q Q Q
which is convex, lower-semicontinuous, and coercive on HOI(Q). Corollary 2.12
then applies to yield the following:
THEOREM 3.4 Under the above hypothesis, the self-dual functional
1
T(w) =y + v (—a- Vu — [ulP"'u) + 3 / div(a)|u|*dx — / lu|PT dx

Q Q
has an infimum of 0, which is attained at a solution u for (3.11).

PROOF: It suffices to check that the nonlinear operator Au = —a-Vu—|u|?~'u
is regular. Indeed, it is weak-to-weak continuous from HO1 (Q) into H~ () since
the Sobolev embedding and Holder’s inequality imply that |u,|?~'u, — |u|?~'u
strongly in L*N/N*+2) a5 soon as u, — u weakly in H] (). On the other hand,

u— (Au,u) = /(—a-Vu — |ul”  w)u dx
Q

1
= 5fdiv(a)z,ﬂdx —/|u|”+1dx
Q

Q
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is also weakly lower-semicontinuous on HOl (2) while the functional

v (u) + (Au, u)
/ |Vul®dx + — /|u|q+1dx + = /div(a)uzdx — / lu|PT dx
Q
is coercive since ¢ > p > 1. Now we can apply Corollary 2.12. U

Example 5: A Variational Resolution for Nonlinear Coupled Equations

Letb; : 2 — R" and b, : 2 — R” be two smooth vector fields on the
neighborhood of a bounded domain €2 of R”, and let Bjv = by - Vv and Bv =
b, - Vv be the corresponding first-order linear operators. Consider the Dirichlet
problem:

AW4u)+by-Vu=ulP2u+u"""v"+ f onQ,
(3.12) AW —u)+by- Vo= 2g—u™""'+g onQ,
u=v=_0 on 0f2.

We can use Corollary 2.14 to get the following:
THEOREM 3.5 Assume div(b;) > 0 and div(bz) > Oon 2, 2 < p, g <

2n/(n —2),and 1 < m < (n+2)/(n —2), and consider on HO1 () x HO1 ()
the self-dual functional

1
T(u,v) =¥+ ¥* (bl.Vu + Ediv(bl) u+ Av — u’"_lv'">
1
+ ®(v) + OF (bz.Vv + Ediv(bz) v— Au+ u’”v’"l)

where

1 » 1 1 . 2
V(u) = 5 [Vul|"dx + — | |u|’ dx + fudx+1 div(by) |u|” dx,
p

Q Q Q Q

1
d(v) = /|Vv| dx + — /Ivlqu—i—/gvdx—l— /le(b2)|U| dx.
Q Q

Then there exists (u, v) € HO1 (R2) x Ho1 (2) such that
(@K, v) = inf{I(u, v) : (u,v) € Hy(Q) x Hy(Q)} =0,

and (u, v) is a solution of (3.12).
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PROOF: Let A = Aon Hj, B =b;.V,and B, = b,.V. Let X = H| x H,,
and consider on X x X* the ASD Lagrangian

L((u,v), (r,s))) =¥ +¥v* (bl.Vu + %div(bl)u + Av + r)

1
+ ®(v) + O* (bz.Vv + 5 div(by)v — Au + s).

It is also easy to verify that the nonlinear operator A : Hy x Hj — H™' x H™!
defined by A(u, v) = (—u™ '™, u"v™ ') is regular and conservative. O

Example 6: Nonlinear Schriodinger Equation with a Nonlocal Term

Consider the generalized Choquard-Pekar equation
3.13) —Au+VxX)u = w=*x f(u)gu)

where V and w are real functions. We consider the case where f(u) = |u|” and
g(u) = |u|9"%u, and note that if p = g the problem can then be solved by the usual
variational method since weak solutions are critical points of the energy function,
O () = v (u) — o(u), where

1 2 1 2
V() = E/|W| +5/V(x)u and @ (u) =/(w*f(u))f(u)dx.
Q Q Q

However, as soon as p # ¢, (3.13) ceases to be an Euler-Lagrange equation. Nev-
ertheless, we can proceed in the following way:

THEOREM 3.6 Consider w € L'(RY) and V such that V (x) > 8 > 0 for x € RV,
Assume that either V and w are both radial or that lim, | V(x) = +o00. If,
moreover, one of the following conditions holds:

i) 1<p< % l<g< % and w(x) <0on RN, or

(i1) 1§p<%,1<q<2—;,and1§pq<2,
then the self-dual functional

T) = () + " ((w s [ul”)|ul " u) - f(w  Ju|”)|u|? dx
Q

has an infimum of 0 on H'(RN), which is attained at a solution of (3.13).

PROOF: It uses the following standard facts:

e Letwe L"(RY),r > 1,and s = 2r/(2r — 1). The bilinear map (¢, v) —
(w * u)v is then well-defined and continuous from L® x L* into L' and
satisfies |(w * w)v| i) < [lwllullsllvlly. Moreover, if (v,) and (u,) <
L*(R") are bounded and if either u, — u in L*(R") and v, — v in
Lfoc(]RN) or vice versa u, — u in LfOC(RN) and v, — v in L*(RY), then
(w * uy)v, — (w*xu)vin L.
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o If limsup|,_, 1o, V(x) = +o00, then the space X = {u € H'RY)

Jan V(x)u? dx < oo} embeds compactly in L*(R") provided 2 < k < 2*.

e The space Hr1 (RN) := {u € H'(RV) : u is radial} also embeds compactly
in LK(RY) for2 < k < 2*.

O

We now show that the operator A : X — X* defined by Au = —(w *
|u|P)|u|? u is regular when X is either H!(R") for the radial case or when X =
{u e H'(RN) : [on V(0)|ul*> dx < oo} for the case when limyy |, o0 V (x) = +00.

First note that A : X — X* is well-defined since by Young’s inequality and
then by Holder’s we have

[{Au, v)| = ‘ — /(w s |u|P)|u|9uv dx
RN
-1
< llwlly Ml Nl Mul*" vl

—1
< llwlly el el " vllyy < oo.

To show that A is weak-to-weak continuous, let u, — u weakly in X so that
u, — u strongly in L"(RV) for 2 < r < 2*. It follows that |u,|” — |u|? strongly
in L2(RM), and |u,|?%u — |u|?"%u strongly in L?4/@~D(RN). Forevery v € L%,
the sequence |u,, |9 2uv then converges strongly to |u|?~?uv in L?>(R"). Therefore
by Young’s inequality, we get that (Au,, v) — (Au, v), and consequently A is
weak-to weak continuous. On the other hand, in case (i) we have

(R = = [ el dx = 0,
RN
so that the functional ¥ (1) + (Au, u) is coercive. For the second case (ii), even
though (Au, u) may be nonpositive, the functional ¢(u) + (Au, u) does not lose
its coercivity since 1 < pg < 2. Corollary 2.13 then applies to yield the claimed
result.

4 Self-Dual Variational Principles for Nonlinear Evolution Equations

Consider now an evolution triple X C H C X*; that is, H is a Hilbert space
with (-, -) as a scalar product, and X is a dense vector subspace of H that is
a reflexive Banach space once equipped with its own norm || - ||. Assuming the
canonical injection X — H, continuous, we identify the Hilbert space H with its
dual H* and we “inject” H in X* in such a way that

(h,u)x«x = (h,u)y forallh € Handallu € X.

This injection is continuous and one-to-one, and H is also dense in X*. In other
words, the dual X* of X is represented as the completion of the Hilbert space H
for the dual norm ||h|| = sup{(h, u)y : |lullx < 1}.
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Let [0, T'] be a fixed real interval and consider the following Banach spaces:

e the space Li of Bochner integrable functions from [0, 7] into X with norm

T 1/2
nwzgf=(ﬁ wom%m)

e the space X, of all functions in L% such that &1 € L%., equipped with the

norm
el = el ) + 7, 00) 2.

Note that this last space is different from the Sobolev space A% = {u : [0, T] —

X;uce Lg(}, unless X = H, and that we actually have Ai C X, C AL,

DEFINITION 4.1 A time-dependent Lagrangian on [0, T]x X x X* is any function
L:[0,T] x X x X* - RU {+0o0} that is measurable with respect to the o -field
generated by the products of Lebesgue sets in [0, 7] and Borel sets in H x H. The
Hamiltonian Hy, of L is the function defined on [0, 7] x X x X by

H(t,x,y) =sup{(y, p) = L(t,x, p) : p € X*}.

We say that L is an anti-self-dual Lagrangian (ASD) on [0, T] x X x X* if for any
t €[0,T],themap L, : (x, p) — L(t,x, p)is ASD on X x X*, that is, if

L*(t, p,x) =L(,—x,—p) forall (x, p) € X x X*,

where here L* is the Legendre transform in the last two variables.

The most basic time-dependent ASD Lagrangians are again of the form

L(t,x, p) =@, x)+ ", —p)

where for each ¢, the function x — ¢(, x) is convex and lower-semicontinuous
on X. We now show how this property naturally “lifts” to the path space. For
that, we associate to each time-dependent Lagrangian L on [0, T] x X x X* the
corresponding Lagrangian £ on the path space L% x L%. defined by

T
L(u, p) ::f L(t,u(t), p(t))dt.
0

Define the dual of £ in both variables as
T
L*(q,v) = Sup{/ ((g@), u@®) + (p(0), v(t)) — Lt u(®), p(1)))dt :
0

2 2
(u, p) € Ly x LX*}

and denote the associated Hamiltonian on path space by

T
Hy(u,v) = sup {fo ((p(®), v(®)) — L(t, u(@®), p(1)))dt : p € LZ*}

The following is standard (see [6]).
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PROPOSITION 4.2 Suppose that L is a Lagrangian on [0, T] x X x X* such that
the corresponding Lagrangian L is proper on the path space L%( X Li*. Then

. T

(i) L*(p,u) = [, L*(t, p(t), u(r))dt.

(i) He,v) = f) Ho( u(@), v@)d.
(iii) If L is an anti-self-dual Lagrangian on [0, T] x X x X*, then L is anti-
self-dual on L%.

We also consider boundary Lagrangians £ : H x H — R U {+o00}, which
are also proper convex and lower-semicontinuous, and their Legendre transform in
both variables £*.

DEFINITION 4.3 Say that £ is a compatible boundary Lagrangian if
“4.1) L5(=r,s) =L(r,s) forall (r,s) € H x H.
It is easy to see that such a boundary Lagrangian satisfies the inequality
(4.2) or,s) > %(||s||2 — |IrlI*) forall (r,s) € H x H,
with equality holding if and only if
4.3) (—r,s) € 3L(r, s).

The basic example of a compatible boundary Lagrangian is given by a func-
tion £ on H x H of the form £(r, s) = ¥ (r) + Y2 (s), with ' (r) = ¥ (—r) and
Y5 (s) = ¥a(s). Here the choices for vy and v, are rather limited and the typical
sample is

1 2 2 1 2
Vi) = Slirli” - 2a,r) + llall” and () = SlIsl

where a is given in H.
The following shows how anti-self-dual Lagrangians “lift” to appropriate path
spaces.

PROPOSITION 4.4 Let X C H C X* be an evolution pair and consider an anti-
self-dual Lagrangian on [0, T] x X x X* such that

foreach p € L%., the map u — fOT L(t,u(t), p(t))dt
s continuous on Lg(, and

4.5) the map u — fOT L(t,u(t),0)dt is bounded on the unit ball ong(.
Let £ be a compatible boundary Lagrangian on H x H such that

4.4)

(4.6) ta,b) < C( + |lal3 + Ibl%) forall (a,b) € H x H.
Then the Lagrangian
M, @, p) = fOT L(t,u(t), p(t) +u(t))dt + £(u(0), u(T)) ifu € ;.(2’
oo otherwise,

is anti-self-dual on L} x L%..
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PROOF: For (g, v) € Li X X5, note first that

T
M (g, v) = sup sup {/0 (), g(0)) + (v(), p(1))

MEXZ pesz*

— L(t,u(®), p(t) + L't(t)))dt —£L(u(0), u(T))}.

Make a substitution p(t) 4+ it(t) = r(t) € L%.. Since u and v are in &>, we have

T T
f0<v,a>=—f0 (6 0) + (0(T). u(T)) — (v(0), u(0)),

and since the subspace X,, = {u € &> : u(0) = u(T) = 0} is dense in L%, we
obtain

T
M (q,v) = sup sup {/O (@), q(@0)) + (@), r(t) — (@) — L(t, u(r), r(t)))dt

MEA&reLi*

— £(u(0), M(T))}

T
= sup sup {/0 ((w(0), q() + (1)) + (v(@), (1)) = L, u(@), r(t)))d1

ueXyrel?,
— (u(T), u(T)) + (v(0), u(0)) — £(u(0), M(T))}
T
= sup sup sup {f ((u(®), (@) +9(@®)) + (v(@), r(6)) — L(t, u,r))dt
ueXy reL?, uoedao L /0
— (u(T), (u +uo)(T)) + (v(0), (u + up)(0))
— €((u + uo)(0), (u + MO)(T))}
T
= sup sup sup {/ (w(@) — uo(1), q(t) + V(1)) + (v (@), r (1))
weds reL?, uoeXzo L /O

— L(t, w(t) — uo(t), r(1)))dt

— (D), w(T)) + (v(0), w(0)) — £(w(0), w(T))}
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T
= sup sup sup {/0 ((x(t),q(t) +0()) + (v(), r(t)) — L(t,x,r))dt

2 2
weXs rel?, xel%

— (1), w(T)) + (v(0), w(0)) — £(w(0), W(T))}

Here we have used the fact that X» o is dense in L3 and the continuity of the map
u— [\ L(t,u(t), p(t))dt on L% for each p.

Now, for each (a,b) € X x X, there is w € A, such that w(0) = a and
w(T) = b, namely, the linear path

(T —1) t
L.
T ‘TT

w(r) =
Since X is also dense in H and ¢ is continuous on H, we finally obtain that

Mi(q,v)

T
sup sup sup { /0 ((x(t), q(t) +v() + (v@), r(t)) — Lz, x, r))dt

(a,b)eX? reLg(* xeLg(

—(u(T), b) + (v(0), a) — £(a, b)}

T
= sup sup {/0 (x (@), q@) +0@)) + (), r () — L, x(1), r(1)))dt

2 2
xely reLx*

+ sup sup{—{(v(T), b) + (v(0), a) — £(a, b)}
acH beH

T
=/ L*(t, q(t) + 0(t), v(t))dt + £*(v(0), —v(T))
0

T
=/ L(t, —v(t), —v(t) — q(1))dt + £(—v(0), —v(T))
0

= M(—v, —q).

If now (¢, v) € L%{* X L§( \ A%, then we use the fact that u — fOT L(t,u(t),0)dt
is bounded on the unit ball of &, and the growth condition on £ to deduce

Mi (g, v)

T
Z sup sup {/0 ((u(0), g) + (@), r(0) = (), i)

ueX, reXs

— L(t,u(®), r(t)))dt — £(u(0), u(T))}
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> sup sup{—nunL;(nan;(* ol I,
ueX, reX,
T
- fo (), (0} + L, u (o). r(1))ds —au«)),u(T))}
T
= s 1{—||q||2+/0 (—v(t), (D)) — L(t, u(t), 0))ds —z<u<0>,u<T))}
. T
> sup {c+/ (—v(), i(t)) — L(t, u(t), 0))dr
<1 0
1
- 5(||u<0>||2 + ||u<T>||2>}
r 1
> sup {D+/O (v, i) dt — 5 (luO) I + ||u<T>||§>}.

lluel ¢, <1
Since now v does not belong to &>, we have that
T
. 1
sup f ((v(0), u(t))dt + E(IIM(O)H%( + [u(T)[13) = 400,
lully <1 JO

which means that M* (g, v) = +00 = M(—v, —¢q). O
Now we can prove the following:

THEOREM 4.5 Let X C H C X* be an evolution pair, and consider an anti-self-
dual Lagrangian L on [0, T] x X x X* and a compatible boundary Lagrangian £
on H x H. Assume the following conditions:

u— fOT L(t,u(t), p(t))dt is bounded on the balls ong(

4.7
7 foreach p € Li*
T
4.8) lim / Hy (1,0, v(t))dt = 400,
Il 200>+ Jo

4.9) €a,b) < C(1 + |lallf; + 1bII7,) for all (a,b) € H x H.
(i) For any regular map A : D(A) C L§( — L%FF such that X» C D(A), the

functional

T
Lo a(u) = f {L@t, u@®), Au(t) + i) + (Au(r), u(®)) }dt + £w(0), u(T))
0
is self-dual on X, and has 0 for an infimum. Moreover, there exists v € X,
such that
(4.10) (v(t), Av(t) + v(t)) € dom(L) foralmostallt € [0, T],
(4.11) Ippa(v) = inf Iy A(u) =0,
MEXZ
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(4.12) (=v(0), v(T)) € 3L(v(0), v(T)),
(4.13) (—v(@) — Av(®), —v(t)) € OL(t, v(t), v(t) + Av(2)).

(i1) In particular, for every vy € H the self-dual functional
T
Ly, o.a(u) = f {L(t, u(t), Au(t) +u(t)) + (Au(), u(t))}dt
0

+1||u(0>||2—2<v 0)) + [lvoll? L
> 0, U vll* + S lu(D]

has O for an infimum on X,. It is attained at a unique path v such that
v(0) = vy and satisfying (4.10)—(4.13). In particular, we have the follow-
ing “conservation of energy type” formula: For everyt € [0, T],

@.14) O3 = llvol* = 2f0 [L(s, v(s), Av(s) + 0(s)) + (v(s), Av(s)) }ds.

PROOF: (i) We first apply Proposition 4.4 to get that the Lagrangian

Jo Lt u(®), p(o) + i(®)de + £u(©), u(T)) ifu € Xy,
+00 otherwise,

My(u, p) = {

is anti-self-dual on L%. We then apply Theorem 2.8 with the space L%, since
dom;(M) C X, C D(A) to conclude that the infimum of M (4, Au) on X, is
equal to 0 and is achieved. This yields claim (4.10) and (4.11).

Since by (2.2), we have L(t, v(t), Av(t) + v(t)) + (v(t), Av(t) + v()) > 0
for all ¢+ € [0, T], and by (4.2) we have £(v(0), v(T)) > %(IIU(T)II%, - ||v(0)||%_1),
claims (4.15) and (4.16) follow from the following identity:

T
0=1I1A(v) = / {L@t, v(0), Av(r) + 0(1) + (v(t), Av(r) + 0(t)) }dt
0

1
—5<||v(T>||%, — v ©)[%) + £((0), v(T)).
It follows that
4.15) L(t,v(t), Av() +0(t)) + (v(t), Au(t) +0(t)) =0, te][0,T],
and
1
(4.16) £((0), v(T)) = 5(||v<T)||%, — v O[3,

which imply (4.13) and (4.12), respectively.
(i1) It suffices to apply the first part with the boundary Lagrangian

L 2, Lo
Z(r,S)=§||"|| — 2(vo, ) + [lvoll +§||S||,
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which clearly satisfies the conditions in Proposition 4.4. We then get

T
Lo a(u) =/ (L2, u(@), Au(t) +u)) + (u@), Aut) + u(0))ldt
0

4.17)
+ 11¢(0) — woll*.
Note also that (4.15) yields
d(jv()>) 5 :
- [L(s, v(s), Av(s) + v(s)) + (Av(s), v(s))],
which readily implies (4.14). 0

COROLLARY 4.6 Let X C H C X* be an evolution triple, and consider for each
t € [0, T] a bounded linear operator A, : X — X" and ¢ : [0, T] x X — R such
that for each t the functional ¥ (t, x) := @(t, x) + %(A,x, x) is convex and lower-
semicontinuous and satisfies for some C > 0, m,n > 1, the following growth
condition: For x € Li,

1 T 1
E(lell’fz -1 5/ {cp(t,x(t))+5<A,x(t),x(t)>}dt
X 0
< C(lell’gzx + D).

(4.18)

If A : D(A) C Lg( — Lg(* is a regular map such that X, C D(A), we consider
for any vy € X the following self-dual functional on X;:

T
I(x) =/0 Y@, x(®) + ¥, —Ax(1) — Afx (@) — (1)) + (Ax (1), x(1))} dt

1 2 2 2
+ E(lx(0)| + [x(1)I7) — 2{x(0), vo) + |vol,

where for each t € [0, T], A} is the antisymmetric part of the operator A;. Then
there exists a path v € X, such that

(4.19) 1) = inf I(x) =0,

(4.20) {_"’(Z) — Au(t) — Av(t) € dp(t, v(t)) fora.e. t €0, T],

v(0) = vp.
PROOF: The Lagrangian L(t, x, p) := ¥ (t, x) + ¥*(t, —A%x — p) is an ASD
Lagrangian on X x X* by Proposition 2.6. Consider £ on H x H to be £(r, s) =
2Ar> + 1s1%) = 2(r, vo) + |vo|*. It iis easy to check that all the conditions of Theo-

rem 4.5 are satisfied by L, £, and A; hence there exists v € X, such that I (v) = 0.
We obtain

T
0= fo (W@, v(0) + ™1, —Av(r) — Afv(t) — 0(1))

+ (v(t), Av(t) + Alv(r) + 0(1)))dt + %IIv(O) — vl
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which, since the integrand is nonnegative for each ¢ and since we are now in the
limiting case of Legendre-Fenchel duality, yields that
—v(t) — Afv(t) — Av(t) € dp(t, v(t)) + Ajv(t) forae.t €[0,T],

4.21) {U(O) .

5 Application to Complex Ginsburg-Landau Evolutions

We consider the initial boundary value problem for the complex Ginzburg-
Landau equation in € RY

u(t) — (kK +ic)Au+ (y +iB)|ul?'u — wu =0,
5.1
u(x, 0) = uo,
where k > 0,y > 0,g > 1, and o, B € R. Note first that A := —ixA is a

skew-adjoint operator in L>(R") and in HO1 (€2). We shall distinguish two cases:

e when « > 0, in which case Corollary 4.6 above will apply, and
e when k = 0, in which case we shall need that either 8 = 0 or g = 1, so as
to apply the “semilinear” theory developed in [6, 11].

Example 7: Ginsburg-Landau Evolution in the Presence of Diffusion

THEOREM 5.1 Let Q be a bounded domain in RN, k > 0,y > 0, B € R, and
g > 1.Let H := L*(Q), X := H}(Q), V| := L3, V, := L17(0, T; L17(Q)),
and 'V := ViNV,. Then for every uy € X there existsu € V withu € V* satisfying
equation (5.1).

We would like to apply Corollary 4.6 with the nonlinear operator
Au = —iAu+iBlul?'u — wu

and the convex functional
d(x) := §/|Vu|2dx+ qy?/|u|q+ldx
Q Q

with X = HO1 (Q) and H := L*(2). However, the operator A is not regular from
its domain in L% into L%.. We shall therefore replace A by the “pseudomonotone”
operator

A(u) ;= —iAu +iBov,(u) — wu,

where v, is the A-regularization of ¥ (u) = y /(g + 1) f lu|9t' dx on H := L*(RQ).
In this case, ® needs to be replaced by

D, (x) 1= §/|Vu|2dx+1h(u).
Q
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We shall first prove the following:

PROPOSITION 5.2 Suppose k,y, w > 0and uyg € X. Forevery 0 < A < 1/(Q2w),
there exists a solution u; € X, of the A-regularized problem

u() — (k +ic)Au+ (y + i)y, (u) —wu =0 on Q,

52) u(x,0) = uy.

PROOF: In order to apply Corollary 4.6, we need to show that A; is pseudoreg-
ular on L% and that the functional

K
D) (u) + (Ayu,u) = 5/ \Vul* dx + ¥ (u) — wllullz
Q

is coercive on H. For A;, we first note that the operator —i Au — wu is bounded
linear and so clearly “lifts” to a regular operator from L% — L3%. since —iA is
skew-adjoint and that u — —wu is compact from L% — L3,. So we only need to
verify that B; (u) := idyu : Ly — L%. is pseudoregular. For that, suppose that
x, — x weakly in L%. Since B; is Lipschitz-continuous on L?%,, we can assume
that B, x, — y weakly in Li*. Since (u, B, (1)) = 0 for every u € X, it therefore
suffices to show that y = B, x as long as 0 < (x, y).

Now by monotonicity of dy, we have (B;x, — B,u, x, — u) > 0 for every
u € L%. It follows that

(y = Buu,x —u) = (y, —u) + (=Buu, x —u)
> lilgn(BAxn, —u) + lir{n(—B,\u, X, —U)
= lim(Byx, — Byu, x, — u)
- 0.
Hence (y — Byu,x —u) > Oforall u € L%. For w € L%, set u = x — tw with
t > 01in such a way that
(5.3) 0< %(y—Bxu,x—u) =(y— By(x —tw), w).

Since B, is Lipschitz-continuous on L%,, we have that lim,_,o(B; (x — tw), w) =
(B;x, w), which yields that (y — B;x, w) > 0 for every w € L§( and therefore
y = B)L.X.

For the coercivity, it suffices to show that forevery w > Owith0 < A < 1/2w)
the functional v, (1) — wllu ||%, is coercive on H. For that, write foru € H,

—wlul? = i L 7
) wnuuH—gI{w(vH = wiull

lull,  llvll3, 1 2
— —(u, v) — wul

= inf
J?Hi‘l’(”H 2. 2n A H
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1 2
)||M||H sup X(u,v)_w(v)_”v”fl}

1

s

1
- w)llullﬂ sup

veH

1

T lull?, — ( u)

1 5 —l/q
(ﬁ—w)llullﬂ /Iulpdx

where 1/p +1/(g + 1) = 1. Since ¢ + 1 > 2 we have p < 2, which implies the
required coercivity of ¥, (1) — w||lu ||%{ on H.

N T N TN N
l\.)|,_
>
S

All conditions of Corollary 4.6 are therefore satisfied and there exists then a
solution u; € X, of (5.2).

In order to complete the proof of Theorem 5.1, we need some estimates for u;.
For that, we multiply equation (5.2) with u; to get for all t € [0, T']

1d
(5.4) ”MA”H +K/|Vux| dx + Y (up) — wlus ||y <

Using Gronwall’s inequality, we obtain that ||u, |y is bounded and that conse-
quently u;, is bounded in L%. It also follows from the above inequality that the
family fOT Y (u;)dt is bounded. On the other hand, the regularization process
gives for every A > 0 a unique j;u; € L3, such that for some constant C > 0,

T T . 2
(5.5) f U )t = / {W(jw/\)'i‘”ukzw}dt -c.
0 0 A

We now claim that there exists # € V such that

(5.6) u; — u weakly in L2,
5.7) u, — u a.e. inf[0,T] x Q.

Indeed, it follows from (5.4) and (5.5) that u; and j,u, are bounded in V; and V>,
respectively. Since i and —A are duality maps, —Au;, and 9, (u;) = oY (jrus)
are bounded in V" and V', respectively. Let m € N with m > N/2 in such a way
that Vo = W' () continuously embeds in X N L4t (). It follows from equation
(5.2) that {u, } is bounded in the space

1
={ueliiellO,T:V))} wherep= %
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Since X € H C V; where X C H is compact and H C VI is continuous, the
injection Y € L2 is compact, and therefore there exists u € ) such that u; — u
in L3, and u; — uae.in [0, T] x Q.

It follows that, up to a subsequence, we have

(5.8) Uy, —u weakly in L%,
5.9 Sy, — u weakly in V5,
(5.10) Oy (u) — 9y (u) weakly in V',
(5.11) u, (T) =~ a weakly in H for some a € H.

Indeed, since (u;) is bounded in L%, and since u; — u a.e.in [0, T] x Q, we
easily get (5.8), that j,u; — u, and that 0y; (1) — 9y (u) a.e.in [0, T] x €,
which together with the fact that 9y, (u;) is bounded in V', implies (5.9) and
(5.10). To prove (5.11), it suffices to note that u,(7") is bounded in H; hence
u,(T) — a forsomea € H.

To complete the proof of Theorem 5.1, let v € C (10, T]; V) and deduce from
equation (5.2) that

T
0= / (—(k +ia)Auy + (y +iB)ov(uy) — wuy, v(t)) dt
0

T
—/ (V) u. (1)) + (u;(T), v(T)) — (uo, v(0)).
0
Letting A go to 0, it follows from (5.8)—(5.11) that

T
0= / (—(k +ia)Au+ (y +iB)oY(u) — wu, v(t))dt
0

T
—/ (@), u(®)) + (a, v(T)) — (uo, v(0)).
0
Therefore u € V is a solution of (5.1). Il

Example 8: Ginsburg-Landau Evolution Without Diffusion

The nondiffusive complex Ginzburg-Landau equation in R”,

(5.12) {b't(t)—iozAu+y|u|q_1u+i/3u—wu=O on RV,

u(x, 0) = uo,

is a direct consequence of the following self-dual principle for evolutions driven
by essentially linear operators, established in [6]. It does not require the linear
skew-adjoint operator to have a large domain in X, while the linear term —wu can
be handled by using an exponential shift.

THEOREM 5.3 Let X C H C X* be an evolution triple, and let A : dom(A) C
H — X* be a skew-adjoint operator. Let ® : X — R U {400} be a uniformly
convex, lower-semicontinuous, and proper function on X that is bounded on the
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bounded sets of X and that is also coercive on X. Assume that xy € D(A) and that
a®(xg) N H is not empty. Then for all w € R and for all T > 0, the functional

T
I1(x) = f VD (e V' x (1)) + DF(—Ae ™V x (1) — e V' k(1)) )drt
0

1 2 2 2
+ E(IX(O)I + [x(1)I7) = 2(x(0), vo) + [vol”,

is self-dual on A%, and attains its minimum at v € A%, such that v(t) € dom(A)
for almost all t € [0,T)], and I (v) = infxeA%i I(x) = 0. Moreover, the path

v(t) = e "' 0(¢) solves the equation
—v(t) — Av(t) — wv(t) € 9P (v(¢)) fora.e.t € [0,T], v(0) = vp.
In order to find a solution for equation (5.12), it suffices to let H := L*(RV),

X = HNLY(R"), and to consider the linear operator Au := —ia Au-+2iBu and the
convex function ®(u) =y /(g + 1) fRN |u|7+! dx. We then obtain the following:

COROLLARY 5.4 For every uy € D(A) with 0®(ug) N H # O there exists a
solution u € A%{ for equation (5.12).

The following consequence is immediate.

COROLLARY 5.5 Forq > 1, ug € L*(R") with Aug € L>(RY) and |uol? 'ug €
L*(RN), the equation

u(t) —idu+ul'u=0 onRN,
u(x, 0) = uo,

(5.13) {

has a solution u € A%, such that Au(t) € L*(RN) for all t € [0, T). It can be
obtained by minimizing the following self-dual functional on A3,

I(u) = ' ! t,x)|P*t d
(u)—/0 {ﬁflu(,X)l X

RN

+1
Lpl

P
p+1
dx}dt —
p

. ou
—iAu(t,x) — E(l‘, X)

—2/u(o,x)u0(x)dx+/|uo(x)|2dx
]RN

RN

1 2 2
+ 5/(|u(0,x)| + [u(T, x)P)dx.
RN

Remark 5.6. The global existence of unique strong solutions to (5.13) was first
proved by Pecher and von Wahl [13] under the conditions 1 < g < oo if N = 1,2
and 1 < g < (N +2)/(N — 2) for dimensions 3 < N < 8. They conjectured that
(N +2)/(N —2) is the largest possible exponent (if N > 2) for global existence
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of strong solutions (see [13], remark 1.3). Shigeta managed in [14] to remove
the restriction N < 8 on the dimension, but since the arguments in both [13]
and [14] are based on the Gagliardo-Nirenberg inequality, they could not handle
the case when ¢ > (N +2)/(N — 2). This was done recently by Okazawa and
Yokota [12], who proved the existence of strong solutions for all exponents g > 1.
However, unlike the global argument above, their proof seems to work only for
convex functions of power type.

Example 9: Navier-Stokes Evolutions

Consider the evolution equation associated to a fluid driven by its boundary:

ou
S+ w-Vyu+ f=vAu—-Vp onl0,T]x €,

(5.14) divu =0 ) on [0, T] x 2,
u(t,x) =u(x) on [0, T] x 022,
u(0, x) = uo(x) on 2,

where fasz u’ -ndo = 0,v > 0, and f € LP(R2; R"). Assuming that u’ e
H3(3Q) and that 32 is connected, Hopf’s extension theorem again yields the
existence of v° € H*(Q) such that

W =u" onaQ, dive® =0,
i Y
(5.15) /Zuka_fujdxfenm@ forall u € X,
Xk
k=1

Q J
where V = {u € H'(Q;R") : divv = 0}. Setting v = u + v° and then solving
(5.14) reduces to finding a solution in the path space X, corresponding to the Ba-

nach space X = {u € H}(Q; R") : divv = 0} and the Hilbert space H = L*(2)
for

(5.16) 2—”; +w-Vu+ @ - Vu+w-Vn'+ge—-odw), u() =uy—1°,

where @ is again asin (3.2) and g := f — vAV? + (00 - V)0 € X*.

In other words, this is an equation of the form
du
5.17) E+Au+Bu+ge—8<b(u)

where Au := (u - V)u is a nonlinear map, and where Bu = (v° - V)u + (u - V)o°
lifts to a bounded linear operator from L% to L%..
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If we consider the linear version of (5.16), i.e., without the operator A,
du 0 0 0
(5.18) E%—(v NVu+ u-Vv' +ge—-0dw), u@) =uy—v,

and recalling again that the component B'u := (v° - V)u of B is skew-symmetric,
which means, in view of Hopf’s estimate,

1 1
Clull} > W(u) = &) + §<Bu, u) > 5(v —€)|lull*> forallu € X.

Letting A“ be the antisymmetric part of the operator Au = (u - V)v°, we can now
apply Corollary 4.6 (with A = 0) to obtain a unique solution for (5.18) as the
minimum of the functional

T
I (u) :/ {‘IJ(M)—F\I’*(—B“M—Ff—Il)—/(f, u)dx}dt
0
Q

+ f{%ﬂu(O, O+ Jux, T)?) = 26u(0, x), uo(x) — v°(x)

Q

+ |uo(x) — vo(x)|2}dx

on X, whose infimum is equal to O.
If we now consider the full Navier-Stokes evolution, we see that—at least in
dimension n = 2—the operator A satisfies the following two properties [15]:
(1) Ifu € L3 NLS, then Au € L%.; hence Xy C D(A).
(2) If u* — u weakly in X5([0, T]), then u* — u strongly in L%{ and Au* —
Au weakly in L%.. In other words, A is a regular operator on X;.

However, A is not regular on L% and Corollary 4.6 does not readily apply. Still the
functional

T
I(u) = / {llf(u) + V¥ (—(w-Vyu—Bu+ f—u)— /(f, u)dx}dt
0

Q

1
- /{Eau(o, X+ lulx, T)?) — 20, x), ug(x) — v°(x))

Q

+ luo(x) — v°(x>|2}dx

is coercive and weakly lower-semicontinuous on X, and therefore attains its infi-
mum. However, in order to obtain a solution of the equation (5.16), we need to
show that the infimum is actually 0. The argument requires a further refinement of
Theorem 2.8 and is postponed to a forthcoming paper [9].
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