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Abstract New variational principles based on the concept of anti-selfdual (ASD)
Lagrangians were recently introduced in “AIHP-Analyse non linéaire, 2006”. We
continue here the program of using such Lagrangians to provide variational formula-
tions and resolutions to various basic equations and evolutions which do not normally
fit in the Euler-Lagrange framework. In particular, we consider stationary boundary
value problems of the form —Au € d¢(u) as well ass dissipative initial value evolutions
of the form —i(¥) — Au(t) + ou(t) € dp(l,u(l)) where ¢ is a convex potential on an
infinite dimensional space, A is a linear operator and w is any scalar. The framework
developed in the above mentioned paper reformulates these problems as 0 € 9L (1)
and i1(f) € dL(t,u(r)) respectively, where 9L is an “ASD” vector field derived from
a suitable Lagrangian L. In this paper, we extend the domain of application of this
approach by establishing existence and regularity results under much less restrictive
boundedness conditions on the anti-selfdual Lagrangian L so as to cover equations
involving unbounded operators. Our main applications deal with various nonlinear
boundary value problems and parabolic initial value equations governed by transport
operators with or without a diffusion term.
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1 Introduction

This paper is a continuation of [10], where the concept of anti-selfdual (ASD) Lagran-
gians was shown to be inherent in many basic boundary-value and initial-value
problems. Motivated by a conjecture of Brezis-Ekeland [4,5], and eventually by the
subsequent related work of Auchmuty [1,2], a new variational framework was establi-
shed where, solutions of various equations which are not normally of Euler-Lagrange
type, can still be obtained as minima of functionals of the form

T
I(w)=L(u,Au) + £(b1(x),b2(x)) or I(u)= [ L(t,u(n),u(t) + Au(®)dt+L(u(0), u(T)).
0

where L is an anti-selfdual Lagrangian, A is essentially a skew-adjoint operator
modulo boundary terms represented by a pair of operators (by,b2), and where ¢
is a compatible boundary Lagrangian which insures that [ is a selfdual functional in
a sense to be recalled later. For such Lagrangians, the minimal value will always be
zero and —just like the self (and antiself) 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 functional 7, but because they are also
zeroes of derived Lagrangians obtained by “completing the squares”. In other words,
the infimum will satisfy

L(u,Au) + (u,Au) =0 resp., L(t,u(t),i(t) + Au(?)) + (u(t),u()) =0,

which are functional reformulations of the equations at hand. It is also shown in [10]
that ASD Lagrangians possess remarkable permanence properties making them more
prevalent than expected and quite easy to construct and/or identify. The variational
game changes from the analytical proofs of existence of extremals for general action
functionals, to a more algebraic search of an appropriate ASD Lagrangian for which
the value of the corresponding minimization problem is always equal to zero. This
makes them efficient new tools for proving existence and uniqueness results for a
large array of differential equations.

We tackle here again the question of providing a variational formulation and
resolution of boundary value problems of the form:

—Au+f € 9p(u)

1
bi(w) = uy, )
as well as parabolic evolution equations of the form:
—Au(t) —u(t) + ou(t) € dp(t,u(t)) a.e.te€[0,T]
by (u(t)) = b1(uo) aetel0,7] 2)

u(0) = uyp,

where ¢ is a convex lower semicontinuous functional, A is a linear operator, b is a
boundary operator, u; is a prescribed boundary value, w € R, and u is a given initial
value. We shall use the formalism developed in [10] to rewrite these problems as

0edL(u) and—u(t) € IL(t, u()) (3)
@ Springer



Anti-selfdual Lagrangians 11 325

respectively, where 9L is an “ASD” vector field derived—in an appropriate way —
from the “potential” L. In this paper, we extend the domain of application of this
approach by establishing existence and regularity results for the equations in (3)
under much less restrictive boundedness conditions on the anti-selfdual Lagrangian
L. In particular, we will be able to associate —via an integral representation formula—
a semi-group of nonlinear contractions (7;),cg+ to any ASD Lagrangian L in such a
way that x(¢) = Tyx is a solution of —i(t) € AL (u(r) starting at xg.

As applications, we provide —under minimal hypothesis—a variational resolution
to equations involving non self-adjoint operators such as the following transport equa-
tion:

—a(x) - %u(x) +agu = |lu@) P lu +f onQCR’ )
u(x) =0 onyx¥_,

where a = (a;); : Q@ — R is a vector field, f € L%(2), and where ©_ = {x € 0%;
a(x)i(x) < 0}, i being the outer normal vector. We also provide a variational reso-
lution to general dissipative initial value problems such as the following convection-
diffusion evolutions.

— E;—L:(x, N +ax) - §u(x, ) = Apu(x,t) + ag(x)u(x, 1) + wu(x,t) on[0,T] x Q

u(x,0) = up(x) on (5)
u(x,t) =0 onl0,7] x 0Q2.

But more importantly, we also deal with the more delicate case where the equation is
purely non-self-adjoint such as:

— i;—btl(x, N +ax) - %u(x, 1) = ap(x)ulx,t)+ulx, )|ulx, t)|1’*2—|—a)u(x, ) on[0,T]xQ

u(x,0) = up(x) onQ (6)
ux,t) = up(x) onl0,7]x X_

Needless to say, these equations have been the subject of many studies starting from
the fundamental paper of Bardos [3]. They are however not normally solved by the
methods of the calculus of variations since they do not correspond to Euler-Lagrange
equations of action functionals of the form fQ F(x,u(x), Vu(x) dx or fOT L(t,x(t),x(t)dt.
They turned out to be ideal “elementary” examples of nonself-adjoint equations on
which to illustrate the applicability of our method including many of its subtleties.
The paper, though sufficiently self-contained, is better read in conjunction with
[10]. It is organized as follows: In Sect. 2, we isolate the conditions under which the
composition of an anti-selfdual Lagrangian with an unbounded linear operator yields
a global Lagrangian that is also anti-selfdual. Section 3 gives the first applications to
non-homogeneous transport equations. In Sect. 4, we prove our main result which
associates a semi-group of nonlinear operators to a general ASD Lagrangian, inclu-
ding those involving semi-convex terms. This result is applied in Sect. 5 to provide
variational resolutions to several parabolic initial-value problems. Some of the results
were announced in [7,8]. The case involving nonlinear operators is dealt with in [11].
Added in proof: Recently, the first named author proved in [13] that every maximal
monotone operator is actually an anti-selfdual vector field, which means that ASD-
Lagrangians can be seen as the potentials of maximal monotone operators leading to
a variational formulation and resolution of most equations involving such nonlinear
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operators. This “selfdual variational theory” and its applications is developed in detail
in the upcoming monograph [12].

2 Anti-selfdual Lagrangians and unbounded operators

Given a reflexive Banach space X, we consider the class £(X) of Lagrangians L :
X x X* — RU {400} which are convex and lower semi-continuous (in both variables)
and which are not identically +oc0. The Legendre-Fenchel dual (in both variables) of
L is defined at any pair (q,y) € X* x X by:

L*(q,y) = sup{{q,x) + (y,p) — L(x,p); x € X,p € X"}.

We refer to Ekeland-Temam [6] for the basics of convex analysis, and we recall from
[10] the following notions.

Definition 2.1 (1) Say that L is an anti-selfdual Lagrangian on X x X*, if
L*(p,x) = L(—x,—p) forall (p,x) € X* x X. (7)
(2) L is partially anti-selfdual, if
L*(0,x) = L(—x,0) forallx € X. 8

Denote by LAp(X) the class of anti-selfdual (ASD) Lagrangians on a given Banach
space X. This is a quite interesting and natural class of Lagrangians as they appear
in several basic PDEs and evolution equations. The basic example of an anti-selfdual
Lagrangian is given by a function L on X x X*, of the form

L(x,p) = ¢(x) + ¢*(—p) ©)

where ¢ is a convex and lower semi-continuous function on X and ¢* is its Legendre
conjugate on X*. But the class LAp(X) was shown in [10] to be much richer as
it goes well beyond convex functions and their conjugates, especially because it is
stable under composition with skew-symmetric operators. Indeed if A : X — X*isa
bounded linear skew-symmetric (i.e., A* = —A), and if L is an ASD Lagrangian, it is
then easy to see that the Lagrangian

M(x,p) = L(x, Ax + p) (10)

is also anti-selfdual. However, in various applications, we are often faced with an
unbounded operator A which may still satisfy various aspects of anti-symmetry. In
the sequel we study to what extent the composition formula (10) above remains valid
for such operators.

Let A be a linear—not necessarily bounded —map from its domain D(A) C X into
X*. Assuming D(A) dense in X, we consider the domain of its adjoint A* which is
defined as:

D(A") = {x € X;sup{(x,Ay);y € D(A), |lyllx <1} < +oo}.

Definition 2.2 Let X be a reflexive Banach space and let A be a linear map from its
domain D(A) C X into X*. Say that
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1. A is antisymmetric if D(A) C D(A*) and if A* = —A on D(A).
2. A isskew-adjoint if it is antisymmetric and if D(A) = D(A*).

The following easy lemma shows that the composition formula still holds for anti-
symmetric operators, provided they have a large enough domain.

Lemma 2.3 Let ¢ be a convex proper lower semi-continuous functional on X with a
symmetric domain D(¢), and let A : D(A) C X — X™* be an anti-symmetric operator
such that D(¢) € D(A). Then the Lagrangian

px) + ¢*(Ax —p) x € D(p)

M(x,p) = [ +00 elsewhere

is anti-selfdual on X.

Proof Let (x,p) € X x X* and suppose first that X € D(¢). Then

M*(p,%) = sup sup {(x,p) + (X,p) — (p(x) + ¢*(Ax —p))}

xeD(p) peX*

= sup sup {(x,p)+ (X,Ax —q) — p(x) — 0™ (q)}
xeD(p) geX*

= sup sup {(x,p) — (A%,x) — (X¥,q) — p(x) — ¢*(9)}
xeD(p) geX*

= @(=X) + ¢* (p — AX)

= M(—X,—p).

If now x ¢ D(¢p), then
M*(p,%) = —p(0) + sup {x.p) —¢*(—p)}
peX*

—0(0) + p(—X) = +00 = M(—%, —p).

We shall also deal with situations where operators are skew-adjoint provided one
takes into account certain boundary terms. We introduce the following notion ]

Definition 2.4 Let A be a linear map from its domain D(A) in a reflexive Banach
space X into X* and consider (b1,by) to be a pair of linear maps from its domain
D(by,b2) in X into the product of two Hilbert spaces Hy x H,. We say that A is
skew-adjoint modulo the boundary operators (by,b>) if the following properties are
satisfied:

1. The space Xy := Ker(by,b2) N D(A) is dense in X
2. The image of S := D(A) N D(b1,bs) by (b1, by) is dense in H; x Hj.
3. Anelement yin X belongs to S if and only if

1
sup [(y,Ax> - §<||b1(x>||%,1 + 120 [17,):x € S, lIxllx < 1] < oo.

4. Foreveryx,y € S, we have
(v, Ax) = —(Ay,x) + (b1(0), b1 1, — (b2(x0), b2(V)) 1,

It is clear that if by, by are the zero operators on X, then our definition coincides
with the notion of skew-adjoint operator in Definition 2.2.2). Here is our main result
concerning the composition of ASD Lagrangians with non-necessarily bounded skew-
adjoint operators.

@ Springer



328 N. Ghoussoub, L. Tzou

Proposition 2.1 Let L : X x X* — R be an ASD Lagrangian on a reflexive Banach
space X such that for ever p € X*, the function x — L(x,p) is bounded on the bounded
sets of X. Let A : D(A) — X* be skew-adjoint modulo the boundary operators
(b1,b2) : X — Hy x Hj. Then the Lagrangian defined by

2 2
L(x,Ax+p)+ ”bl(;)"Hl + HbZ(?HHZ ifx e D(A)N D(by,b2)
+o0 ifx ¢ D(A) N D(by,b2)

M(x,p) =[

is anti-selfdual on X.

Proof The idea is to use the density of Ker(b1, by) and the continuity of L in the first
variable to split the space X in such a way that the supremum over the main term
and the supremum over the boundary term are independent of each other. Indeed, if
X e S:=D(A)ND(by,by), then

xeS 2 2

b1 117, ||bz(x)||%,2]
peX*

M*(ﬁ,i’) = sup [(2’P>+(x,ﬁ) _L(X’Ax+p)_ -

Substituting g = Ax + p, we get

b 2 b 2
M*(p,%) = sup [(J?,q—Ax)—i- (x,p) — L(x,q) — P16y _ ] 2(x)”H2]

xeS 2 2
qeX*

Since x € D(A), we have that:
(X, Ax) = —(x, AX) + (b1(x), b1 (X)) — (b2(x), b2(X)).
which yields
M*(p,x) = sup [(X,Afc) — (b1(x),b1(%)) + (b2(x), b2(X)) + (X,9)
xes
qgeX*

b 2 b 2
) — Ligy — Ol 2(x)|IH2}

2 2

Now for all xo € Ker(by,b2), we obviously have bj(x) = bi(x + x9) and by (x) =
by (x + x0), so that for all xg € Ker(by,b2) N D(A) C S,

M*(p,X) = sup {(%Ai} — (b1 (x 4+ x0), b1 (X)) + (b2(x + x0), b2(%)) + (X, q)
xeS§

qgeX*

+ <x5ﬁ> - L(xa Q)

b X0, b2+ x0) I,
2 2
It follows that
M*(p.%) = sup[ (6, AZ + ) = (b1 +x0), b1 @) + (b2(x +x0), b2(@))

N by (x +x0)17,  Ibatx + x0) |12
+(X,q) + L(x,q) — 3 mo_ 5 .

x € S,qe X* xp € Ker(by,by) ﬂD(A)]
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Since § is a linear space, we may set w = x + x¢ and write

M*(p,%) = Sup[(w — X0, AX + p) — (b1(w), b1 (X)) + (b2(w), b2(X)) + (X, q)

bi(w)|2 ba(w)||2
v — x0.q) I 1(2)||Hl B Il 2(2)||H2;

xo € Ker (by,b2) N D(A)]

€S,qeX*,

Now, for each fixed w € S and ¢ € X*, the supremum over xg € Ker(by,b2) N D(A)
can be taken as a supremum over xo € X since Ker(b,b2) N D(A) is dense in X and
all terms involving xp are continuous in that variable. Furthermore, for each fixed
w € § and g € X*, the supremum over xg € X of the terms w — xo can be written as
supremum over v € X where v =w — x¢. So setting v = w — x¢ we get

M*(p,%) = SUP[<V,A5C + ) — (b1(w), b1 (X)) + (b2 (W), b2 (X)) + (X, q) — L(v,q)

b3 ba(w) |7
B A o S

2 2
= Sup sup {(va'%_‘_[)) + (i»@ —L(V»CI)}
veX geX*
i bW, b2 w13
+SUI;[<b1(w),—b1(x))+(b2(W),b2(x)>— 12 o ”zv HZ]
we

Since the range of (b1,b2) : S — H; x Hj is dense in the H; x H, topology, the
boundary term can be written as

sup sup [(a,—b1(5€)) + (b, b2 (%)) —

2 ~\ (12 ~
lalfy, el | _ W@, | b2,
acH| beH,

2 2 2 2

while the main term is clearly equal to L*(AX + p,X) = L(—X, —AX — p) in such a way
that M*(p,X) = M(—x,—p) if x € D(A) N D(b1, by).
Nowifx ¢ S = D(A) N D(by1,by) then

M*(p, 5
P,x) > >

xe§

sup ((i’q —A)C) + ()C,ﬁ) - L()C, Q)
qeX*

b1, IIbz(X)II%{Z]

v

b 2 b 2
up { (5, A%} + (5.5) — L. 0) — [ 1<)2c>||H2 _|| z();)quJ

xe§
llxllx <1

Since by assumption L(x,0) < C whenever |x| y < 1, we finally obtain that

bx) |7 br(x) |2
M*(p,X) = sup [(—)?,Ax) + (x,p) —C— | (352)”112 A 2(;)”[121
el <1
= 40
= M(—X,—p)
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since X ¢ S whenever —x ¢ S. Therefore M*(p,x) = M(—x,—p) for all (x,p) € X x X*
and M is an anti-selfdual Lagrangian. O

2.1 The example of the transport operator A = a - Vu+ @u

Consider the transport operator u + a - Vu + (VT'a)u on the space X = LP(Q), in
conjunction with two trace operators (restrictions) onto two appropriate subsets of
3. We show that this operator is skew-adjoint modulo the corresponding boundary
operators, in the sense of Definition 2.2. These properties will be crucial for the
next sections where we establish existence results for both stationary and evolution
equations involving first order transport operators.

We shall adopt the framework of [3], and in particular all conditions imposed there
on the smooth vector field a defined on a neighborhood of a C* bounded open set
inR". Set X = LP(Q) for 1 < p < +00 and define

Y1 = {x € 9Q; £a(x) - i(x) > 0} be the entrance and exit sets
of the transport operator a - v,

the corresponding Hilbert spaces:
Hy = L*(Zy:la-hldo), Hr=L*(T_;|d-nldo),

as well as the boundary (trace) operators (b1u, bou) = (u|x, ,ulx_) whose domain is
D(by,b2) = {u € LP(Q); (ulx,,uls_) € Hy x Ha}.

We shall consider the operator Au = a - Vu + @u with domain

D(A) = {u e LP(Q);d - Vu+ (V-a)

u € L1(Q)} into LI(RQ),
where [% + % = 1. Observe that D(A) is a Banach space under the norm

leellpay = llullp + 11d - Vullg
and that S := D(A) (| D(by) (] D(by) is also a Banach space under the norm
llulls = llullp + lla - 6Mllq +lluls, 25, ja-a1do)
Under the assumptions listed above, C*(Q) is dense in both spaces (c.f. Bardos [3]).

Lemma 2.5 The unbounded operator A is skew-adjoint modulo the boundary (b1, b2)
on the space LP ().

Proof We check the four criteria of Definition 2.4 (See also [16]). For 1) it suffices
to note that C{°(Q2) C Ker(by,b2) () D(A), in such a way that Ker(by,b2) [ D(A) is
dense in X. Criteria (2) follows by a simple argument with coordinate charts, as it is
easy to show that for all (vy,v_) € Ci°(24) x CF°(X-) there exists u € C*® () such
that (ulx, ,uls_) = (v4,vo). The_embedding of Cf°(X1) C L%(y;ld-nldo) is dense,
and therefore the image of C*°(2) C S under (b1, by) is dense in Hy x H».

For criteria 3), we need to check that, if u € X, then it belongs to S if and only if

1
sup [(u,Aw — E(nb](v)u%q1 + b1 I7):v € S, Ivlix < 1] < o0. (11)
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The “if” direction follows directly from Green’s theorem and the fact that C*®(Q)
is dense in the Banach space S under the norm |u||s. For the reverse implication,
suppose that (11) holds, then obviously

sup { (1, Av);v € CP(Q), Ivlix < 1)

which means that @ - Vu + @u € L1(Q2) in the sense of distribution, therefore
u € D(A). Now to show that u € D(by) () D(b2), we observe that if u € X and
u e D(A), thenuly, € L? ($.:|a- Aldo). To check that uls, € L*(Zy;la-fldo) a

1
simple argument using Grgcen’s Theorem shows that (11) implies that

sup /uvl?z-rﬂdo;v € C30(2+),/ vi?la-Alde <1} < +oo
i i
which means that u|x, € L2(E+; |a - Aldo) and u € D(by). The same argument works

for u|y_ and criterion 3) is therefore satisfied.
For 4), note that by Green’s theorem we have

1 1
/((a-Vu)v + Ediva)uvdx = —/((a-Vv)u + Ediv a)uvdx + / uvn - ado
Q Q 0Q
for all u,v € C*®(Q) and the identity on S follows since C>(Q) is dense in S for the
norm | ul|s. ]

3 Anti-selfdual vector fields and PDEs involving the transport operators

We now recall the following framework from [10].

Definition 3.1 Let X be a reflexive Banach space and let L : X x X* — R U {+00}
be a convex lower semi-continuous function, that is not identically equal to 4+oc0. The
derived vector fields of L at x € X (resp., p € X*) are the —possibly empty- sets

AL(x) :={p € X*; L(x,—p) — (x,p) =0} resp.,
IL(p) == {x € X; L(x,—p) — (x,p) = 0}.

The domains of the vector field 9L are the sets
Dom(dL) = {x € X;3dL(x) # @} resp., Dom(dL) = {p e X* 5L(p) # 0}

The above defined potentials should not be confused with the subdifferential 9 L of L
as a convex function on X x X*. Actually, it is easy to see that if L is an anti-selfdual
Lagrangian, then p € dL(x) if and only if x € SL(p) if and only if (p, —x) € dL(x, —p).
This is also equivalent to say that 0 € L, (x) where L,, is the translated Lagrangian
Lp(x,q) = L(x,p+q) + (x,p).

For a basic ASD Lagrangian L(x,p) = ¢(x) + ¢*(—p), it is clear that

9L(x) = dp(x) while dL(p) = d¢*(p).

Recalling that an ASD Lagrangian L satisfies L(x,p) + (x,p) > O for every (x,p) €
X x X*, the problem of proving that d L(p) is non-empty for a given p € X* amounts
to showing that the infimum of the functional /,(x) = L(x,—p) — (x,p) overx € X
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332 N. Ghoussoub, L. Tzou

is equal to zero and is attained. The following proposition from [10] gives sufficient
conditions for this to happen.

Proposition 3.1 Let L be an anti-selfdual Lagrangian L on a reflexive Banach space
X x X*. If for some xo € X, the map q — L(x¢,q) is bounded on a ball of X*, then
for each p € X* the infimum of I,(x) = L(x,—p) — {x,p) over X is equal to zero and is
attained at some point X € dL(p).

We have also the following easy observations, some of which are proven in Sect. 4.

Proposition 3.2 The following assertions hold whenever L is an anti-selfdual Lagran-
gian L on a reflexive Banach space X x X*.

1. The vector field x — 3L (p) is monotone in the sense that (x — y,p — q) = 0 for
x € dL(p) and y € L(q).

2. If L is strictly convex in the second variable, then the vector field x — dL(x) is
single-valued.

3. If L is uniformly convex in the second variable (i.e., if L(x,p) — e% is convex in x
for some € > 0) then the vector field x — dL(x) is a Lipschitz maximal monotone

map.
As noted above, non-trivial examples of anti-selfdual Lagrangians are of the form

L(x,p) = ¢(x) 4+ ¢*(—Ax — p) (12)

where ¢ is a convex and lower semi-continuous function on X, ¢* is its Legendre
conjugate on X* and where A : X — X* is bounded and skew-symmetric. In this
case, it is easy to see that

IL(x) = Ax + dp(x) while IL(p) = (A + 39)"L(p).

This suggests that ASD vector fields are natural extensions of operators of the form
A + d¢, where A is positive and ¢ is convex. This is an important subclass of maximal
monotone operators which can now be resolved variationally.! More importantly,
the stability of this subclass under various operations including composition with
unbounded skew-adjoint operators and the adjoining of boundary operators makes it
very functional in applications. The following Lax-Milgram type result for unbounded
operators is one of them.

Proposition 3.3 Let ¢ : X — R U {+00} be proper convex and lower semi-continuous
and assume that A : D(A) C X — X* is a skew-adjoint operator modulo the boundary
(b1,b2) : D(b1,b2) — Hi x Hp where Hy, Hy are two Hilbert spaces. Suppose there
exists a constant C > 0 such that for every x € X,

1
C (el = 1) < @) < C(IxlIF +1), (13)
where p1,p2 > 0. Then there exists x € D(A) N D(by, by) such that the functional
by, 1b2(0) 11,

I(x) = p(x) + 9" (Ax) + 5 5

1 See what was added in proof at the end of the introduction.
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attains its infimum at X in such a way that

xeX
AX € dp(X) (15)
by(x) = 0. (16)

Proof The Lagrangian M(x,p) : X x X* — R U {400} defined by

b1 COIIZ 1620113 )
Mx,p) = [qo(x)+<p*(Ax—p)+ 1; Moy 2’; ™2 ifx € D(A) N D(by, b2)

+00 otherwise

is anti-selfdual on X. Indeed, L(x,p) := ¢(x) 4+ ¢*(—p) is clearly ASD, and since x
L(x,p) is bounded on the bounded sets of X for all p € X*, we apply Proposition 2.1
to conclude that M is ASD. Moreover, since p — M(0, p) is bounded on the bounded
sets of X*, Proposition 3.1 applies to I(x) = M(x,0) and we obtain X such that
0 = infyex M(x,0) = M(x,0). Since M(x,0) < oo, we get that x € D(A) N D(by,b)

@I by @
and p(¥) + ¢*(A%) + — ; oy 12 ; I, _ 0. Now observe that

Ib1 @117, . Ib2® 117,
2 2

0=9X@ +¢"(AY) +

— 112 — 2
161 GO I, N 1b2®) 117,
2 2

= 9(X) + ¢ (AX) — (X, AX) + |b2(®) |7, = 0,

= ¢(X) + ¢ (AY) — (X, AX) + (¥, AY) +

and therefore AX € d¢(X) and b2 (¥) = 0 simultaneously. |

3.1 Applications to PDEs involving the transport operator

We will deal with two types of equations some of which where dealt with in [9] via a
slightly different variational formulation.

1. Transport equation:

a(x) - Vux) + ap(oux) + uG)|lu) P2 = fx) forxeQ
uix) =0 forx e X;.

2. Transport equation with viscosity:

—Apu(x) + ax) - Vu(x) + ag(X)u(x) + ulux)|"™" 2 =fx) xeQ
ux) =0 X € 082.

1. Transport equations without diffusion terms

In this case we will assume that the domain  and the vector field a(-) satisfy all the
assumption in Sect. 2. We distinguish two cases:

Casel p > 2.

The Banach space is then X = LP (€2) since by Lemma 2.4 the operator A : D(A) —
X* definedby A :ur>a- Vu+ 1 (V a)u with domain D(A) = {u € LP(Q) | a - Vu +
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%u € L9(2)}. is then skew-adjoint modulo the boundary operators (byu,byu) =

(uls,,uls_) whose domain is
D(b1,b2) = {u € LP(Q); (uls,,uls ) € L*(24;la - Aldo) x LA(2_;|a - itldo))

In this case we get the following

Theorem 3.2 Assume p > 2, and let f € L9 (1% —+ é = 1) and ay € L°°(2). Suppose
there exists T € CY(Q) such that
Zz~%t+%(%~ﬁ+ao)200n9. 17)

Define on X = LP () the following convex function

1 1 > 1 /= .
wW%:f/éﬂfWW&+E/HWHWWH+Z/WwHwMM%mﬁ/WM,

P Q Q Q Q

as well as the functional

Ko O Lo o 1 212 A 1 212 A
I(u) = W)+ ¢*(a-Vu + i(V ~ayu) + 3 lul“|a - nldo + 3 lul“la - n|do
i _
on the S := D(A) N D(by, by) and 400 elsewhere on LP(Q2).

1. Then there exists u € S such that I(u) = inf{I(u) | u € LP(2)} =0.
2. The function v := e~ "u satisfies the nonlinear transport equation

G- 9v- Do =W +f ong
2
(18)
v=0 on X.
Proof Consider
Mu,p) = o) + ¢*(Au + p) + €(b1 (W), b2 (u)) %ueS 1)
too ifugs

where €(-,-) : L>(Z4;|a - iildo) x L>($_;|a - ildo) — R is defined by

1 .. 1 .
L(h,k) = 7 / |h?|d - Aldo + 7 / |k|?|a - Aldo.
i bl

Since A is skew-adjoint modulo the boundary, we conclude from Proposition 2.1
that M is an ASD Langrangian on the space LP(2) x L9(Q2) and satisfies all the
hypothesis of Proposition 3.1. There exists then € LP(Q2) such that 0 = M(u,0) =
inf{M(u,0);u € LP} which means that 0 = I(«) = inf{I/(u) | u € S} and assertion 1) is
verified.
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To get 2) we observe again that

_ i} R B 1 [ 0. .
O=I(u)=<p(u)+(p*(Au)+§/|u|2|a.n|da+§/|u|2|a.n|d0
o po

= / li|®|a - Aldo > 0
Pt

In particular, ¢ (1) + ¢*(Au) = (u, Au) and f}:+ li|2|d - fildo = 0, in such a way that
Au € d¢p(u) and u|sz, = 0. In other words,
> G- 1o - 1—71—72~_'—1_'-' —
a-Vu+§(V~a)u:e e TulP~*+(@- Vo)L + E(V-a+ao)u+f
and u|y, = 0. Multiply now both equations by e~* and use the product rule for
differentiation to get a - Vi — “70\7 = plp|p—2 +fand v|g, =0, wherev:=e"u. O
Case2 1<p<?2

In this case, the right space is X = L2(Q) and A : D(A) — X* is defined as in the
first case but with domain D(A) = {u € L3(Q) | a - Vu e L2(Q)). By Lemma 2.4, A is
again skew-adjoint modulo the boundary operators (bju, bou) = (uls, ,uls_) whose
domain is

D(b1,b2) = {u € L2 |(uls,,ulx) € L*(S43a-ildo) x L*(2;]a - Aldo)).
We then obtain the following result:

Theorem 3.3 flssume l<p<2andletf e L2(Q) and ag € L>®(Q). Suppose there
exists T € C1(Q) such that for some € > 0 we have:

L 2 1 - .
a-Vr+§(V-a+a0)Ze>00nQ. (20)
Define on L*(Q) the convex functional

1 1 - d 1 = -
ou) = f/erle_’uV’dx—i- i/a Vr|ulPdx + Z/(V . a+ao)|u|2dx+/ufdx

b Q Q Q Q

as well as the functional

wm oo Lo o 1 25 » 1 27~
I(u) == o) +¢*(@-Vu+ E(V -a)u) + 7 / |u|”|a - n|do + 7 / |u|”|a - n|do
i il
on S := D(A) N D(by, by) and +oco elsewhere in L2(Q).

1. There exists then it € S such that I(@) = inf{I(w) | u € L*(Q)} = 0.
2. The function v := e~ "u satisfies the nonlinear transport equation (18).
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Proof Define M as in (19) and again by Lemma 2.4, A is skew-adjoint modulo the
boundary. Since now ¢ is bounded on the bounded sets of L?, we can now invoke
Proposition 2.1 to conclude that M(u, p) is an ASD Langrangian on the space L2(2) x
L%(). But in this case, @ is coercive because of condition (20), and therefore ¢* is
bounded on bounded sets. All the hypothesis of Proposition 3.1 are now satisfied so
there exists it € L2(2) such that 0 = M(iz, 0) = inf{M(u,0) | u € L?}. The rest follows
as in the case when p > 2. O

2. Transport equations with a diffusion term

In this case, the conditions on the smooth vector field d and Q2 need not be as restrictive
as in the case where the equation is purely governed by the transport operator. This
is because the setting will only require that the operator A : D(A) — X* defined by
ura-Vu+ %(% -@)u be only anti-symmetric. The setup is as follows: Let X = L?()
and consider the above operator A on the domain

2 1 -
DA)={uel*Q)|a Vu+ SV due L2()).
We then have the following

Theorem 3.4 Leta € C®(Q) be a smooth vector field on Q C R", and let ag € L™ ().
Letp>2and1 <m < %, and assume the following coercivity condition:

V.di+ay=00onQ. (21)

Consider the following convex and lower semi-continuous functional on L?(S2):

L o IVulPdx + § [o(V -+ ao)luldx + - [ lul™dx + [o ufdx

ow) =1 ifue Wy’ (Q)

too ifu¢ WP (Q)
and define the functional I(u) = ¢(u) + ¢*(a - Vu + %(% -a)u) on Wé’p(Q) and +00
elsewhere on L*(Q).
1. There exists then ui € Wé’p(Q) such that I(n) = inf{I(u); u LZ(Q)} =0.
2. The minimizer u satisfies the equation
Vi on 2

1 N
—Apil + aoit + a2+ f=a
=0 on 0L2.

N

Proof The functional ¢ has a symmetric domain that is contained in the domain of
A.So Lemma 2.5 applies and the Lagrangian

My o |00+ (Au=p) if u e Wy" ()
P o if u ¢ WyP (@)

is ASD. Now ¢ is obviously coercive on L2(Q) and therefore ¢* is bounded on
bounded sets of L?(R2). Proposition 3.1 applies and we find i € L*(Q2) such that

0 = M(i1,0) = inf{M(u,0) | u € L*(Q)}. Clearly ii € Wé”’ () and the rest follows as
in the preceeding cases. O
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4 Semi-groups associated to anti-selfdual Lagrangians

In this section we develop further the variational theory for dissipative evolution
equations via the theory of ASD Lagrangians. The goal is to extend the variational
theory of gradient flows [14,15] and the one for other parabolic equations developed
in [10] so as to include evolutions of the form

—x(t) € 0p(x(t)) + Ax(t) + wx(1), (22)

where A is an unbounded positive operator and w is any real number. The framework
proposed in [10] leads to the formulation of (22) as

—k(t) € dL(t,x(t)) for all ¢ € [0, T}, (23)

where the anti-selfdual Lagrangians L(t,-,-) on the state space are associated to the
convex functional ¢, the operator A, and the scalar w in the following way:

L(t,x,p) = " {p(e™x) + ¢*(—e " (Ax + p))}. (24)

Consider now the path space A%{ ={u:[0,T] - H;u € L%{} consisting of all
absolutely continuous arcs u : [0,7] — H, equipped with the norm ||u|| g2 =
H

()13, + fy lal2dn?.

The next step is based on the fact that under appropriate boundedness conditions,
a (time-dependent) anti-selfdual Lagrangian L : [0,7] x H x H — R on a Hilbert
space H, “lifts” to a (partially) anti-selfdual Lagrangian £ on path space A%, = {u :
[0,T] = H;ue L%{} via the formula

T

L(x,p) = /L(I,X(I) +p ), x(0)dr + £(x(0) + a,x(T)) (25)
0

where ¢ is an appropriate time-boundary Lagrangian and where (p(t),a) € L%{ x H
which happens to be a convenient representation for the dual of A%{. Equation (23)
can then be formulated as a stationary equation on path space of the form

0edLlx), (26)

hence reducing the dynamic problem to the stationary case already considered above.

However, the boundedness condition on the Lagrangian L used in Theorem 4.2
of [10] is too stringent for most applications, especially when unbounded operators
are involved. The rest of the section consists of showing that these conditions can be
considerably relaxed through a A-regularization procedure reminiscent of the standard
theory for convex functions, but also the Yosida theory for operators, which seems to
apply as naturally to ASD Lagrangians, a concept that allow for their superposition.
This procedure is however made more complicated by the presence of the linear
term—hence of ¢* in the Lagrangian which prevents it from being autonomous. This
factor will however allow—among other things—to relax the convexity assumptions
on ¢.

Here is the main result of this section.

Theorem 4.1 Let L be an anti-selfdual Lagrangian on a Hilbert space H x H that is
uniformly convex in the first variable. Assuming Dom(dL) is non-empty, then for any
w € R there exists a semi-group of maps (T;);cg+ on Dom(9dL) such that:
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—

Tox = x and || Tix — Tyy|| < e “!||x — y| for any x,y € Dom(dL).
2. The semi-group is defined for any xo € Dom(dL) by T;xo = x(t) where x(t) is the
unique path that minimizes on A%J the functional
/ 1 1
Iw) = / " L), ou () +i0)dr+ > u(0) 2 =20, w0) + ¥l + 5 e ()|
0

in such a way that I(x) = inf I(u) =0.
ueA%{

3. Forany xo € Dom(3L) the path x(t) = T;x satisfies the following:

—X(f) — wx(t) € dL(x(1))

x(0) = xp. 27)

First we shall prove the following improvement of Theorem 4.2 of [10] provided
L is autonomous. The boundedness condition is still there, but we first cover the
semi-convex case.

Proposition 4.1 Assume L : H x H — R U {+00} is an anti-selfdual Lagrangian that
is uniformly convex and suppose

L(x,0) < C(Ix|>+1) forallx e H. (28)

Then, for any w € R and any xo € H, there exists X € ct ([O, T]: H) such that x(0) = xq
and

T
/ 2 L(e™ 5 (r), e k(1)dt + %nfc(mnz — 2(x0,%(0)) + llxo1* + %nfc(T)nZ =0
0 (29)
— e (}(0).2()) € AL (e "R (), e MR(®) Vi € [0, T], (30)
X1 < Cov. DO Ve € (0,71, (1)

where C(w, T) is a positive constant.

The following lemma shows how the uniform convexity of the Lagrangian yield certain
regularity properties of the solutions.

Lemma 4.2 Assume L : H x H — R U {400} is an anti-selfdual Lagrangian that is
uniformly convex in both variables. Then, for all x,u € H, there exists a unique v € H
—denoted v = R(u,x)— such that x = 3, L(u,v), and the map (u,x) — R(u,x) is jointly
Lipschitz on H x H.

In particular, if v,x,u : [0,T] — H are paths such that x,u € C([0,T];H) and
—x(t) = HL(u@),v(t)) for almost all t € [0,T], then v € C([0,T];H) and —x(1) =
WL (u(t),v() forallt € [0, T).

Proof We shall use the standard fact that if ¥ : H — R U {+o0} is convex and
lower semi-continuous and if its Legendre dual F* is uniformly convex, then for every
x € H, the subdifferential 9 F(x) is nonempty, single-valued and the map x — dF(x)
is Lipschitz on H.
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Since now the Lagrangian L is uniformly convex, then L(x,p) = M(x,p) +
2 2
£ (% + %), where M is convex lower semi-continuous, in such a way that x =

o L(u,v) if and only if 0 € M (u,v) + ev — x if and only if v is the solution to the
following minimization problem
elpl®
> (x,p) -

But for each fixed u and x, the map p — M(u, p) — (x, p) majorizes a linear functional
and therefore the minimum is attained uniquely at v by strict convexity and obviously
x = o L(u,v).

To establish the Lipschitz property, write

H}Din ‘M(u,p) +

R(u1,x1) — R(uz,x2) = R(u1,x1) — R(uq,x2) + R(uy,x2) — R(uz, x2).

We first bound ||R(u1,x1) — R(uq,x2)| as follows:
Since x; = L(u1,R(u1,x1)), x2 = L(u,Ru,x2)) and L(uy,v) =

2
M(uy,v) + % for some M convex and lower semi-continuous, it follows that
Xj = 82M(u1,R(u1,x,~)) + eR(uy, x;) for j = 1,2, so by monotonicity we get

0 < (R(u1,x1) — R(uy,x2), 0M (ug, R(uy,x1)) — 9M (uy, R(u1,x2)))
= (R(u1,x1) — R(u1,x2),x1 — eR(u1,x1) — x2 + eR(uy, x2))

which yields that
el Ruy,x1) — R(up, x2)|1* < IIR(uy,x1) — Rlug,x2)ll1x1 — x2

and therefore
1
IR, x1) = Rlur, 22| = a1 = x2l. (32)

Now we bound ||R(u1,x2) — R(u2,x2)]|.
Let xy = 0L (uj, R(uj, x2)) = %M (uj, R(uj,x2)) + eR(uj, x2) for j = 1,2. and write
by monotonicity that

0 < (R(uy,x2) — R(uz,x2), 02 M (11, R(u1,x2)) — 92M (uy, R(uz,x2)))
Setting p; = R(uj,x2), we have with this notation

(P1 — p2,02M(uy,p2) — 02M(uz,p2)) < (p1 — p2,2M(uy,p1) — 2M(uz,p2))
= (p1 — p2,X2 — &p1 — X2 +&p2)
—ellp1 — pal®.

so that g|p1 — p2l®> < lIp1 — p2lllld2M (u1, p2) — M (uz,p2) |, and since DM (uj,p2) =
0L (uj,p2) — ep2, we get that

ellpt — p2ll = 102L(u1, p2) — 92 L(uz, p2)|l < [[9L(u1,p2) — dL(u2,p2)||

Here we use the fact that L is both anti-selfdual and uniformly convex, to deduce that
L* is also uniformly convex. Use now the remark at the beginning of this proof to get:

0L (u,p) — L@ ,p")|| < C(llu — | + llp — p'll)
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from which follows that ||p; — p2| < gnul — up||, hence
Cc
IR(u1,%2) = Rz, 22| < —lluy — w2 (33)
Combining estimates (32) and (33), we finally get

1
IRy, x1) = R(uz, )l = (1 + ) (lug — wall + ey — x2l).

Proof of Proposition 4.1 Apply Theorem 4.2 of [10] to the Lagrangian M(t,x,p) =
e?” L(e~*'x,e~“'p) which is also anti-selfdual ([10]). There exists then % € A%, such

that ()Ac(t),fc(t)) € Dom(M) for almost all € [0, T] and I (%) = inf [(u) = 0, where
ueAy

T
1 1
I(u) = / M(t,u(p), iu(t))dt + E||u<0>||2 — 2(x0,u(0)) + lIxoll> + Enu(T)nz.

The path % then satisfies: £(0) = x¢ and for almost all ¢ € [0, T], —();c(t) x(0) €
dM (1,%(r),X(t)). The chain rule dM(t,x,p) = e"'0L(e""'x,e”"'p) then yields that for
almost all ¢ € [0, T

—e (%, 5(1) € AL(e7R(1), e R (1).

Apply Lemma 4.2 to x(t) = u() = e "'%(f) and v(t) = e %) to conclude that
X € C(10,T] : H). Thus & € C'([0,T] : H). Since L is anti-selfdual and uniformly
convex, we get from from the remark at the beginning of the proof of Lemma 4.2 that
(x,p) — 9L(x,p) is Lipschitz. So by continuity, we have now for all ¢ € [0, T']

—e Y (2(0),2(1)) € AL(e™MR(0), R (D))
and (30) is verified. |

To establish (31), we first differentiate to obtain:
o2 IO — MR+ WP = 2072 G0 — R+ ). X0 — MR+ ).

Setting now v(f) = 9;L(e™"'%(1), e th(t)) and vy(1) = HL(e""X(), e—wfx(t))
obtain from (30) and monotonicity that

e*”” ||x<r>—e*whx<r+h)|| = (e7"'&(t) — e " TIR( 4 ), —vi(6) + vi (¢ + )

+e T R(1) — e VDR 4 By, —va(t) + va(t + )
< 0.

. S0P p—hw 3 20—~ W3
We conclude from this that 120=¢ . DI < 13O < I and as we let h — 0, we

get [wi(t) + X0 < [wxo + £(0)||. Therefore [|X()]| < [X(O)I| + [wll|%()]| and

t t
IX@ S/II);C(S)II ds < X(O)IT + IWI/IIJ?(S)II ds.
0 0
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It follows from Gronwall’s inequality that [|£(0)[| < [1X(0)[| (C+|wle™!T) forallz € [0, T]
and finally that |X(0)]| < [|X(0)[[(C + [w] + |w|?e™IT).

We now proceed with the proof of Theorem 4.1. For that we associate a Yosida-
type A-regularization of the Lagrangian so that the boundedness condition in Propo-
sition 4.1 is satisfied, then we make sure that all goes well when we take the limit as A
goes to 0. First, we need the following lemmas relating the properties of a Lagrangian
to those of its A-regularization.

Lemma 4.3 For a Banach space X and a convex functional L : X x X* — R U {+00},
define for each X > 0, the following Lagrangian

Ix — z))? +MWV
21 2

1. If L is anti-selfdual, then L, is also anti-selfdual.
2. If L is uniformly convex in the first variable, then L, is uniformly convex (in both
variables) on X x X*.

L;(x,p) := inf [L(Z,p) +
zeX

Proof Fix (q,y) € X* x X and write:
Ix—zI>  Allpl?

(L)*(q,y) = sup{(q,x) + (y,p) — L(z,p) — n 3 1(z,x,p) € X x X x X*}
_ IvII>  Allpll* .
—SUP{(q,V+Z)+(y,P)—L(z,p)—j— 5 :(z,v,p) € X x X x X*}

w2, Alpl?
= sup (yap>+ sup {<q7V+Z> _L(Z,p) — }—
peX* (Zv)eX xX 2\ 2

B Ivi*,  Alpl?
= sup {(y,p) + sup{{q,z) — L(z,p)} + sup{{q,v) — o b= 2
peX* zeX veX

Migl?> Allpl®
= sup ((y,p>—rsup{<q,z>—-14z,p>}+- g - 5 )
peX* zeX

_ Mpl?) L Al
2 2

= sup sup ((y,m +(q,z) — L(z,p)
peX* zeX
Mql?

2

=(L+D*4q,y)+

where T(z,p) = % for all (z,p) € X x X*. Note now that

_me]:{+w if g #0

B &

T*(,):SU [<’Z>+<,> .
4:3) =Sp | (4:2) + (.p BE i g

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

(L+T1)"(q,y)

conv(L*, T*)(q,y)
inf_ {L*(r,.2)+ T* (—r+q,—z+y)}

reX* ze
ly — zII?
2 ’

inf 1 L*(q,
o |raas
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and finally

Migl?
2

2 2
-z A
ly —zl ]+ llqll

Li(q,y) = (L+1)*(q.y) +

2) 2

. Mal>  ly -zl
= inf {L(—z,—

22)([ R L

inf 1 L*(q,
i |Lao+

= Ly(=y,—q).

(2) For each A > 0, there exists ¢ > 0 such that M(x,p) := L(x,p) — 8“"“ IS convex.

1
Plck8— ”* sothatl—i-a;_ll)“S and write
Mpl? o x* Ix—zI*> il
L - s —inf | L — =
»6p) = =5 PR LY 2
. IxI? (2 lzI? Sl
= inf { L — _
It | F@P+ 5 Y 2 2
[i—»]
1
= —8x
A o,z lzl?
= inf {L -
It 1 Eep) + 2 k 2
2
= inf {L(z p)+H 1_/\(SXH B NEY PG
zeX ’ 21 A 21
2
SHZHZ H«/l—)\,&x”
=inf {M
;QX @.p)+ 2X + 2X
_ 2z
Al = LN 1
A 2X
it ey o (0N VIR )
T zex P 24 A
2
H«/l—)»SxH
+ 2X
| i - v
- — AOX
— inf | M(z,p) + 114
zeX 2\
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2
V1—=18x ”

—z
which means that (z,p,x) — M(z,p) + H—“H‘SZA is convex and therefore the

. . . . 2 2 . .
infimum in z is convex, which means that L, (x,p) — % ) % is itself convex, and
L, is uniformly convex. O

Lemma 4.4 Fora given convex functional L : Hx H — RU{+o00}and » > 0, denote for
each (p,x) € H x H, by J, (x,p) the minimizer of the following optimization problem:

inf(L(z,p) + 5522 7 € H).
1. Foreach (x,p) € H x H, we have

A

01L;.(x,p) = € 01 L(Jr(x,p),p). (34)

2. IfL:Hx H — RU {400} is an anti-selfdual Lagrangian that is uniformly convex
in the first variable, then the map (x,p) — J, (x,p) is Lipschitz on H x H.

Proof (1) is straightforward. For (2), use Lemma 4.3 to deduce that L, is anti-selfdual
and uniformly convex in both variables, which means that L7 is also uniformly convex
in both variables. It follows from that (x, p) — 9L, (x, p) is Lipschitz. From (34) above,
we see that J, (x,p) = x — A91 L, (x, p) is Lipschitz as well. O

The following lemma will be useful in obtaining a uniform bound on the first
derivatives of the family of approximate solutions.

Lemma 4.5 Assume L : H x H — RU {400} is an anti-selfdual Lagrangian and let L,
be its A-regularization, then the following hold:

1. Ifye E:)L,\(x) for somex € H, theny € AL, (x, —y). .
2. Ify € 0L (x) for some x € H, then ||y, ||z < llyllg for any y, € dL; (x)

Proof (1) If —(y,x) = 0L, (x,y) then L, (x,y) + Lj(—y,—x) = —2{x,y) and since
L, is an ASD Lagrangian, we have L, (x,y) + L, (x,y) = —2(x,y), hence

—2(X,Y> = L)\(X,y) + L/\(x,}’)

= Z(L(JA(X,)’),)’) +

lIx — Jo.Ce, 1% N Ayl
2i 2

—x+J 20 A3
:L*(_ys—fx(x,)’))+L(JA(X,)’),Y)+2(” XD ”y”H)

21 2

> =2(y,Jo.(x, ) + 2{(=x + J5(x,y),y)
= =2(x,y).

The second last inequality is deduced by applying Fenchel’s inequality to the first two
terms and the last two terms. The above chain of inequality shows that all inequa-
lities are equalities. This implies, again by Fenchel’s inequality that —(y,J,(x,y)) €
8L(JA (x,y),y).

(2)If —(y5,x) = dL; (x,y,), we get from the previous lemma that —y, = €
N L(Jx(x,.),y2), and by the first part of this lemma, that —(ys,J,(x,y)) €
dL(Jx(x,y5),y2). Now since (—y,—x) € dL(x,y). Setting v;, = J;(x,y5), and since

Vyi—X

—(y2,v1)) € dL(va,y2), we get from monotonicity and by the fact that y, = =%,

x=J3(x.y2)
A
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0 = {(5,) = a3 (1L(x,), 02 L(x, ) — (=ya, —v2))
— Vi

X
= ((X,)’) - (VA,)’A), (_y’ _x) - ( 7_V)\)>
Ilx —vall2
= —f” + (Vi =%, 9) + (¥, va —X) — (Vi Vi — X)
_ 2
= 2Pl o,y

which yields that 1¥=721# < j)y||;; and finally the desired bound ||y, | < |ly| for all
A > 0. O

End of Proof of Theorem 4.1 Let M, (t,x,p) = e*”'L; (e “'x,e®'p) which is also
anti-selfdual and uniformly convex by Lemma 4.3.

‘We now have L, (t,x,0) < L(0,0) + ”’2‘/'\'2 , hence Proposition 4.1 applies and we get

for all & > 0 a solution x; € C!([0, 7 : H) such that x; (0) = xo,

T
/MA (t,x2(0),%,.(D)) dt + £(x;.(0),x,.(T)) =0 (35)
0
—e " (X.(1),x,.(1)) € ALy (e x5 (1), e VX, (1)) for all £ € [0, T (36)

1 = Cw, DX ()] (37)
Here £(x;(0),x2(7)) = 5 [x2(0)* = 2{x0.x2.(0)) + llxo[1* + 5 1. (T)||*. By the defintion
of M, (t,x,p), identity (35) can be written as
T
/ e Ly (€7 xu (), e (1)) dt + £(x3.(0), x2(T)) = 0, (38)
0
and since

w—hmmw+umﬁ
2 2 7

Ly(x,p) = L(J,.(x,p).p) +

(38) can be written as

lle™"x;. () — va ()12 N Ane—wxmnz) dr

T
/ el (L(vx(r),e—wfxm)) + > -
0

+0(x.(0),2,(T)) = 0

where v, (t) = Jy(e7"x,(1),e™""%;(1)). Using Lemma 4.6.(1), we get from (36) that

for all ¢,

e (t) — vi (1)
; .

Setting ¢ = 0 in (36) and noting that x; (0) = xo, we get that — (¥, (0),x0) € 9L (x0,X;.

(0)), and since xg € Dom(dL), we can apply Lemma 4.7.2 to get that ||x, (0)|| < C

for all » > 0. Now plug this inequality in (37) to obtain:

IOl < Dw,T) YA >0 Vtel0,T].

—e (1) = 01 Ly (e (0), e (1) = (39)
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This yields by (39) that
le™"xa () = vl < D, T)n Ve €10, T,

hence

eV (0 —vi (0]
A

— 0 uniformly in ¢. (40)

Moreover, since ||X;\(-)||L% <DWw,T) for all > > 0, there exists x € A%{ such that —up
to a subsequence—

X, — kin A% (41)

and again by (39) we have

T

/ lva(e) — e %(0) | Fydt — 0, (42)

0
while clearly

—Wii (¢ 2
w — 0 uniformly. (43)

Now use (38)-(41) and the lower semi-continuity of L, to deduce from (38), that as
A — 0 we have

T
I(%) = / A L(e™VR(1), e R(1) dt + £(3(0), (1)) < 0.
0

Since we already know that /(x) > 0 for all x € A%I, we finally get our claim that
0=1I(%) =inf,_ a1 (x). The rest is straightforward.

Now define Tixg := e~ ?'x(¢). It is easy to see that x(¢) := T,xo satisfies equation (27)
and that Toxo = xo. We need to check that {7;};cg+ is a semi-group. By uniqueness of
minimizers, this is equivalent to show that for all s < T, the function v(f) := x(¢ + s)
satisfies

\

T—s
0= / oL (vm,e‘w’ (%e”’v(r))) dr+ %nv(O)n2 — 2(Tsx0,v(0)) + [ Tyxol?
0

1 _
+§||e‘”<T ()%

By the definition of x(r) and the fact that /(%) = 0 we have,

T
0= / L (x(r»e—‘“ (%e‘”’x(r))) de+ %nx(mn2 —2(x0,x(0)) + llx0]1?
0

1
+§||e‘"Tx<T>||2.
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Since x(¢) satisfies equation (27) we have
I d 1
0= / L (x<r>,e—‘”’ ($ew’x<r>)) dr + 5 x(O)11” = 2(x0,x(0)) + o
0

1
+5 lle”x ().

By subtracting the two equations we get

T
d 1 1
0= /ez‘“’L x(0),e” [ —e”x@) ) ) dr + S e Tx(D)|1* — S e x(9)]1*.
dt 2 2
s

Make a substitution r = ¢t — s and we obtain
T—s

d 1 1
0= 2 / L v, e [ —e”vr) ) ) dr + = |e?TOx(T)|1? = = |Ix(s)|1
dr 2 2
0

and finally

~

—S

oL (v(r), e (%ew’v(r))) dr + %nvm)n2 — 2(Tyx0,v(0))

=
Il
o

1 _
+1 Tsxoll* + Ene‘” Dv(T)|%.

It follows that Ty(Trxg) = Tsqrx0-
To check the Lipschitz constant of the semi-group, we differentiate || 7;xo — T;x1 1%
and use equation (23) in conjunction with monotonicity to see that

d
5|0 = Ty I> < —o|| Txo — Ty |

whenever x¢,x; € Dom(3L). A simple application of Gronwall’s inequality gives the
desired conclusions.

5 Variational resolution of parabolic initial-value problems

We now apply the results of the last section to the class of ASD Lagrangian of the
form L(x,p) = ¢(x) + ¢*(Ax — p) to obtain variational formulations and proofs of
existence for parabolic equations of the form

—x(t) + Ax(t) € ¢ (x(1)) + wx(t)
x(0) = xo
b1(x(0) = b1(xo).
Here again, we have two cases. The first is dealt with in Sect. 5.1 and requires the
operator to be only anti-symmetric while the framework is still purely Hilbertian. The

second case requires that the operator be skew-adjoint—and if necessary—modulo
a pair of boundary operators. The framework there will be on an evolution triple
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X C H c X* with X being a Banach space that is anchored on a Hilbert space H. It
is dealt with in Sect. 5.2.

5.1 Parabolic equations involving a diffusion term

In the first proposition, we start by assuming the same hypothesis as in Theorem 4.1,
that is uniform convexity (in the first variable) of the Lagrangian and a homogeneous
initial condition. We will then show how to do away with these conditions in the
corollary that follows.

Proposition 5.1 Let ¢ : H — R U {400} be a convex, lower semi-continuous and
proper function on a Hilbert space H, and let A be an anti-symmetric linear operator
into H, whose domain D(A) contains D(p). Assume that ¢ is uniformly convex, with
a symmetric domain such that 3¢ (0) is non-empty. For any given w € Rand T > 0,
define the following functional on A%i([O, T

T
1
I(w) = / (e x (1)) + ¥ (e~ (Ax(t) — X(1)))dt + E(||x<0)||2 + IX(TD)1?).
0

Then, there exists a path X € A%{([O, T1) such that:

1. Ix) = inf  I(x)=0.
xeA%([0,T])

2. If v(t) is defined by v(t) := e~ “'X(t) then it satisfies
— V() + AV(1) — wi(t) € dp(P(t)) forae te[0,T) (44)
v(0) = 0.

Proof Setting ¢;(x) := e2?'¢p(e~“'x), the assumptions ensure that

[wz(x) + ¢/ (Ax—p) ifxeD(p)

Lt x,p) =
®x.p) elsewhere

is an ASD Lagrangian by Lemma 2.3. Since d¢(0) is non-empty, it is easy to verify
that 0 € DomdL and all the hypothesis of Theorem 4.1 are satisfied. There exists then
X(-) € A%([0, T)) such that

T

0= /L(z,)’c(t),fc(t))dt—i—E()'c(O),)'c(T))
0

where £(a,b) = %(Ilall2 + ||b||?). Therefore

T
. 1
0= / @i (D) 4 @ (AF() — %(0))dt + §<||fc<0)||2 +1X(D)1%)
0
r 1
> / (X(1), A%(t) — X()dt + 5(||5c(0>||2 +1X(D)I1%)
0
= [|I¥(0)|I* > 0.
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It follows that
—x(t) + AX(1) € e dp(e”'%(1))
¥0)=0

and by a simple application of the product-rule we see that v(f) defined by v(¢) :=
e~ “'x(1) satisfies (44). m]

Corollary 5.1 Let ¢ : H — R U {400} be a convex, lower semi-continuous and proper
function on a Hilbert space H, and let A be an anti-symmetric linear operator on H,
whose domain D(A) contains D(¢). Then for any xo € D(A) N D(d¢), any w € R and
any T > 0, there exists i1 € A%{([O, TY) such that

— () + Ai(t) — 0it(t) € d(ii(t)) forae te[0,T] (45)
u(0) = xo.
Proof Define the convex function ¢ : H — R by
2
V@ = g+ x0) + S~ (x Ax) + (0.

By the fact that d¢(xp) is non-empty, it is easy to check that v satisfies all the conditions
of Proposition 5.1. Therefore, there exists v(-) € A%([O, T]) satisfying the evolution
equation

—(t) + AV(t) € Y (@) + (w — D)p(t) forae.te[0,T]
p(0) =0

Since 9y (x) = dp(x + x0) + x — Axo + wxp, we get that u(¢) := V() + xo satisfies
equation (45). |

5.2 Evolution driven by the transport operator and the p-Laplacian
Consider the following evolution equation on a smooth bounded domain of R”.

—u(x,H)+a(x) - Vu(x,t) = —Apulx, t)-l-%ao(x)u(x, H+ou(x,t) on[0,T]xQ

u(x,0) = up(x) on Q2
ux,t) =0 on [0, 7] x 02.

(46)

We can establish variationally the following

Corollary 5.2 Let a : R" — R" be a smooth vector field and ay € L>(Q). For p > 2,
w € R, and any ug in W(l)’P(Q) N{uw; Apu € L2(Q)), there exists ii € Aiz(m([o, T)) that
solves (46). Furthermore, Apii(x,t) € L2(Q) foralmost all t € [0, T].

Proof The operator Au = a - Vu + %(V - d)u with domain D(A) = H(l) () is anti-
symmetric. In order to apply corollary 5.1 with H = L?(2) and A, we need to insure
convexity of the potential and for that we pick K > 0 such that V-a(x) +ag(x) +K > 1
for all x € Q.

Now define ¢ : H — R by

o [})fQ IVu@)Pdx + 3 [L(V - d@) + ap0) + K)lu@)Pdx  if u e W,P(Q)

elsewhere
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By observing that ¢ is a convex Ls.c. function with symmetric domain and D(¢) C
D(A), we can apply Corollary 5.1 with the linear factor (v — %), to obtain the existence
of ai(-) € A%/([0, T]) such that

—it(t) + Ai(t) € dp((t)) + (o — g)ﬁ([) fora.e.t € [0, 7]
u(0) = xo

and this is precisely the equation (46). Since now d¢(i(¢)) is a non-empty set in H for
almost all ¢ € [0, T], we have A,ii(x, 1) € L*() for almost all 7 € [0, T'. o

5.3 Parabolic equations driven by first-order operators

In this subsection we deal with parabolic equations of the form:

—x(t) + Ax(t) — wx(t) € dp(x(t)) forae.te€[0,T]
x(0) = xg (47)
b1 (x(t)) = bi(xg) forae.te[0,T],
where the operator A is skew-adjoint modulo boundary operators (by, b2). Here we
need the framework of an evolution triple, where X is a reflexive Banach space and
H is a Hilbert space satisfying X € H C X™* in such a way that each space is dense in

the following one. Again we start with a theorem that assumes all the hypothesis of
Theorem 4.1. We will then relax these conditions in the corollary that follows it.

Proposition 5.2 Let X C H C X* be an evolution triple and let A : D(A) C X — X*
be a skew-adjoint operator modulo boundary operators (b1,by) : D(b1,by) — H. Let
¢ : H— RU {400} be a uniformly convex lower semi-continuous function on H, that
is bounded on the bounded sets of X and which is also coercive on X. Assume that
¢ (0) N H is non-empty, then for any w € R and any T > 0, then there exists a solution
Ve A%{ for the initial value problem
— V() + Av(t) —wv(t) € dp(v() ae. te[0,T]
bi(v(®) =0 forae.re[0,7] (48)
v(0) = 0.

It is obtained by minimizing over A%—I the functional

T

I(u) = / ! p(e™ u(0) + ¢* (e (~Au(t) — (1))} dt
0

T
1 1 1
+5 / (b1 @)y, + b2 7,)de + 2 (O + S lu(DI,
0

The minimum of I is then zero and is attained at a path y(t) such that x(t) = e~ “'y(f) is
a solution of (48).

Typical convex functions satisfying the conditions above are ones such that for
some C > 0, m,n > 1 we have the following growth condition:

C (Xl = 1) < o) < C(IIxIy +1). (49)
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The corresponding Lagrangian L is ASD on X x X* where X € H € X*. Since our
theory for evolution equations applies to Hilbert spaces, the following lemma will
bridge the gap:

Lemma 5.3 Let X C H C X* be an evolution triple, and suppose L : X x X* —
R U {+o0} is ASD on the Banach space X. Assume the following two conditions:

1. Forallx € X, the map L(x,-) : X* — R U {+00} is continuous on X*.
2. There exists xg € X such that p — L(xo,p) is bounded on the bounded sets of X*.

Then the Lagrangian defined on H by

| Lx,p) xeX
Mx.p) = ‘ +00 xe H\X

is anti-selfdual on H x H.
Proof For (x,p) € X x H, write
M*(p,%) = sup {(X.p)y + (p.X)y — L(x,p)}

xeX
peH

= sup sup {(X,p)xx* + (x,p)x.x — L(x,p)}
xeX peX*

If x € H\X, then M*(p,X) = SUp rex {%.p)pr + (P, )y — L(x.p)} = (p.X0) + supey
pe

{(%,p)yy — L(x0,p)} . Since X ¢ X, we have that sup {(X,p);p € H, ||pllx+ <1} = +oc.

Since p — L(xo,p) is bounded on the bounded sets of X*, it follows that M*(p,x) >

(P> x0) + suppepy {(%,p)y — L(xo,p)} = +00. O

Proof of Proposition 5.2 Again the Lagrangian

L(x,p) = lfj_(X) +¢*(Ax —p) + %(Ilbl(x)ll%_l1 + ||b2(x)||%{2) if x € D(A) N D(by,b?)
00

elsewhere

is anti-selfdual on X x X™* by Proposition 2.1. The coercivity condition on ¢ ensures—
via Lemma 5.3 —that L(x,p) lifts to a ASD Lagrangian on H x H that is uniformly
convex in the first variable. It is easy to check that all the conditions of Theorem 4.1
are satisfied by L(x, p). Therefore, there exists x(-) € A%I([O, T1) such that I(i) = 0,
which yields

T

. 1
0= /(ﬂz(ﬁ?(t)) + ¢/ (Ax(0) —X(0) + i(lll)l(x(t))lliy1 + 12 (e(e)) 175, )de
0

1
+§(||5c(0>||2 +IX(DI?)

T
. 1 1
> / (%0, AX(0) = X(0) + 5 (Ib1 O, + 1b20x@) 7, de + S (RO + 1¥TI)
0
T

= [ UGl ar+ 1EO) 2 0.
0
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So all inequalities are equalities, and we obtain —x(f) + AX() € e“dp(e“X(1)),
b1(x(t)) = 0, and x(0) = 0. We now set v(r) := e~ “'x(r) and the rest is straightforward.
O

Corollary 5.4 Let X C H C X™* be an evolution triple and let A : D(A) ¢ H - X*
be a skew-adjoint operator modulo boundary operators (b1,b3) : D(b1,by) — H. Let
¢ : X — R be a convex lower semi-continuous function on X, that is bounded on the
bounded sets of X and also coercive on X. Assume

x0 € D(A) N D(by,b2) and d¢(xp) N H is non-empty. (50)
Then, for all w € R and for all T > 0, there exists u € A%{([O, T1) which solves (47).
Proof Define the convex function ¢ : X — R by

2
Y (x) == @(x +x0) + @ — (x, Axo) + (x, wxp)

It is easy to check that vy satisfies all the conditions of Proposition 5.2. Therefore,
there exists v € AZ([O, T1)) satisfying the evolution equation

—V(t) + AV(1) € Y F®) + (0 — Dv(r) forae. re[0,T]
bi(v() =0 forae.te[0,T]
v(0) = 0.
Since 31 (x) = dp(x + xp) + x — Axg + wxg, we have that ui(f) := v(t) + xg solves (47).
O
Evolutions driven by transport operators

Consider the evolution equation

—u(x,0)+alx) - Vu(x,t) = %ao(x)u(x, ) +u(x, t)|u(x,t)|p_2+a)u(x, ) on[0,T]xQ
u(x,0) = up(x) on (51)
u(x,t) = ug(x) onl0,7] x X;.

We assume that the domain 2 and the vector field a(-) satisfies all the assumption in
Sect. 2.

Corollary 5.5 Letp > 1, f € L2(Q) and ag € L>®(RQ). For any o € R and ug €
L>®(Q) N HY(Q) there exists ii(-) € Aiz(g)([o, T)) satisfying (51).
Proof We distinguish two cases: O

Casel p > 2. We then take X = [P(Q), H = L%(). since again the operator
A:D(A) — X* defined as Au = a- Vu + § (V - @) u with domain
- va
D(A) = ‘u elP(Q)|a-Vu+ 7u € Lq(Q)]

is skew-adjoint modulo the boundary operators (biu,bu) = (uls,,uls_) whose
domain is
D(by,b) = {u € LP(Q)|(uls,,uls ) € L*(Z4;a-Aldo) x LX(Z_;a - Aldo))
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Case2 1 < p < 2. The space is then X = H = L*(Q).

In both case, we pick K > 0 such that V - a(x) + ap(x) + K > 1 for all x € &, and
define the function ¢ : X — R by

1 1 -
o(u) == 1;/ u(x)Pdx + Z/(V-a(x) + ap(x) + K)|u(x)Pdx
Q Q

Then ¢ is a convex, l.s.c. function that is bounded on bounded sets of X and coercive
on X. Since ug(x) € L®(Q) NHY(Q), d¢(up) is non-empty and ug € D(A) N D (b1, by).
So by corollary 5.4, there exists it(-) € A%{([O, T1) such that

—u(t) + Au(t) € dp@a) + (w — g)a(z) for ¢ € [0, T]

biu(®) = bi(ug) forte[0,T]
u(0) = ug

and this is precisely the equation (51) and we are done.
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