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§1. Introduction.

It has been observed by Berkovitz and Pollard that some problems of
calculus of variations for a non differentiable functional have a solution with
compact support. This result naturally leads to the following general question,
proposed in Lions [I]: When is it true that the solution of a variational in-
equality® is with a compact support?

For stationary variational inequalities (V.l.), the first result answering
positively this kind of question was given by H. Brezis [1]; his method was
based on a systematic use of comparison functions, and it was clear that this
method could be extended to V.I. of parabolic type; this is done, together with
a number of estimates on the behaviour of the support of the solution, in H.
Brezis and A. Friedman [1].

We present here a number of results along these lines. Our method is
entirely different from the one of Brezis and Friedman [I]. We require less
assumptions, but our estimate on the support is a little bit less accurate.

We use here in an essential manner the fact that, as we have shown in
our papers and [2], the solution of V.I. of parabolic type, for linear and
non linear second order operators, or the solution of V.I. of first order hyper-
bolic type, can be interpreted as the optimal cost function in a problem of
optimal stopping time.

The plan is as follows.

1—Introduction

2—Variational inequalities of evolution-linear operators
2.1. Statement of the main result
2.2. Proof of theorem 2.1

3—Other estimates on the support of u

4—Hyperbolic operators
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(1) We shall write V.I. for “Variational Inequality”.
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5—Variational inequalities of evolution—Non linear operators
5.1. Statement of the problem
5.2. Estimates on the support
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§ 2. Variational inequalities of evolution—Linear operators.

2.1. STATEMENT OF THE MAIN RESULT.
We consider, for xR", t<T, the problem:

u=u(x1)=0,

ou
(2.1) ——5r ~Au—r=0,

u(—3 —Au—f) =0,
(2.2) u(x, T)=1u(x),

where f and # are given functions.
We assume that™:

(2.3) fe L*(R"x]0,T[)
(24) ne L*(R"), u#=0.

Then it is known that there exists a unique function u# which satisfies

2.1, and which is such that, Vy>0:

2.5) w1\ e L0, T ; H(R™)
2.6) —%1;— eTele 120, T LA(R™)

(in H'(R™) denotes the Sobolev space of functions {=L*(R™ such that

%e L*(R™), i=1, ---, n); the results [2.5), are not the best possible but

are sufficient for what we want to obtain.

The problem [2.1), [2.2), [2.5), (2.6) is a variational inequality (V.1.) of para-
bolic type for the linear operator

ou
U= = —Au
REMARK 2.1. We consider here the backward problem, with the “final”
data [(2.2), because it simplifies the interpretation of the solution « as the optimal
cost functional of a stopping time problem (see below).

(1) These hypotheses are not the most general we could consider.
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REMARK 2.2. Analogous V.I. for other operators will be considered later
in the paper.

In what follows we want to study some properties of u by using the fol-
lowing interpretation of u; let us consider a system whose stochastic state y in
R™ is given by the solution of the Ito’s differential equation

[ dy= 2 dw(s)

2.7
y(t)=x
where w is a standard Wiener process in R" (with respect to an increasing
family of o algebras ).
We denote by ¥,,(s) the solution of [2.7); given a stopping time t <T we

define the “cost function”

2.8) J®) = E[ | F(0a), 9ds+Leerit(3:(T))]

where E denotes the expectation and where X,-r equals 1 if z=T and equals
0 if z<T (note that we have ruled out the possibility z>T).

It has been proved in Bensoussan and Lions that the solution u of
problem (2.1), [2.2), [2.5), [2.6) is given by

(2.9) u= ilrlf Ju(T) .

Using this formula, our first goal is to prove the following
THEOREM 2.1. We suppose that hypotheses (2.3), hold true. Moreover
we assume that

(2.10) f('xy t)Z—fo>0
(2.11) @ is bounded, say #=—c (c>0).

We denote by S the support of @ and by d(x, S) the distance from x to S.
Given a>0 and p=2 we consider those points x, t in R2X R, such that

(2.12) d(x, S) = 24a)(T—t)"*log (T—1t)"*
+() (SE) wo—vymr—tpre @<,
let us denote by Qup the set of points satisfying (2.12). Then
(2.13) u=0 for x, t€ Qqp and for T—t small enough.
REMARK 2.3. In Brezis and Friedman [1], a better estimate is given, namely
d(x, S)=Z Co(T—1t)"log (T—t)"*,  Cy>2+¢

but with assumptions on the regularity of the boundary of S (and as we have
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already said, using an entirely different method based upon the construction
of an adequate comparison function).

OPEN QUESTION: It seems very likely that the second term in the right
hand side of (2.12) can be omitted, but we have not been successful in proving
it. Further more, the estimate of T—i¢ for which (2.13) holds true, does not
depend on this second term (see below the proof of the theorem).

2.2. PROOF OF THEOREM 2.1.

Let us introduce the function Xs(x):{(l)

Since for any 7

if xS
otherwise.

.[zt(f) ngE(Z'—- t)— CEXS(yxt(T))Xr=T
we can, without loss of generality, restrict ourselves to the case when
2.14) f=re; H=—cXg.

Let us now consider the penalized payoff

(215) Je®) = fiBe—t)+£,Ef exp——"-ds

13

—eE[ 250l T) exp—1 35,

We have
JO) =) = f,Ef exp——=TTds
4 CEX (3T W Ao — exp——L == |
hence
(2-16) J5(T)—Joe(T) = foe .

Let now @ be defined (in a unique way) by the equation

T . —
(2.17) f exp— ssr ds=(T—r7)exp — '962- .

Since @ is obtained through a continuous mapping of z, it is clear that @ is
F° measurable. Now™®

218 J()=fiBe—1)+fBT—2) exp—-L ="

— cEXs(3aT)) exp——1 2

> foE(e 1)+ foE(T—) exp— -2 Tt EX5(3.(T)) exp—2 %

3

but

(1) We drop the indices x, ¢t for convenience.
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EXs(3:lT)) exp— 0% = [ exp—0 =T (E1(3,(T)) | 59

3

= E[exp—0=" P(3,T) = S| 29)].

[

Using the strong Markov property of ¥ we get

=E[exp—0=% P(3.(z), 7 S, T)
£

where

(2.19) P&, s:S T)= 1£—21* 12

1
L @) T—s)"2 “XP~ [ T—s)

We have next:

V(7)) = Yau(7) = x4+ /2 (w(r)—w(t))
hence for p=2

(2.20) E|y(z)—x|P = 22E | w(zr)—w(t)|?
< 272, F(z—t)P?

(see for instance Priouret [1]) where

p2/2 H—1))?/2
o= ()R
hence

(221) Ely@—x12 5 (520) (-1 Bt

= c,E(t—1)P?

For 7>0 we have

(2.22) P(ly(x)—x|=h) < E|y<2>p—xlp - c;,E(zh—;t)m '

We have next:

(2.23) Eexp——= P(y(), t;S,T)

€
= [aP@)(exp—2ZZ P(3(e), =5 S, T)) {13(0)—x 2 b}

FEX ycr-z1<n €Xp— —GET—P(J/(?), ;5. T))

00—t

3

<

¢ E(z—t)??

o+ E{luo-aicn exp———P((2), 7; S, T)} .

Using in (2.18) we get
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@2 @) 2Bt e e —tyom]

0—zt
€

+E exp— [fo(T“T)"Cxly(r)-x|<hP(y(T), 7;5,T)].

We shall now choose h. We take

(2.25) h= ()" e —tyn-e
0
which clearly implies
(2.26) - J@zEep— T 1f(T—0)—c2],
where

Z=Yyy-acnP(¥(7), 7; S, T).
From we have
ik dA

P(y(z),7z;S,T)= j‘y(g)+vfzes eXp— AT—7) Qo)X T—1)"2 ’

but when |¥(z)—x|<h we have

B (w)={A€ R*|y(t)+ V22 S} {+/2 |2|=d(x, S)—h}
hence

A da
Z(o) = f mgd(’i’,'_% exXp— NT—7) @ryH(T—7) =l(w).

Setting
2
SR

we get

1
llw)= Wf,ag de.9on €XP— 1§1%d¢,

and by using spherical coordinates

oo

E:le a-n__(exp—r2r*tdr

AT-1)1/2

where d=d(x, S).
For »&]0, 1[, let c(n) be such that

j;(exwr?)r"‘ldré o(p) exp—pi(l—n) V=0,
hence it follows that
(d—h)®
) = ee(n) exp— (=)~

Since for T—t small enough the function x**|Log x|*? increases in [0, T—¢],
it follows from the choice of x (cf. (2.12)) that
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d=h+Q2+a)(T—7)"?|Log (T—7)|"?
hence it follows that

I@) = ciely) exp— = DETD |1 og (75

Let us now choose 7 such that

La-netar=1ta (o< tH),
It follows that
I(@) < c;c(n) exp—(1+a,) |Log (T—o) | = c,c(p)(T—o)** .
Finally we get
folT—2)—cZ = fo(T—7)—ccrc()(T—1)* 4
=(T—o)Lfo—ce,c()(T—1)*]
= (T—o)Lfo—cerc(n)(T—1)"]
=0

if T—1t satisfies the condition

(2.27) Jo—ccyc(p)(T—1)"1>0.

We thus have proved that for (x, £)€Q.s and T—? small enough we have

Je(z)=0  for any 7 and «.
By the estimate (2.16), it follows that

Ju(t)=—f,e  for any = and ¢
which means

Jo(z)=0  for any 7.

Therefore also u(x, ) =0, which implies u(x, {)=0 (since u is always <0).

§ 3. Other estimates on the support of u.

One can obtain a number of other estimates on the support of # when one
makes some hypotheses on the behaviour of u in the neighborhood of the boun-
dary of S (in Theorem 2.1 the only hypothesis made was that u was bounded).

Along these lines we are going to give several results.

THEOREM 3.1. We assume that the hypotheses of theorem 2.1 hold true.
We assume moreover that

lit(x)| < csd(x, 0S), x€S
where re]0,2[.

3.1)
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We define Qq,r as the set of points x, t, t<T, such that™®

B2 dx )= @+a) T (1—-1) " |Log (T—)

+ () (SR oy T =ty
Then

(3.3) u=0  for x,t€ Qupr and T—t small enough.

PROOF. Again we can assume f=Jf,, hence

Je(7) = fo E(t— 1)+ EXearti(Y5(T))
and

j;‘(r):f°E(T"t)+f°Ej,Texp” s_: ds+E| #(3,(T)) exp— =t 1

5

and again (since # <0) we have

2(T)=Jae(T) S fo£

As in the proof of Theorem 2.1, it is enough to consider /i(r). By con-
sidering 6 defined by (2.17), it comes (we drop the index x, f)

6—
3

B4 JE)2fET—) exp— LT L Ea(y(T)) exp—

= +foE(x—1).

Now we have

Ea()(T)) exp—-0=7% = E[exp—-0 % B@(x(T)) | 77

& g

and by the strong Markov property, this equals

Eexp—L=% [a@)P(5(c), =5 &, T)

= —cP(13(0)— x| Z W)+ ELyeor-arca| HEP(¥(2), 75 dE, T)

hence we obtain

(3.5) Ji(o)= E(z-—t)[fo__ c/fé’ (z-_t>p/2-1:|

+Eexp— T f(T—0) H hiycomnan [HEOP((@), 75 dE, T).
Defining 4 by we get
(3.6) J(z) = E exp—

where

6—

&

C L f(T—2)—Z]

*> We observe that QuprCQap.
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Z=Uymsan] |HE) | PO(E), 75 dE, T)

=X Iy(f)—zl<hj

_ - A da
eywaies @+ V2 2)|exp

2(T—7) Quo)M¥T—7)"* -

Using (3.1) and noticing that when |y(z)—=x|<h and ¥(z)++v22€S we
have

d(y(z), S)zd—h
d(¥(z) V22, 0S) < 2| 2| —(d—h)

we obtain
d—h ' 21 da
25 (V2 [ o (111 =51 ) exo— gy ~mmti—eye
__(V/2)7 ye_ d—h \7 2
=S5 ez (161@T =) —72 ) exp—| €15 .

Setting :—@(—gf—g—)lfz—- it follows that

Z<c(T— r)”zf: (r—pB)r** exp—ridr

< q(T—r)Tﬂf:r"*T" exp—ridr.
Defining ¢/(n) as ¢(y) (with n changed into n+7) we get

(1—n)+ar(1—-L-
4< D) |Log (T—7),

and with the same choice of » as in Theorem 2.1, we obtain

Z= et (n(T—1)"* exp—

Z< ¢’ ()(T—7)" exp—(1+a,)(14+-L-) [Log (T—7)|
= e/ ((T—) 0,

Therefore, returning to it follows that

@) 2 Eexp— T [ f(T—0)—cierp(T—) 097

13

Eexp—0 " (T—0) fy—cic' (T — 1y ()1

v

=0 for T—t small enough,
and (3.3) follows.

THEOREM 3.2. We assume the hypotheses of Theorem 3.1 to hold true
with
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@7 r=2.
Then there exists a constant c; such that
(3.8) u=0 if d(x S)zc(T—1)"
+ () (G oty vi<T.

PrROOF. We note that still holds true. We now have the following
estimate on Z

Z<Z cic!(n)(T—7) exp—(l—v)%
hence
]E(z-) = E exXp— 0:T (T—T)I:fo—'c4c/(7]) eXp—(l_yj)—z‘(f?’f_—-fl:)[—z)__]
zEexp— 0:T (T—T)[fo—‘c4c,(77) €Xp— (1—4(77’1)511;)}1)2 :I

hence the result follows, by choosing ¢; such that

Jo—eic'(n) exp——(—lif)—cg— >0.

REMARK 3.1. A result of this type (without the second term in the estimate
(3.8) but with stronger hypotheses on the regularity of # and of dS) is given
in Brezis and Friedman [I], who do not obtain results along the lines of
Theorem 3.1 and 3.3 below.

REMARK 3.2. We can take y>2; then we can assert that (with the same
definition of ) "

3.9 u=0 for d(x, S)=h, and T—t¢ small enough .
This follows from the fact

Z=Z e (p)(T—1)""
and
0—

]s(r) =z Eexp——

(T =) fo—cuc’((T—1)2-1] ,

THEOREM 3.3. We assume that the hypotheses of Theorem 2.1 hold true
with (2.10) changed into

(3.10) [ Dz (T, 020,

We define Qups as the set of points (x, t), t>T, such that



Support of the solution of some variational inequalities 11

(3.11) d(x, S) 2 (2+a)(T—1)"*|Log (T—1)|*

+( C(éfj‘ 1) )1/P< p_jil )p/z(p(p—-1))1/2(7““1‘)1/2'(5"‘1/1’)

(pz2(0+1)).
Then

3.12) u=0  for (x,t) € Qups and T—t small enough .
PrOOF. We have by virtue of

Jol®) 2 B[ foT—5)ds— cEXs(9al T Xeur

Jo_ B(z—ty* — cEX(ys(T)) Xowr .

=511
We define
Ja) =5 Bty 4 B exp——25ds
—¢ EX5(y(T)) exp— T:T :
Clearly
(3.13) Jor(D)—Jau(t) Z —foe .

We next consider /*(z) (we drop the index x, ©).
By arguments similar to those of Theorem 2.1, we arrive at

(314) f)5+1 ___ﬁl%%?__ (Z.__t>p/2—1]

5—!—1

+Eexp— <

[fo(T—T)—Cxxycr>—z1<nP(J’(T), ;S T)].

Choosing & equal to the second term of the right hand side m we ob-
tain a situation identical to [2.26). Hence the result follows.

REMARK 3.3 The preceding results hold true for more general operators
than —A. Namely we can handle instead of more general equations of
the type

(3.15) dy=g(¥)ds+o(y)dw(s)

where g, ¢ are Lipschitz bounded functions and ¢ being invertible with [[¢™'())||
<C.
The operator A is changed into

T <7 ox0x; 8%z,

a
where a=

[NC1RST
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The estimate is still true with a different constant. Of course
is no more valid but P(&, s; S, T) can be bounded by an integral of the form
with different constants, by virtue of well known estimates on funda-
mental solutions of parabolic equations.

Taking into account these comments, the same proofs apply.

§4. Hyperbolic operators.

It is interesting to consider now the deterministic case; the state is given
by(l)

(4.1) dy=g(y)ds, y(t)=x, whose solution is given by ¥..(s)
where, to fix ideas, we shall consider two cases:
(4.2) case () : g =Ze VxeR"™,
(4.3) case (ii): g(x)=linear operator.
In case (i) we have
(4.4) 1Y2($)— x| < e(s—1)
and in case (ii)
(4.5) 1Yee($)— 2l < c(e”*—1).
If we define

[ Fels), 9ds it o<T,
(4.6) Fe®)=1
[ F0uls), 9ds+FradT) it e=T

and if we set

4.7) u(x, ) =inf J;,(7)
then u(x, t) is the solution of the “hyperbolic” V. I

—O _gVu—r=0, uso,
(4.8

u(—%—gVu—f)zO for xe R™ t<T,
where
(49) g-Vu= g, (x)2k

0x;

with the “final” condition

(1) We assume g to be Lipschitz.
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(4.10) u(x, T)=¢(x).
We assume that [2.3), hold true and that

(411) A Lo(R* %10, TD).

Then u is the solution of [(4.8), (4.10) such that

(4.12) uen —g?—e‘““ e L0, T; LR™).

We have now
THEOREM 4.1. We assume that f and @ satisfy (2.10) and (2.11). Then one
has u(x, t)=0 if®

(4.13) d(x, S)>c(T—t) in case (i),
(4.14) d(x, S) > c(e*TY—1) in case (ii).
ProoF. We have [, .(T)>0 if 0<7<T, so that
u(x, £)=1inf {0, J,.(T)} .
If (x,t) is such that (4.13) (resp. takes place, then ¥, ,(T) & S so that
#(Y,,(T))=0 and J;,(T)>0, so that u=0.
§5. Variational inequalities of evolution. Non linear operators.

5.1. STATEMENT OF THE PROBLEM.
Let us consider now functions

(6.1) fx, t, )eR,  g(xt, h)ER"

where A UCR™.
We consider the state to be given by

(5.2) dy=g(y, s, v(s))ds+ V2 dw(s)

where v(s) is a control function subject to

(5.3) v(s)e U,
and where
(5.4) yH=x.

We denote by ¥,,(s; v(s)) the solution of 5.4).

(1) The constants ¢ appearing in (4.13) (resp. [4.14)) are the same than those
appearing in (resp. [(45)).
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We assume that g is Lipschitz in x and that

(5.5) lg(x, &, DI =k.

We now introduce the cost function

(5.6) Joil, )= E[ [ F(3uls; 0), 5, v(o)ds+ Learii (e ; ) ],
and we define

(5'7) u<xr t>: igf‘jxt(ry 1})

v subject to (3.3).

We have proved in Bensoussan and Lions [2] that u(x, f) is characterized
by

—SL —Tu—a(w)—f=0,

(5.8) n=<0,
uQr%%—Vw—gmy¢)=o for xeR" ¢<T

where B is the non linear operator given by

— Z ou
(5.9) B=inf[ /05, D+ Zegi(n t, D5 |
with the “final” condition
(5.10) u(x, T)=u(x), @=0.

5.2. ESTIMATES ON THE SUPPORT OF THE SOLUTION OF V. LI
FOR NON LINEAR OPERATORS.
We shall assume that

(5.11) feLl>R"x0, T)XU), f=f>0,Vxt2,
(5.12) az=—c.

Let 4, be arbitrary in U and set

(5.13) Zo(x, )=28(x, 1, &) .

We consider the stochastic differential equation

dj=g,(F, s)ds+ v2dw(s) s>t

(5.14)

J=x
whose solution is denoted by ¥.(s). We define
(5.15) P&, s; S, T)=P(Fe(T)€S).

We have the following estimate
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(5.16) Be,s; 8, 7)< —(T__—Ang—fsexp—————mly:glz dy.

Next if y(z)=y.(z; v) (where 7 is a stopping time and v=1v(s) an admis-
sible control), we have

|3(7)—x| < (z—t)ke+ V2| w(z)—w(t)].
Let 8, be a constant such that
(5.17) (a+b)? < Bp(a?+bP) Ya, b>0.

We have
Ely(r)—x|? < B,LRPE(t— )P+, E(z—1)P"*],

and assuming that T—i¢<1, we obtain

(5.18) Ely(z)—x|? < E(t—t)?*(k?+c})B, -

We recall that c¢,= (773—1—)1) ﬂ(p(;b—l))p/z.

THEOREM 5.1. We assume that [5.5), [(5.11), (5.12) hold true. Let S denote
the support of #. Let us define Qp as the set of points x, t such that

c \P
(5.19) d(x, S)= (70—> [Bp(kP ) VP (T—t)V2-vp

+(\ 2+ a)T—t 7 Log (T—)] 2.

Then if u denotes the solution of [5.8), [5.10) one has
(5.20) u=01n Qu  for T—t small enough.
REMARK 5.1. One can give analogous extensions of the results of Theorems

3.1 to 3.3 to the present situation.
PrROOF. We restrict the controls to satisfy the additional requirement

(5.21) v(s)=1v, if s=r.
This does not modify the value of J,;(z; v) (which does not depend on the

values of v for s=7).
We have (dropping the index x, f)

Jz; v) 2 foE(r—1)—cEXs(¥(T ; v))Xear
and we define

Jiz; U)=foE(‘€—t)-|-foEfTexp— 57T ds

5

—CELs(¥(T ; v)) exp——L2 7.

Again we have
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(5.22) Je;0)—=J(c;v) = —fie.
Defining 6 by we have
(5:23) J@; 0) 2 foEe—t)+ BT —7) exp—-2=%

—cEXs()(T; ) exp——L=

By virtue of (5.21) (T ; v)=Fyco,«(T).
By the strong Markov property of J we have

Ets((T; ) exp— 2% = Elexp—5 Bly(), 5 5, )],
hence using we obtain

(5.24) Ji(z;v)= E(T_t)[fo— C,Bp(kp—}—c}’ll,z(z-—t)p/za ]

00—z

3

+E exp— [foT—=2) =X o m<nP(¥(@), 73 S, T)].

Using [5.16) we see as in Theorem 2.1 that
Z= XIy(r)—thﬁ(y(T)y T, S, T)

M 4
= (T—z)"? f\il;;(d—hwmeXp 2(T—1) da

+oo
— a2 n-1
—cej —— (exp—r2)r*idr
~v2(T-1)

< ¢oc(n) exp— (1—2778,1(,{_";?)% .

We can then easily proceed as in the proof of Theorem 2.1 and we obtain
the desired result.
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