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Abstract

This paper is a continuation of [13], where new variational principles were introduced based on
the concept of anti-selfdual (ASD) Lagrangians. We continue here the program of using these
Lagrangians to provide variational formulations and resolutions to various basic equations and
evolutions which do not normally fit in the Euler-Lagrange framework. In particular, we con-
sider stationary equations of the form —Au € dp(u) as well as dissipative evolutions of the form
—u(t) — Apu(t) + wu(t) € dp(t,u(t)) were @ is a convex potential on an infinite dimensional space.
In this paper, the emphasis is on the cases where the differential operators involved are not neces-
sarily bounded, hence completing the results established in [13] for bounded linear operators. Our
main applications deal with various nonlinear boundary value problems and parabolic initial value
equations governed by the transport operator with or without a diffusion term.
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1 Introduction

This paper is a continuation of [13], where the concept of anti-selfdual (ASD) Lagrangians was
shown to be inherent to many basic boundary-value and initial-value problems. A new variational
framework was established where, solutions of various equations which are not normally of Euler-
Lagrange type, can still be obtained as minima of functionals of the form

I(u) = L(u, Au) + £(by (), ba(x)) or I(u) = fOT L(t,u(t),u(t) + Au(t))dt + £(u(0),u(T)).

where L is an anti-self dual Lagrangian and where A is essentially a skew-adjoint operator modulo
boundary terms represented by a pair of operators (b, b2). 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 I, but because they are also zeroes of the Lagrangian
L itself. In other words, the solutions will satisfy

L(u, Au) + (u, Au) =0 and L(t,u(t),w(t) + Awu(t)) + (u(t), u(t)) = 0.

It is also shown in [13] 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 minimization problem is
remarkably simple with value 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 boundary value problems of the form:

{—Au—i—f € Op(u) (1)

b1 (u) = u1



as well as parabolic evolution equations of the form:

—Au(t) —u(t) +wu(t) € Op(t,u(t)) a.e. t € 1[0,7
() = i) act € [0,7] )
u(0) = wo

where ¢ is a convex lower semicontinuous functional and ug is a given initial value. However, and
unlike [13] where A was assumed to be a bounded linear operator, we deal here with existence and
regularity results, hence with the more delicate framework of unbounded operators.

We note that —when A is linear— such operators form a very important subset of the class of maximal
monotone operators for which there is already an extensive theory ([6], [4]). The interest here is
in the new variational approach based on the concept of anti-selfdual Lagrangians which possesses
remarkable permanence properties that maximal monotone operators either do not satisfy or do so
via substantially more elaborate methods. In a forthcoming paper ([14]), the first-named author
establishes similar results for operators of the form F(u) = Au + Au + dp(u) where A are certain
non-linear conservative operators, A are linear and positive, and ¢ convex, the superposition of
which is not normally covered by the theory of maximal monotone operators.

As applications to our method, we provide a variational resolution to equations involving non
self-adjoint operators such as the following transport equation:

{—a’(:c)ﬁu(x,t)mou = |u(@)P'u+f on QCR™ )
uz) = 0 on X_,

where @ = (a;); : Q — R" is a vector field, f € L?(Q2), and where ¥_ = {x € 99; d(z)n(z) < 0},
7 being the outer normal vector. We also provide a variational resolution to general dissipative
initial value problems such as the following evolutions driven by a superposition of the Laplacian
with the transport operator.

_%(aﬁ,t) +d(x) - ﬁu(w,t) = Apu(z,t) + %ao(ac)u(a:,t) +wu(x,t) on [0,T] x Q (4)
uw(z,0) = wuo(xz) onQ
u(r,t) = 0 on [0, 7] x 9.

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

—%(m,t) +d(x) - Vu(z,t) = %ao(:ﬁ)u(:c,t) + u(x, t)|u(z, t)[P"2 + wu(z,t) on [0,T] x Q
u(xz,0) = wp(z) onQ (5)
u(z,t) = wo(z) on[0,T] x X_

As mentioned above, these equations are 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 [, F(z,u(x), Vu(z) dz or fgL(t,m(t),j:(t)dt.

The paper, though sufficiently self-contained, is better read in conjunction with [13]. It is organized
as follows: In section 2, we isolate the conditions under which the composition of an anti-selfdual
Lagrangian with an unbounded operator yields a Lagrangian that is also anti-selfdual. Section
3 gives the first applications of the variational properties of ASD Lagrangians to stationary Lax-
Milgram type results involving unbounded operators. In section 4 we prove the main variational
principle for general Lagrangians involving semi-convex terms. This principle is applied in section
5 to provide variational resolutions to several parabolic initial-value problems.



2 ASD Lagrangians and unbounded operators

We consider the class £(X) of conver Lagrangians L on a reflexive Banach space X, i.e., those
functions L : X x X* — RU{+4o00} which are convex and lower semi-continuous (in both variables)
and which are not identically +o0o. The Legendre-Fenchel dual (in both variables) of L is defined
at any pair (¢,y) € X* x X by:

L*(¢,y) = sup{(q, ) + (y,p) — L(z,p); € X,p € X}
We recall from [13] the following notions
Definition 2.1 (1) Say that L is an anti-self dual Lagrangian on X x X*, if
L*(p,x) = L(—z,—p) for all (p,x) € X* x X. (6)
(2) L is partially anti-self dual, if
L*(0,z) = L(—x,0) for all z € X. (7)

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(z,p) = ¢(x) + ¢*(—p) (8)

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 [13] to be much richer as it goes well beyond convex func-
tions and their conjugates, especially because it is stable under composition with skew-symmetric
operators. Indeed if A : X — X* is a 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 (z,p) = L(z, Az + p) 9)

is also anti-self dual. 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 (9) above remains valid for such operators.

2.1 ASD Lagrangians and unbounded skew-adjoint 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*) = {z € X;sup{(z, Ay);y € D(A), lyllx <1} < +oo}.

Definition 2.2 Let X be a reflextive Banach space and let A be a linear map from its domain
D(A) C X into X*. Say that

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

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

1. The set S = D(A) N D(by,by) is dense in X
2. The space X := Ker(bi,by) N D(A) is dense in X
3. The image of S by (b, by) is dense in Hy x Ho.

4. An element y in X belongs to S if and only if

1
sup {<y3A$> - §(||b1(96)||§q1 + 1b2(2) | H,); 2 € S, [l x < 1} < 0.
5. For every =,y € S, we have
<y7A$> = _<Ay7$> + <b1($),b1(y)>H1 - <b2('1")762(y)>H2

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.

Proposition 2.1 Let L : X x X* — R be an ASD Lagrangian on a reflerive Banach space X
such that for ever p € X*, the function © — L(z,p) is bounded on the bounded sets of X. Let
A: D(A) — X* be skew-adjoint modulo the boundary operators (b1,bs) : X — Hy x Hy. Then the
Lagrangian defined by
2 2
M(z.p) { L(z, Az + p) + ||b1(902)||H1 n IIbz(S;)IIH2 if £ € D(A) N D(by, bs)
+00 if x ¢ D(A) N D(bl, bg)

is anti-self dual on X.

Proof: The idea is to use density of Ker(by,bs) 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 z € S:= D(A)N D(by,bse), then

by(z)]? by (2)]|?
MY(,3) = sup {(:E,p>+<:c,ﬁ>—L(m,Ax+p)—” Ol 2(2)”H2}
z€eS
peEX*

Substituting y = Ax + p, we get

by (z)]? by (2|2
M*(5,7) = sup {<:z,y—Ax>+<x,ﬁ>—L<x,y>—” 1(2)”*11—” 2(2)”H2}
z€S
yeX*

Since & € D(A), we get from Definition 2.3.5) that:
(z,Ar) = —(z, AL) 4 (b1 (2), b1 (2)) — (b2(z), b2(Z)).



which yields

M) = sup {<x,A:z> ~ (ba(@), b (@) + {ba(e), ba(E)) + (F3)

z€S
yeXx*

+<$7ﬁ> - L(:Evy)

@)l ||b2<$>||§,2}
2 2

Now for all zy € Ker(by,bs), we obviously have by(z) = by(z + xg) and ba(x) = ba(z + x¢), so that
for all zy € Ker(by,b2) N D(A) C S,

M*(p,x) = Sup{(%A@—<b1($+fﬂo),bl(i‘))+<b2(iﬂ+$o)7b2(f)>+<i,y>

zeS
yeX*

by (z + 20)||3 by (z + 20) |3
Clep) - L(ry) - 161 ( : o), 1162 : O)HHQ}

It follows that

M*(ﬁw%) = sup{(x,A:% +ﬁ> - <b1($ + $0)7b1(j)> + <b2($‘ + l’o),bg(i‘)) + <i'vy> - L($7y)

b (z + z0)|? by (z + 20) |2
Mo ¥ ool Mol ool oo e xn g eKer(bl,bg)ﬂD(A)}

2 2 ’
Since S is a linear space, we may set w = x 4+ xo and write
M*(p,z) = Sup{<w — 20, AT 4 p) — (b1 (w), b1 (%)) + (b2(w), b2(2)) + (Z,y) — L(w — 0, y)

), a0,
2 2 ’

weES,y GX*,Z‘O € Ker (bl,bg)ﬂD(A)}

Now, for each fixed w € S and y € X*, the supremum over zo € Ker(b;,b2) N D(A) can be taken
as a supremum over zo € X since Ker(by,b2) N D(A) is dense in X and all terms involving z( are
continuous in that variable. Furthermore, for each fixed w € S and y € X*, the supremum over
xg € X of the terms w — zg can be written as supremum over v € X where v = w — xg. So setting
vV =w — 29 we get

M*(p, &) = SUP{<U7A5? +5) = (b1 (w), b1(2)) + (ba(w), b2(2)) + (Z,y) — L(v,y)

2 2
Mo, Wl e e S}
= sup sup {(v, A% +p) + (Z,y) — L(v,y)}
veX yeX*
w 2 w 2
- { (), i)+ ), ey — 2 Hb2<2>uH2}
weS

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

2 2
lallz, 116l

112 112
sup sup {(a, by () + (b, ba(7)) — - }: [LYCI A GG 72

2 2

acH, beHy 2 2



while the main term is clearly equal to L*(AZ + p,z) = L(—%,—AZ — p) in such a way that
M*(p,z) = M(—z,—p) if Z € D(A) N D(by,bs).
Now if ¢ S = D(A) N D(by, by) then

b 2 b 2
M*(p,z) = sup {(i,y—A:cWr (z,p) — L(z,y) — | 1(?HH1 -l 2(?HH2}
zeS
yeX™

> sup {(—a?,Aa?) + (z,p) — L(x,0) 5 5

zesS
llz]l x <1

@3, ||b2<w>||§{2.}

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

@), ||b2<x>||?{2}

M*(p,z) > sup {(—a?,Aa?) + (z,p) — C 5 5

€S
llellx <1
= “I‘OO
since T ¢ S as soon as —% ¢ S. Therefore M*(p,z) = M(—Z,—p) for all (z,p) € X x X* and M is

an anti-selfdual Lagrangian.

2.2 The transport operator A =a- Vu + &ﬁu

In this section we consider the transport operator u +— @ - Vu + @u on the space X = LP(9),

in conjunction with two trace operators (restrictions) onto two appropriate subsets of 92 . We
show that this operator is skew-adjoint modulo the corresponding boundary operators, in the sense
of Definition 2.2. These properties of the transport operator will be crucial for the next sections
where we establish existence results for stationary and evolution equations involving transport.
Throughout this paper, we shall adopt the framework of [5], and in particular all conditions that
he imposes on ) and on the smooth vector field @ defined on a neighborhood of a C'*° bounded
open set © in R™. Set X = LP(Q2) and define

Y1 ={x € 0Q;+d(z) - n(x) > 0} be the entrance and exit set of the transport operator @ - v,
the corresponding Hilbert spaces:
H, = L*(Xy;|d@-n|do), Hy= L*(X_;|d@-n|do).
as well as the boundary operators (byu,bou) = (u|s, ,u|s_) whose domain is
D(by,b2) = {u € LP(Q); (uls,,u|s_) € Hy x Ha}.
We shall consider the operator
Au=a-Vu+ &éa)u with domain D(A) = {u € LP(Q);a@ - Vu + (ﬁT’d)u € L1(Q2)} into LI(9).

Observe that D(A) is a Banach space under the norm

[ullpay = llullp + lla@ - Vullg

7



and that S := D(A) (N D(b1) () D(b2) is also a Banach space under the norm

lulls = llullp + 116 - Vaullg + luls, | 2(5, a alao)
Under the assumptions listed above, C*°(Q2) is dense in both spaces (c.f. Bardos).
Lemma 2.4 The operator A is skew-adjoint modulo the boundary (by,bs) on LP(2).

Proof:

We check the five criteria of Definition 1.3.

For 1) it suffices to note that C*(Q2) C S and C*°(Q) is dense in X = LP(f). Similarly for 2), as
we have

Ce(Q) C Ker(bi,b2) (N D(A), in such a way that Ker(by,b2)()D(A) is dense in X. Criteria (3)
follows by a simple argument with coordinate charts, as it is easy to show that for all (vy,v_) €

C3°(X4) x Cg°(3-) there exists u € C*°(£2) such that (u|x, ,uls_) = (v4,v-).

The embedding of C§°(X4) C L?(X4;|d@ - 7|do) is dense, and therefore the image of C'°°(Q)) under
(b1, b2) is dense in Hy x Hs.

For criteria 4), we need to check that, if u € X, then it belongs to S if and only if

sup { . A0} = 5, + 1010 v € 5. ol <1} <o (10)

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 (10) holds, then obviously
sup {(u, Av);v € C5°(Q),, [|lvl[x <1}

which means that @- Vu + VT'Eu € L9(Q) in the sense of distribution, therefore u € D(A). Now to
show that u € D(b1) () D(b2), we observe that if u € X and u € D(A), then uly,, € L} (X4;]a-
f|do). To check that uly,, € L*(X4;|a@ - n|do)

a simple argument using Green’s Theorem shows that (10) implies that

sup{ [ wv|@-nldo;v € C§°(2+),/ [v|?|@ - Aldo <1} < +oo
N i

which means that uly;, € L*(X4;|a@-f|do) and u € D(by). The same argument works for u|y,_ and
criterion 4) is therefore satisfied.
For condition 5), note that by Green’s theorem we have

((a-Vu)v + 1div a)uvdr = —
Q 2

1
((a-Vv)u + §div a)uvdzr + / uvn - ado.
Q

o0
for all u,v € C*°(€) and the identity on S follows since C*°(Q) is dense in S for the norm ||ul|s.



2.3 Anti-symmetric operators and ASD Lagrangians

There are situations where anti-symmetric operators do not need to satisfy all the criteria for skew-
adjointness in order to retain their composition property with ASD Lagrangians. Here is one such
setting.

Lemma 2.5 Let ¢ be a convex proper lower semi-continuous functional on X with a symmetric
domain D(p), and let A : D(A) C X — X* be an anti-symmetric operator such that D(y) C D(A).
Then the Lagrangian

M= { 2040 2220

is anti-self dual on X.

Proof: Let (z,p) € X x X* and suppose first that & € D(¢). Then
M*(p,z) = sup sup {{z,p) +(Z,p) — (¢(z) + " (Az —p)) }
zeD(p) pEX™

= sup sup {(z,p) +(T,Az —q) — () — p"(q)}
z€D(p) gEX™

= sup sup {(z,p) — (AZ,2) — (F,q) — (z) — ¢"(q)}
xeD(p) gEX*

= (=) +¢"(p — AL)
= M(_‘%v _ﬁ)
If now ¢ D(y), then
M*(p,2) = —¢(0)+ Sup. {{Z,p) —¢"(-p)}
= —¢(0) +¢(=I) = +oo = M(=, —p).

3 Variational resolution of equations of the form —Au € dp(u)

If L is in LAp(X), then necessarily
L(z,p) > —(z,p) for every (z,p) € X x X*, (11)

which means that
I(x) = L(xz,0) > 0 for every z € X, (12)

ASD Lagrangian are variationally interesting because the minima of L(x,0) are often equal to zero
as the following proposition —established in [13]- indicates.

Proposition 3.1 Let L be a conver lower-semi continuous functional on a reflexive Banach space

X x X*. Assume that L is a partially anti-self dual Lagrangian and that for some xog € X, the

function p — L(xg,p) is bounded above on a neighborhood of the origin in X*. Then there exists
T € X, such that:

{ L(z,0) = inf L(z,0) = 0.

zeX (13)

(0,—z) € O0L(z,0).
This result was used in [13] to establish variationally various existence results for operator equations

which are not normally of Euler-Lagrange type. We can now deal with cases where these operator
are not necessarily bounded.



3.1 A Lax-Milgram type result for unbounded operators

Proposition 3.2 Let ¢ : X — RU{+o0} be proper convex and lower semi-continuous and assume
that A : D(A) C X — X* is a skew-adjoint operator modulo the boundary (bi,bs) : D(by,by) —
Hy x Hs where Hy, Hy are two Hilbert spaces. Suppose there exists a constant C > 0 such that for

every x € X,
1
7 (2l =1) < o(@) < C (Jlf +1), (14)

where p1,p2 > 0. Then there exists T € D(A) N D(by,ba) such that

. 161(@) 1, . 1b2(T) |1,

o(T) + ¢*(AT) 5 5 =0, (15)
AT € 0p(T) and be(T) = 0. (16)
Proof: The Lagrangian M (z,p) : X x X* — R defined by
by ()] ba()]|?
~+00 otherwise

is anti-selfdual on X. Indeed, L(z,p) := ¢(x) + ¢*(—p) is clearly ASD, and since x — L(z,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 and we obtain Z such that 0 = inf,cx M(x,0) = M(%,0). Since M(7,0) < oo, we get that

br@%, | 2@,

T € D(A)N D(by,b2) and p(T) + ¢*(AZ) + — + — =0.
Now observe that
by ()2 by (7)]|2
0 = o)+ g am 1A I
b ()2 bo ()2
S S e

= |b2(@)]7, >0,
and therefore AT € J¢(T) and by (T) = 0.
3.2 Applications to PDEs involving the transport operator
We will deal with two types of equations:

1. Transport equation:

—

a(x) - Vu(z) + ap(z)u(z) + u(x)|u(z)|P? = f(z) forzeQ
u(z) = 0 for v € ¥4

2. Transport equation with viscosity:

—

—Apu(z) + d@(x) - Vu(z) + ap(z)u(z) + ulu(z)|™ 2 = f(z) z€Q
u(z) = 0 x€0N

10



We shall see that the first order differential operators @(z) - V in the transport equation is skew
adjoint modulo the boundary, while in the case involving the p-Laplacian, it will just be an anti-
symmetric operator.

1. Transport Equations

In this case we will assume that the domain € and the vector field @(-) satisfies all the assumption
in section 2.2. We distinguish two cases:

Case 1: p > 2.

The Banach space is then X = LP(Q) since by lemma 2.4 the operator A : D(A) — X* defined by
A:u—a-Vu+ : (ﬁ-é’)uwi‘ch domain D(A) = {u € LP() | d’-ﬁu—i—%‘?u e L1(Q)}

is then skew-adjoint modulo the boundary operators (bju, bou) = (u|x, ,u|s_) whose domain is
D(by,b2) = {u € LP(Q): (uls, , uls_) € L*(S4; @ - dfdo) x L*(X_;|d - |do)}

In this case we get the following

Theorem 3.1 Assume p > 2, and let f € L1 (% + % =1) and ap € L>®(Q).
Suppose there exists T € C*(Q) such that

L1 .-
EL’-VT+§(V-EL'+CL0)ZO. (17)

Define

1 27|, —T 1 P v 2 1 vl 2

ou):=— [ eleTuPde+ = [ @ -Vrjul*de+ = | (V-d+ ap)lulde+ [ ufde,

pJo 2 Ja 4 Jo Q
and ) )

I() ::(p(u)—i-w*(Au)—i-—/ \qu\a.ﬁde—/ (2 - ldo

2 s, 2 s

on the set

S:={ue L% uec D(A) N Dby, by}
1. Then there ezists u € S such that I(u) = inf{I(u) | u € S} =0.

2. The function v := e~ "u satisfies the nonlinear transport equation

|5/P~2 4+ f on Q (18)

S =- a0 _
Vo — =7 =

@-Vu— v v

v 0 on X

S]
I

Proof: Consider

o(u) + o*(Au+p) + (b1 (u),ba(uw)) ifues

M(u’p):{+oo ifug s

11



Where £(-,-) : L%(X4;|@ - n|do) x L?(X_;|a@ - A|do) — R is defined by

0(h, k) :== 1/ |h|2|a-mda+3/ |k|?|@ - 7| do.
2 s, 2 s
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(€2) and satisfies all the hypothesis of Proposition 3.1.
There exists then 4 € LP(Q2) such that 0 = M(w,0) = inf{M(u,0);u € LP} which means that
0=1I(u) =inf{I(u) | uw € S} and assertion 1) is verified.

To get 2) we observe again that

1 1
0 = I(u):go(u)—i-go*(Au)—i-—/ \u\2\c‘i-ﬁ|do+—/ |a?|@ - 7|do
2 s, 2 s

v

1
(ﬂ,Aa>+—/ |ﬂ|2|6-ﬁ]da+—/ (a2)a - aldo
2 s, 2 )s_

= |[@|?|@ - 2|do > 0
DI

In particular, ¢(a) + ¢*(Au) = (u, Au) and f2+ |i|?|@ - f|do = 0, in such a way that Au € dp(a)
and uly, = 0.
In other words,

—

a-Vi+=(V-d)a=ealeaP 2+ (@ Vr)a+=(V-a+ap)u+ f

N —
N —

and |y, = 0.

Multiply now both equations by e™7 and use the product rule for differentiation to get

i Vo — W5 =3[oP~2 + f and ¥]y, =0, where ¥ := e 4.

Case 2: 1<p<2

In this case, the right space is X = L?(Q) and A : D(A) — X* is defined as in the case when p > 2
but this time on the domain
D(A)={ue L*Q) | a@-Vue L*(Q)}.

By Lemma 2.4, A is again skew-adjoint modulo the boundary operators
(b1, byu) = (uls, ,uls_)

whose domain is
D(by,b) = {u € L*(Q)|(uls, ,uls ) € L*(X4;|d@ - ldo) x L*(S_;|a - 7|do)}.
We then obtain the following theorem:
Theorem 3.2 Assume 1 < p <2 and let f € L? and ayg € L*>(Q).
Suppose there exists T € CY(Q) such that for some € > 0 we have:

—

@-Vr+=(V-d+ag) >e>0. (20)

N | —
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Define

1 1 - 1 -
o(u) = —/ 627|e_7u|pda:+—/6-V7‘|u|2d1‘+—/(V-6+ao)|u|2dﬂc+/ufd,x
pJa 2 Ja 4 Ja 0

and
N 1 9 1 Ve
I(u) == p(u) + p*(Au) + = |ul?|@ - nldo + = |ul?|@ - n|do
2 s, 2 )s_
On the set
S = {u € LP;uce D(A) ﬂD(bl,bg)}
Then

1. There exists then u € S such that I(u) = inf{I(u) |ue S} =0

2. The function v := e~ "u satisfies the nonlinear transport equation (18)

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 L2, we can now invoke Proposition 2.1 to conclude that M (u, p)
is an ASD Langrangian on the space L?(Q2) x L?(Q2). 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 @ € L?(2) such that 0 = M (@, 0) = inf{M (u,0) | v € L?}. The
rest follows as in the case when p > 2.

2. Transport equation with a diffusion term

In this case, the conditions on the smooth vector field @ and 2 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 u — @ - Vu + %(ﬁ - d@)u be only
anti-symmetric. The setup is as follows:

Let X = L?(2) and consider the above operator A on the domain

We then have the following

Theorem 3.3 Assume p > 2 and m > 1 and let @ € C*(Q) be a smooth vector field. Suppose
ap € L™ satisfies the following coercivity condition:

1 -
—(V-d+ag) > 0. (21)

[\

Consider the following convez and lower semi-continuous functional on L?(2):

o) o= 7 Ja VUl + 3 Jo(V @t ao)ulde + 5 fo ulde + foufde i we WoT(Q)
+00 if u ¢ W()LP(Q)

and define the functional I(u) = p(u) + ¢*(Au) on Wol’p(Q). Then

13



1. There exists w € Wy (Q) such that I(@) = inf{I(u); u € Wy(Q)} = 0.

2. The minimizer u satisfies the equation

1 -
—Apti + S agli + au™?+f = @a-Vai onQ
u = 0 on 0f)

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

o(u) + ¢*(Au —p) if u € Wol’p(Q)

M{wp) = {+oo ifu ¢ WiP(Q)

is ASD. Now ¢ is obviously coercive on L?(2) and therefore ¢* is bounded on bounded sets of L?(£2).
Proposition 3.1 applies and we find @ € L?(2) such that 0 = M(4,0) = inf{M (u,0) | u € L3(Q)}.
Clearly @ € I/VO1 P(Q) and the rest follows as in the preceeding cases.

3.3 ASD Lagrangians and maximal monotone operators

Assuming that we are in a Hilbert space setting, namely X = H = X *, and recalling that an ASD
Lagrangian L satisfies L(x,p) > (z,p) for every (z,p) € H x H, we can consider the problem of
minimizing for each fixed p, the functional I,(z) = L(x,p) + (x,p) over x € H. The same proof as
Proposition 3.1 above (established in [13]) yields that if p — L(0,p) is bounded on every ball of H,
then for each p € H the minimization problem

is equal to zero and is attained at some point z(p) € H.
If now L is strictly convex in the first variable, then Z(p) is unique, and therefore we can define
a map X(-) : H — H by making X (p) the unique point satisfying L(X(p),p) + (X(p),p) = 0.
The convexity of L allows us to using a monotonicity argument and then show that the map X is
monotone, that is

(X(p) — X(q),p—q) >0 forall (p,q) € Hx H.

Furthermore, if L(-,-) is uniformly convex in the first variable, that is if L(x,p) — ﬁ is convex
in z, then one can show that p — X(p) is a Lipchitz continuous operator (See next section). A
standard argument using contraction mapping theorem then shows that under these assumptions,
X is then maximal monotone [6]. The following proposition summarises this discussion. The proof
is a straightforward application of standard convex analysis results some of which discussed in the

next section and in [13]. The details are left to the interested reader.

Proposition 3.3 Let L : H x H — R be an anti-selfdual Lagrangian on a Hilbert space H that is
strictly convex in the first variable. Suppose that the map p — L(0,p) is bounded on the bounded
sets of H. Then there exists a monotone map X : H — H such that

0= L(X(p),p) + (X(p),p) = ggg{L(m,p) + (z,p)}-

Furthermore, if L is uniformly convex in the first variable, then X is a Lipschitz map which is
maximal monotone.

14



4 A variational principle for general evolution equations

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 [16] and
other parabolic equations developed in [13] so as to include evolutions of the form

—&(t) € 0p(x(t)) + Az(t) + wx(t), (22)

where A is an unbounded positive operator and w is any real number. The starting point is
Theorem 4.2 of [13] (see also [16]), which based on the fact that if L : [0,7] x H x H — Ris a
(time-dependent) anti-self dual Lagrangian on a Hilbert space H, then it “lifts” to an anti-selfdual
Lagrangian on path space

A3 ={u:[0,T] — H; u € L%}

consisting of all absolutely continuous arcs u : [0,7] — H, equipped with the norm

T
. 1
lull 42 =(IIU(0)II?{+/0 ] *dt)=.

By associating an appropriate Lagrangian L to the convex functional ¢ and the operator A, as in
the preceeding sections, then one can already deduce from that theorem, a variational resolution for
(22), at least for w = 0. However, the boundedness condition for Theorem 4.2 of [13] is too stringent
for most applications, but can be considerably relaxed when the Lagrangian L(z,p) is autonomous.
The rest of the section consists of doing just that through a Yosida-type A-regularization procedure
reminiscent of the standard theory for convex functions, which seems to apply as naturally to ASD
Lagrangians. We shall also deal with the case when w is not zero, since it will allow —among other
things— to relax the convexity assumptions on .

Given a Hilbert space H, we recall that L : [0,7] x H x H — R is said to be a (time-dependent)
anti-self dual Lagrangian if for each ¢ € [0,7], the Lagrangian L(t,-,-) € Lap(H). On the other
hand, a self-adjoint boundary Lagrangian £ is a convex lower semi-continuous functional on H x H
that satisfies £*(x,p) = {(—z,p).

Define the Partial Domain of OL to be the set:

Dom; (0L) = {z € X;there exists p € X* such that —(p,z) € OL(x,p)}.

We shall say that a Lagrangian L : H x H — R is uniformly convex in the first variable (resp.
second variable) if there exists € > 0 such that for all p € H (resp. for all x € H) the Lagrangian

ellz||?

2
5 (resp. L(x,p) — E”g” )

is convex in x (resp. in p). Here is the main result of this section.

L(IL"p) -

Theorem 4.1 Let L be an autonomous anti-selfdual Lagrangian on a Hilbert space H x H that
is uniformly convex in the first variable. Assuming Dom1(OL) is non-empty, then for any w € R
there exists a semi-group of maps (Ty)ier+ on H such that: Ty = Id and | Tyx —Tyy|| < e ||z —y||
for any x,y € H. Moreover, for any xo € Domy(0L) the path x(t) = Tyxo satisfies the following:

—(2(t) + wa(t), —z(t)) € OL(x(t),z(t) +wx(t)) (23)
z(0) = xo.

15



The path xz(t) is obtained as a minimizer on A% of the functional
r 2wt . 1 2 2 1 wT 2
I(u) :/0 ™ L(u(t), wu(t) + u(t))dt + S [[w(0) " = 2{zo, u(0)) + llzoll” + 5 e u(T)]

in such a way that I(z) = inf I(u)=0.
u€Ay

First we shall prove the following improvement of Theorem 4.2 of [13] 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 is an autonomous anti-selfdual Lagrangian that is
uniformly convex and suppose

L(z,0) < C(||z|* +1) forallz € H. (24)

Then, for any w € R and any xo € H, there exists & € C’l([O,T] : H) such that £(0) = z¢ and
T 2wt —wt 4, —wt A L. 2 A 2 L. 2
| L{e™a(t), e™"2(t))dt + 2O — 220, 2(0)) + llzoll” + 2T =0 (25)

—e WH(x(t), £(t)) € OL(e ™" (t),e “"z(t)) Vte[0,T], (26)
lz(@)]| < Clw, T)||2(0)] ¥t € [0,T], (27)
where C(w,T) is a positive constant.

We shall need first the following lemmas which show how uniform convexity of the Lagrangian yield
certain regularity properties of the solutions.

Lemma 4.2 Let F : H — R be convex and lower semi-continuous and such that its Legendre
dual F* is uniformly convex. Then for every x € H, the subdifferential OF (x) is nonempty, is
single-valued and the map x — OF(x) is Lipschitz on H.

for some convex lower semi-

2
Proof: Since F* is uniformly convex, then F*(z) = G(z) + %

continuous function G and some € > 0. It follows that F*(z) > C + (a,x) + % for some a € H
and C' > 0, hence F(z) = F**(z) < C(1 + ||z|?) which means that F is sub-differentiable for all
r e H.

Consider now p; € 0F(z;) for j = 1,2 in such a way that z; € 0F*(p;) = 0G(pj) + ep;. By
monotonicity, we have 0 < (p; — p2, 0G(p1) — 0G(p2)) = (p1 — p2, 1 — €p1 — 2 + £p2) which yields
that €||p1 — p2|| < ||z1 — x2| and we are done.

Lemma 4.3 Assume L : H x H — R is an anti-selfdual Lagrangian that is uniformly convex in
both variables. Then, for all x,u € H, there exists a unique v € X —denoted v = R(u,z) such that
x = 02 L(u,v). Moreover, the map (u,x) — R(u,x) is jointly Lipschitz on H x H.

Proof: Since L is uniformly convex, then L(z,p) = M(x,p)+¢ <@ + @), where M is convex

lower semi-continuous, in such a way that © = 92L(u,v) if and only if 0 € 2 M (u,v) + ev — x if
and only if v is the solution to the following minimization problem

min{M(u,p) L el <x,p>}.

P 2
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But for each fixed v and z, 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 & = 02 L(u,v).
To establish the Lipschitz property, write

R(ui,z1) — R(ug,z2) = R(uy,z1) — R(u1, x2) + R(u1, x2) — R(ug, x2).

We first bound ||R(u1,x1) — R(u1,z2)]|| as follows:

Since x1 = 0o L(uq, R(u1,21)), 90 = 99 L(u1, R(u1,z9)) and L(uq,v) = M (u1,v —|—M for some M
2

convex and lower semi-continuous, it follows that z; = 92 M (u1, R(u1, z;)) +eR(u1,z;) for j = 1,2,

so by monotonicity we get

0 S <R(U1,l‘1) — R(ul,ZL’g), aM(’LLl, R(ul,xl)) — 8M(u1,R(u1,a:2))>
= (R(u1,z1) — R(ui,z2),21 —eR(u1,x1) — 22 + eR(u1, x2))

which yields that
el R(ur, z1) — R(uy, z2)||* < || R(ur,21) — R(u, z2) |||z — 22|

and therefore )
[R(ur,z1) — R(u1,z2)| < gHﬂfl — a3 (28)

Now we bound ||R(u1,x2) — R(uz,x2)].
Let x5 = 82L(uj,R(uj,x2)) = 82M(uj,R(uj,x2)) +eR(uj, xg) for j =1,2.
and write by monotonicity that

0 < (R(uy, ) — R(ug, x2), 0aM (u1, R(uy, x2)) — 02 M (uy, R(ug, x2)))
Setting p; = R(uj, z2), we have with this notation

(p1 — p2, 02 M (u1,p2) — oM (uz,p2)) < (p1 —p2,02M(u1,p1) — 02 M (u2,p2))
(p1 — p2,x2 —€p1 — T2 +€P2)
= —¢lp —p2||2-

so that £||p; — p2|? < ||p1 — p2||[|2M (w1, p2) — O2 M (usa, p2)||, and since 0o M (uj,p2) = OoL(uj,p2) —
€p2, we get that

ellp1 — p2|| < ||02L(u1,p2) — OaL(u2,p2)|| < |[OL(u1,p2) — OL(u2,p2)||

Here we use the fact that L is both anti-selfdual and uniformly convex, to deduce that L* is also
uniformly convex. We then apply Lemma 4.2 to get:

10L(u, p) = OL(u', p")I| < C(llw = w'l| + Ilp — p])
from which follows that ||p; — pa|| < %Hul — ugl|, hence
I B(ur,22) — R(us, )] < < fuy . (29)
Combining estimates (28) and (29), we finally get
[R(u1, x1) — R(ug, z2)|| < %(1 +O) ([lur — gl + flz1 — 22]) -

We can now deduce the following corollary that gives a regularity result for certain flows.
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Lemma 4.4 Assume L : H x H — R is an anti-selfdual Lagrangian that is uniformly convex
in both variables. Suppose the paths v,x,u : [0,T] — H are such that z,u € C([0,T]; H) and
—x(t) = 02 L(u(t), v(t)) for almost allt € [0,T]. Thenv € C([0,T]; H) and —a(t) = 02 L(u(t), v(t))
for allt € [0,T7.

Proof of Proposition 4.1: Apply Theorem 4.2 of [13] to the Lagrangian M (t, z, ) et (e Wiy e“"tp)

which is also anti-selfdual (See [13]). There exists then & € A% such that (i?(t (t)) € Dom(M
for almost all ¢ € [0,T] and I(2) = inf I(u) = 0, where
u€Ay

W= [ M. @)+ IO ~ 2ao,u0) + ol + 3T
The path & then satisfies: 2(0) =z and for almost all t € [0, 7],
—(2(t),2(t)) € OM (t,2(t), (1))
and the chain rule
OM (t,z,p) = ewtaL(e_wta:, e_th)
to get that for almost all ¢ € [0, 7]
—e™"(2,(t)) € OL(e™"ta(t), e " a(t)

Apply Lemma 4.4 to x(t) = u(t) = e~%'2(t) and v(t) = e~ *&(t) to conclude that z € Cc(lo,T): H).
Thus & € C'([0,7] : H). Since L is anti-selfdual and uniformly convex, we get from Lemma 4.2
that (z,p) — OL(x,p) is Lipschitz. So by continuity, we have now for all t € [0, T]

—e " (2(t),2(t)) € OL (e "*2(t), e " a(t))

and (26) is verified.
To establish (27), we first differentiate to obtain:

- () — e a (e + h)* = 207w (t) — et + h), 2(t) — et + h)).

Setting now vy (t) = 31L(e_WtaZ‘(t),e_Wt53(t)) and vo(t) = Do L(e” % (t),e_Wti‘(t)), we obtain from
(26) and monotonicity that

e‘zwt%Hyﬁ(t)—e‘“’hi’(t—i—h)H2 = (e a(t) — e TNt + h), —vy(t) + vi(t + b)) +
(€73 (t) — e MGt 4 h), —va(t) + va(t + R))

IN
o

We conclude from this that

l2(t) — e it + Bl _ [12(0) — e " &(h)]
h = h

and as we take h — 0, we get |w#(t) + 2(t)|| < |lwxo + 2(0)|. Therefore
Z@)I < &) + [wlll& ()]
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and
AMSAWwW%SM®W+MAWWHw

It follows from Gronwall’s inequality that ||2(¢)|| < [|z(0)|| (C+|wle!®IT) for all t € [0,T] and finally
that [£(0)] < [FO)] (C + | + uw[2eI7).

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 Proposition 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 4.5 For a convex functional L : H x H — R, define for each A\ > 0, the Lagrangian

2 2
T —z A
l I } ]l _

1. If L is anti-selfdual, then Ly is also anti-selfdual.

2. If L is uniformly convex in the first variable, then Ly is uniformly convex (in both variables)
on H x H.

Proof: Fix (¢,y) € X* x X and write:

Iz — 21> Allpll?

(L)\)*(q7y) = Sup{<q7$> + <yap> - L(Z7p) - o\ 5 7(2,:E,p) c X x X X X*}
_ B llol* — Allpll® .
= sup{(q,v+2) + (y,p) — L(z,p) — o 9 ((z,0,p) € X x X x X*}
|| A|pl|?
= sup {<y,p>+ sup  {{g,v+2) — L(z,p) — H I ) - ”p” }
peEX* (zv)eX XX
|| A|pl|?
- “p%%”+“m“%@—L@m»+mm«%w—ﬂl&—imm}
peX* zeX 2 2

2 2
= sup {0+ suplla ) 1)+ AP

peX™ zeX 2 2
/\ P 2 /\ q 2
= sup sup {(y,p> +(q,2) — L(z,p) — ||2|| }+ ||2||
peX* zeX
. Mgl
= L+ 7)(gy)+ 2

where T'(z,p) := ’\”p” for all (z,p) € X x X*. Note now that

A||p||2} oo if q#0
= 2
2 —“gl)[ if ¢=0

T*(q,y) = sup {<q, z) + (y,p) —

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

(L+T)(q,y) = conv(L*,T%)(q,y)

— inf {L* T*(— —
re)ggzex{ (r,2) +T*(—r+q,—2+y)}

o . ly — 2|17
-
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and finally

. . Allgl®
Ly = @+1) () + 000
B S e AW
- ﬁﬁ{Lwﬂy% o T

: Mlall* Iy — 2|
— inf { L(—z,—
ng{ (=2 -0+ =+ 753
= L)x(_ya _Q)
1—-L
(2) For each A > 0, there exists £ > 0 such that M (x,p) := L(z,p)— Ellx” is convex. Pick § = —*=
so that 1 4+¢ = 1_—1)\5 and write

2 2
Al _glel?

2 2

uxuz (£:2) | N2l ol
L —
A * 2\ 2

WTMH ME

)\ 2\

Lz IM—AP MMW}

= mf

L(x,p) +

Hvl—éxH B asvevil Hzll}

(e
s
{
{
e
e

:lfM

2\ A 2
L atol? VIR VIS 51:\\}

el J IVT=o]® V1=, vM>+HzH2}

:lfM

2\ A 2\

i V__74

e H v

= 1nf

is convex and therefore the infimum in z

2
. ——=——V1-\éx
which means that (z,p,z) — M(z,p) + H T H

Allpl?
2

2
is convex, which means that Ly (x,p) — -6 @ is itself convex, meaning that L is uniformly

convex.

Lemma 4.6 For a given conver functional L : H x H — R and X\ > 0, denote for each (p,z) €
H x H, by Jx(x,p) the minimizer of the following optimization problem:

. = — 2|
ngf {L(zgp) + X .

1. For each (z,p) € H x H, we have

€T — J)\(l’ap)

81L)\(l‘,p) = 2\

€ 01 L(Jx(z,p),p). (30)
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2. If L: Hx H — R is an anti-selfdual Lagrangian that is uniformly convez in the first variable,
then the map (x,p) — Jx(x,p) is Lipschitz on H x H.

Proof: (1) is straightforward. For (2), use Lemma 4.5 to deduce that L) is anti-selfdual and uni-
formly convex in both variables, which means that L7 is also uniformly convex in both variables.
It follows from Lemma 4.2 that (z,p) — JLx(x,p) is Lipschitz. From (30) above, we see that
Ir(x,p) = x — A0 Lx(z,p) is Lipschitz as well.

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

Lemma 4.7 Assume L : HxH — R is an anti-selfdual Lagrangian and let Ly be its A\-reqularization,
then the following hold:

1. If —(y,x) = OLx(z,y), then necessarily —(y, Jx(x,y)) € OL(Jr(z,y),y).

2. If 0 € Dom;(OL), then there exists a constant C > 0 such that ||y, < C whenever yy solves
—(Yx,0) = OLA(0,»).

Proof: (1) If —(y,z) = 0Lx(x,y) then Ly(z,y) + LY (—y, —x) = —2(z,y) and since L is an ASD
Lagrangian, we have Ly(z,y) + L(z,y) = —2(z,y), hence

~2(z,y) = Lx(z,y) + La(z,y)
- = D@ 9)l* | Alyll?

* —x+ Iz, AMyl?
= L'(=y,—Da(2,y) + LI, y), y) +2<” 2;( P, sz/H >
> =2(y, \(z,y)) +2(—z + Jx(z,y),y)
= —2(z,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 inequalities are equalities. This
implies, again by Fenchel’s inequality that — (y, In(z, y)) € 8L(J>\(l‘, Y), y)

(2) If —(yx,0) = 9LX(0,yy), we get from Lemma 4.6.(1) that —y) = M € 81L(J>\(0,y)\),y)\),
and by the first part of this lemma, that —(y>\, JA(O,yA)) € 8L(J>\(0,yA),y,\).

Now since 0 € Dom;(0L), there exists p such that 91L(0,p) # 0 and 0 € 92L(0,p). Setting
vy = JA(0,y)), and since —(yA,qu)) € 8L(v>\,y>\), we get from monotonicity and by the fact that

U =3,
0 < <(07ﬁ)_(U)\ay)\)7(alL(O7ﬁ)aa2L( )) ( y>\7_v>\)>
= {(0,5) = (1n,y2), (ALL(0,5).0) = (2, ~vn)

2
- _—HU;” — (vx, 01L(0,9)) + (B, vr) — (Ya, vr)
2
_ _2@ ~ (on, LL(0,9)) + (B, v)
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which yields that 2@ < |01 L(0, p) ||+ ||p|| and finally the desired bound 2||yx|| < ||01L(0,p)||+ /5]
for all A > 0.

End of Proof of Theorem 4.1: Let My(t,z,p) = e**' L, (e “!%, e~“!p) which is also anti-selfdual
and uniformly convex by Lemma 4.5.

We now have Ly (t,z,0) < L(0,0) + ”;ﬂf, hence Proposition 4.2 applies and we get for all A > 0 a
solution 2 € C1([0,T] : H) such that 2(0) = o,

T
/O My(t,2x(t), éx(8)) dt + £(zr(0),2x(T)) = 0 (31)
—e Wt (@x(t), zA(t)) € OL (e W ay\(t), e in(t)) for all ¢ € [0,T] (32)
[Ex(@)]] < C(w, T)[[Ex(0)]] (33)

Here £(2(0),zA(T)) = 1||zx(0)[|> — 2(z, 2(0)) + [|z[|> + 5 [|ur(T)||*. By the defintion of M, (t,z, p),
identity (31) can be written as

T
/o ULy (7 an(t), e i (t)) dt + £(22(0), 2A(T)) = 0, (34

and since

|z — Jx(x,p)]? N Alp|)?
2\ 2

LA(va) = L(J)\(.CC,p),p) +

Equation (31) can be written as

T —wt t) — t 2 by —wt 5 t 2

| et pon®,e i) + 1 =0 | A TBOL, 4 g(a0), (1) <0
0

where vy (t) = Jx ("2 (t), e ! ix(t)). Using Lemma 4.6.(1), we get from (32) that for all ¢,

e Wy (t) — va(t)
A

—e_Wti‘)\(t) = 01L) (e_wtﬂj)\(t),e_wti‘)\(t)) = (35)

Setting ¢ = 0 in (32) we get —(:t,\(O),O) € aL)\(O,i‘)\(O)), and since 0 € Dom; L, we can apply
Lemma 4.7.2) to get that ||£,(0)|| < C for all A > 0. Now plug this inequality in (33) and we
obtain:

|Zx(#)|| < D(w, T) VYA>0 Vtel0,T]

This yields by (35) that
e ™ tan(t) — va(t)]| < T D(w, T)X Vit € [0,T],

hence

le™ " zA(t) — va(®)[I?

—0 (36)
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uniformly in ¢. Moreover, since HQTA()HA%{ < D(w,T) for all A > 0, there exists & € A% such that
—up to a subsequence—

Ty — & in A% (37)
and again by (35) we have
T
| oa®) = e a@) e — o, (33)
0
while clearly
—wt 5 t 2
)\w — 0 uniformly. (39)

Now use (38)—(41) and the lower semi-continuity of L, to deduce from (34), that as A\ — 0 we have
T
I(2) :/ e L(e ' 2(t), e 5 (t)) dt + £(2(0),2(T)) < 0.
0

Since we already know that [ (:17) > 0 for all z € A%{, we finally get our claim that 0 = [ (:%) =
inf, o az 1 (z). The rest is straightforward.

_wt A

Now define Tyxg := e “*'%(t). It is easy to see that z(t) := Tyx( satisfies equation (23) and that
Toxo = x9. We need to check that {T}};cr+ is a semi-group. By uniqueness of minimizers, this is
equivalent to show that for all s < T, the function v(t) := x(t + s) satisfies

T=s d 1 1
0= / ' L(v(t), e‘“t(%ew’fv(t)))dt + §Hv(0)\l2 — 2(Tyz0,v(0)) + || Tswol|* + §|!e°’(T‘8)v(T)H2
0

By the definition of z(¢) and the fact that I (&) = 0 we have,

T wt —wt d wt 1 1 w
02/0 ! L(w(t), e (e a(®))dt + 5|2 (0)]* = 2(wo, 2(0)) + lzol* + 5 e 2(T)]?

Since x(t) satisfies equation (23) we have

* ot cwty 4y 1 1, ws
0=/0 X L(x(t), e (¢ w(t)))dt+§Hw(0)H2—2<wo7fc(0)>+onHz+§He 2(s)|?

By subtracting the two equations we get

dt 2

Make a substitution r = t — s and we obtain

T
0= [ M La(t). e (e al))dt + 5T = Sl o)

T—s
0= 2 { [ O (D) + 3T a(D| - 1Hx<s>rr?}
0 d?”’ 2 2

and finally

T=s d 1 1
= /0 e*" L(v(r), e‘w(ﬂewv(r)))dﬂr §H”U(O)H2 — 2(Tsxo,v(0)) + || Tsxol > + 5\\6‘”(T‘S)U(T)H2-
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It follows that Ts(Tixo) = Tstio-

To check the Lipschitz constant of the semi-group, we differentiate || T;xo — Tyz1]|? and use equation
(23) in conjunction with monotonicity to see that

d
71T — Ty || < —wl||Tixo — Ty ||

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 particular class of ASD Lagrangian of the form
L(z,p) = ¢(z)+¢*(Az — p) to obtain variational formulations and proofs of existence for parabolic
equations of the form

—&(t) + Az(t) € 0Op(x(t)) + wx(t)
z(0) = o
bl (ac(t)) = bl (1‘0)

Here again, we have two cases. The first is dealt with in section 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 X € H C X* with X being a Banach space that is
anchored on a Hilbert space H. It is dealt with in section 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 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 , with domain D(A) C D(yp).
Assume that:

@ s uniformly convex, with a symmetric domain such that 0p(0) is non-empty. (40)

For any given w € R and T > 0, define the following functional on A% ([0, T))

T
—w Wt ¥ —w . 1
I(u) :/0 > p(e™ a(t)) + e " (7 (An(t) — @(t)))dt + §(||96‘(0)H2 +lz(T)]?).
Then, there exists a path T € A%([0,T)) such that:

1. I(z) = inf I(x)=0.
@ meA%{n([O,T]) (=)

2. If v(t) is defined by v(t) := e “'Z(t) then it satisfies

—o(t) + Av(t) — wo(t) dp(v(t))  for ae te€[0,T] (41)
o(0) = 0.

m
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o e2wt

Proof: Setting ¢ (z) : (e “!z), the assumptions ensure that

or(w) + i (Ax —p) if © € D(p)
400 elsewhere

L(t,x,p) := {

is an ASD Lagrangian by Lemma 2.5. Since 0p(0) is non-empty, it is easy to verify 0 € Dom;0L
and all the hypothesis of Theorem 4.1 are satisfied. Therefore, there exists Z(-) € A% ([0, T]) such
that
T .
0= / L(t,z(t), z(t)) dt + £(z(0), Z(T))
0

(a,b) == L(|lal|* + [|b]|?). Therefore

T
pu(2(t)) + ¢; (AZ(t) — 2(t))di + %(Ilff(o)ll2 +2(T)I*)

o\)ﬂo\g

(@(t), Az(t) — z(t))dt + %(Hﬂ?ﬁ(o)ll2 +z(D))1%)

It follows that,

—Z(t) + AZ(t) € e“"Op(e "z (t))
z(0) =0
and by a simple application of the product-rule we see that o(t) defined by o(t) := e ~“'Z(t) satisfies
(41).

Corollary 5.1 Let ¢ : H — R 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, with domain D(A) C D(y).

Assume that:
xo € D(A) N D(0yp). (42)

Then, for all w € R and for all T > 0, there exists i € A%([0,T)]) such that

—u(t) + Au(t) —wu(t) € 9dp(u(t)) for a.e. t€[0,T) (43)
ﬁ(O) = Xy
Proof:
Define the convex function ¢ : H — R by
2
0() = pla +20) + 07 (2, Aag) + {z, wao).

By the fact that dp(xg) is non-empty, it is easy to check that 1 satisfies all the conditions of
Proposition 5.1. Therefore, there exists 9(-) € A% ([0, T]) satisfying the evolution equation

—o(t) + Av(t) € 0Y(v(t)) + (w — 1)v(t) for ae. t € [0,T)
9(0) =0
Since Y (x) = Op(x + x¢) + x — Axo + wxg, we get that @(t) := v(t) + ¢ satisfies equation (43).
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Evolution driven by the transport operator and the p-Laplacian

Consider the following evolution equation on a smooth bounded domain of R".

—w(z,t) +d(z) - Vu(z,t) = —Apu(z,t)+ %ao(x)u(:c,t) +wu(z,t) on [0,T] x Q (44)
u(z,0) = wup(x) on
u(z,t) = 0 on [0,T] x 0.

We can establish variationally the following

Corollary 5.2 Let @: R™ — R"™ be a smooth vector field and ag € L ().
Forp>2,weR, and any ugy in Wol’p(Q) N{w; Apu € L3(Q)}, there exists u € A%Q(Q)([O,T]) that
solves (44). Furthermore, Ayu(z,t) € L2(Q) for almost all t € [0,T].

Proof: The operator Au=d-Vu+ (V- a@)u

with domain D(A) = H}(f) is anti-symmetric. In order to apply corollary 5.1 with H = L?(Q)
and A, we need to insure convexity of the potential and for that we pick K > 0 such that V-a(z)+
ap(z) + K > 1 for all x € Q.

Now define ¢ : H — R by

() :={’l’fﬂ'wm'pd“%fﬂw‘ﬁ@f)+ao<x>+K>ru<x>r2dx i wewirQ)

+00 elsewhere

By observing that ¢ is a convex l.s.c. function with symmetric domain and D(¢) C D(A), we can
apply Corollary 5.1 with the linear factor (w — &), to obtain the existence of a u(-) € A% ([0,77)
such that

%)ﬁ(t) for a.e. t € (0,7
u(0) = xg

—u(t) + Au(t) € 0p(u(t)) + (w —

and this is precisely the equation (44).
Since now dp((t)) is a non-empty set in H for almost all ¢ € [0,7], we have A ii(z,t) € L?(Q) for
almost all t € [0, 7.

5.2 Parabolic equations driven by first-order operators

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

—&(t) + Az(t) —wz(t) € Jp(x(t)) forae. tel0,T]
x(O) = Xy (45)
bi(z(t)) = bi(xg). for ae. tel0,T].

where the operator A is skew-adjoint modulo boundary operators (b1, by). Here we need the frame-
work of an evolution triple, where X is a reflexive Banach space and H is a Hilbert space satisfying
X C 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.
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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 (by,bs) : D(b1,be) — H. Let ¢ : X — R be a
convez lower semi-continuous and proper function on X, that is bounded on the bounded sets of X
and also coercive on X. Assume that

¢ is uniformly convexr on H and 0p(0) N H is non-empty. (46)

Let w € R and T > 0, then there exists a solution v € A%{ for the initial value problem

—0(t) + Av(t) —wo(t) € Op(v(t)) ae te[0,T] (47)
bi(v(t)) = 0 for a.e. t € [0,7
v(0) = 0.

It is obtained by minimizing over A%I the functional

T
I(u) = /0 o2t {cp(e_“tu(t)) + o (e (= A%u(t) — u(t))} dt
1

T b 2 b 2 d 1 2 1 2
43 | (), + b))t + O + 5T

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

of (47).

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

Cllzlx —1) < (=) <C(lzlx + 1) (48)

The corresponding Lagrangian L is ASD on X x X* where X C H C 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 is ASD on the
Banach space X. Assume the following two conditions:

1. For all x € X, the map L(z,-) : X* — R 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

[ L(z,p) ze€X
M(x’p)'_{—i-oop v € H\X

is anti-selfdual on H x H.
Proof: For (Z,p) € X x H, write

M*(—p,—%) = sup {(Z,p)y + B, 2)y — L(z,p)}
peEH

= supsup {(f,p>x,x* + (@, p) x,x+ — L(%P)}
zeX peH

= sup sup {(Z,p)x,x- + (z,p)x,x+ — L(z,p)}
reX peX*

= L(_‘%a _ﬁ)
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Now suppose & € H\X. Then

M*(p,z) = Sup {(z,p)y + B x) g — L(x,p)}
peEH
> (p,xo) +IS)2113 {(#,p) g — L(z0,p)}

Since T ¢ X, we have that sup {(Z,p);p € H,||p||x+ < 1} = +00. Since p — L(xg, p) is bounded on
the bounded sets of X*, it follows that

M*(ﬁw%) > <]57 $0> + Sgg{<i'ap>H - L(:Epr)} = +00,

and we are done.

Proof of Proposition 5.2: Again
Lop) o | #0874 =)+ U@y, + Ia(@)E,) i 2 € D(A)N Do, by
, 400 elsewhere

is an ASD Lagrangian on X x X by Propostion 2.1. The coercivity condition on ¢ ensures —via
Lemma 5.3-that L(z,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(z,p).
Therefore, there exists Z(-) € A%/([0,7]) such that I(a) = 0, which yields

T
0 = [ al@) + GiAs) - #0) + 3G, + IO + 51O + D))

T ) 1 1
> /0 (z(t), Az(t) — 2(t) + §(Hbl(w(t))H%rl + [[b2 (2 (1)) |71, )t + g(lli’(o)ll2 +12(T)[1%)

T
= /0 1b1(Z ()7, dt + [ 2(0)]]* = 0.
So all inequalities are equalities, and we obtain —Z(t) + AZ(t) € e*!dp(e~“!Z(t)), b1(Z(t)) = 0, and
Z(0) = 0. We now set 9(t) := e “'Z(t) and the rest is straightforward.

Corollary 5.4 Let X C H C X* be an evolution triple and let A: D(A) C H — X* be a skew-
adjoint operator modulo boundary operators (by,b2) : D(b1,b2) — H. Let ¢ : X — R be a convex
lower semi-continuous and proper function on X, that is bounded on the bounded sets of X and
also coercive on X. Assume that

xo € D(A) N D(b1,b2) and 0p(xo) N H is non-empty. (49)
Then, for all w € R and for all T > 0, there exists 4 € A%([0,T]) which solves (45).

Proof:
Define the convex function ¥ : X — R by

R
Y(x) = @(x + z0) + % — (x, Axg) + (x,wxq)

It is easy to check that v satisfies all the conditions of Proposition 5.2. Therefore, there exists
v € A%([0,T7]) satisfying the evolution equation

—0(t) + Av(t) € O (v(t)) + (w — 1)o(t) for a.e. t € [0,T]
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b1(0(t)) =0 for a.e. t €[0,T]
7(0) = 0.
Since 0y (x) = dp(x + x¢) + © — Axo + wxo, we have that u(t) := 0(t) + xo solves (45).

Evolutions driven by transport operators

Consider the evolution equation

—uy(z,t) + d(z) - Vu(z,t) = %ao(x)u(:z:,t) + u(z, t)|u(z, t)[P"2 + wu(z,t) on [0,T] x Q
u(xz,0) = wup(z) onQ (50)
u(z,t) = wup(x) on [0,T] x Xy

We assume that the domain € and the vector field @(-) satisfies all the assumption in section 1.3.

Corollary 5.5 Let p > 1, f € L?(Q) and ag € L®(2). For any w € R and uy € L>=(2) N H(Q)
there exists u(-) € A%Q(Q)([O,T]) satisfying (50).

Proof: We distinguish two cases:

Case 1: p > 2. We then take X = LP(Q), H = L?*(Q). since again the operator A : D(A) — X*
defined as Au =@ Vu + 3 (V- @) u with domain

D(A) = fu e I2(Q) |7 Vu+ “lu e L)}
is skew-adjoint modulo the boundary operators (biu,bou) = (ulx, ,u|s_) whose domain is

D(b1,b2) = {u € LP(Q)|(uls, ,uls ) € L*(Xy;|d@ - n|do) x LA(X_;|a@ - i|do)}
Case 2: 1 < p < 2. The space is then X = H = L?(Q).

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

1 L1 3
o(u) == ’ /Q |u(z)[Pdx + 1 /Q(V -a@(x) + ag(z) + K)|u(x)|?dx

Then ¢ is a convex, l.s.c. function that is bounded on bounded sets of X and coercive on X. Since
up(x) € L=(Q) N HY(Q), dp(ug) is non-empty and ug € D(A) N D(by, by).
So by corollary 5.4, there exists @(-) € A%([0,7]) such that

() + Aa(t) € dp(a(t)) + (w — g)a(t) for te[0,T]
bl(ﬁ(t)) = bl(’LLQ) for te€ [O,T]
’l_L(O) = U

and this is precisely the equation (50)
and we are done.
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