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1. Introduction

The pioneering work concerning the existence of continuous BV solutions for the
perturbation of sweeping process (Moreau’s process) [25, 26, 28] of the form

~Du € Noy(ult)) + F(t, ult))

where C' is a closed convex valued continuous multifunction from [0, 7] to R?
and F : [0,T] x R — R? is a convex compact valued upper semicontinuous
multifunction goes back to [6, 7]. In this vein, we present here some Skorokhod
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problems in the line of Tanaka, Lions and Sznitman, Saisho [31, 21, 30] (see also
Frankowska [12] using a viability approach), but with a convex moving set in a
Hilbert space. Further applications to Skorokhod differential equations in both
deterministic and stochastic cases are also provided.

The paper is organized as follows. In Section 2, we recall some basic results
in sweeping process, in particular, we focus on the existence and uniqueness
of continuous BV solutions for a sweeping process SW(C';a) associated with
a closed convex moving set C' of a Hilbert space H with a € C(0) and also
some stability results for the sweeping process. We consider a closed convex
valued multifunction C' : [0,7] = H and we assume that C' is continuous for
the Hausdorff distance dy and has nonempty interior. Our first Skorokhod
problem in the BV continuous case (Theorem 2.3) is the following. Let a €
C(0). Let (hy)nen be a sequence of continuous mappings h, : [0,7] — H
satisfying: (i) h,(0) =0,¥n € N, (ii) (hy)nen converges uniformly on [0, 7] to a
continuous mapping h : [0, 7] — H. Then the decomposition v,, = wy, +h, and
v, = wp, + h with v, , v, continuous and wy,,, w, continuous and BV associated
with h, and h hold: vy, (t) € C(t),vt € [0,T], vp,(0) = a € C(0), v, (1) =
wWn, (8)+ T (£), Yt € [0, T, —ipma (t) € Nogy(vn, (1)) (| Dwn, |-a.e.), wy,, (0) = a
and vp(t) € C(t),Vt € [0,T], v,(0) = a € C(0), vu(t) = wy(t) + h(t),vt € [0,T],

—%(t) € New(vn(t)), |Dwpl-a.e. wp(0) = a € C(0). Furthermore vy,

and wy,, converge uniformly on [0, T] to v, and wy, respectively.

In Section 3, we prove stability results for the Skorokhod problem in both Lip-
schitz and absolutely continuous settings (Theorem 3.2, Theorem 3.3).

In Section 4, using the results obtained in the above sections, we provide some
existence results for Skorokhod differential equations in both BV, Lipschitz and
absolutely continuous settings (Theorems 4.1-4.2-4.3) in the deterministic case.

Finally, in Section 5, using Tonelli’s scheme, we solve in the finite dimensional
setting a Skorokhod stochastic differential equation involving the normal cone of
the closed convex moving set C' with non empty interior (Theorem 5.2). Assum-
ing only continuity assumptions on the coefficients of the stochastic equation,
we construct a weak solution (i.e., a solution defined on an enlarged probability
space, such a solution is sometimes called a martingale solution). Our con-
struction is done with the help of Young measures, using a method which was
initiated by Pellaumail [29]. When the coefficients are Lipschitz, this solution is
a strong solution.

2. A Skorokhod problem associated with a convex sweeping process:
The BV continuous case

In all the paper, H is a Hilbert space and C' : [0,7] = H is a multifunction
with closed convex values. We denote by cc(H) (respectively ck(H)) the set of
nonempty closed convex (respectively nonempty compact convex) subsets of H.
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Let us recall and summarize a fundamental result in the sweeping process [24,
32].

Proposition 2.1. Let C : [0,T] = H be a closed conver valued continuous
multifunction with respect to the Hausdorff distance. Assume that

(i)  there exist zg € H and 79 > 0 such that By(xg,m9) C C(t),Vt € [0, T].

Leta € C(0). Then there exists a unique BV continuous solution to the following
sweeping (SW) process:

SW(C,a): { d|Du

Here Du s the differential vector measure associated with the BVC function u
and |Du)| is its variation measure, and Neow(u(t)) denotes the normal cone of
C(t) at the point u(t) € C(t). Further, the solution u satisfies

T
1Dl = / Dl < I(ro, lla — o)

where the function | : RT x RT — R is given by

S% — g2

fd > 2
I(s.5) = max{(], 5% } if d > 2,
max {0, 5 — s} ifd=1,

where d is the dimension (possibly +o00) of H.

In the rest of the paper, we assume that C' is continuous for the Hausdorff
distance dp, that is:

(%) Forallt € [0,T], lim,_,; dy(C(s),C(t)) = 0.

We are mainly interested in the case when C(¢) has nonempty interior for every
t € 10,77

(#%) Wt € [0, 7], Int(C(t)) # 0.

Lemma 2.2. Assume (x). Then Condition (xx) is equivalent to the following
condition:

(x+") We can find timesty =0 <t; < --- <ty =T, points xq,...,zy € H, and
R > 0 such that, for eachi=1,...,N, By(x;, R) C C(t), Vt € [t;_1,t;].

If furthermore C' takes separable values, then (xx) and (xx) are equivalent to

(xx") There exists a continuous selection v of C' and a real number R > 0 such
that, for everyt € [0,T], Bu(y(t),R) C C(t).
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Proof. The implications (x*')=-(x%) and (xx”)=(x*) are clear. Assume (xx):
For each t € [0, T, there exists a(t) € C(t) and r(¢) > 0 such that B(a(t),r(t)) C
Int(C(t)), where Int(C(t)) denotes the interior of C'(¢). By continuity of C,
using [24, Lemma 2.2.3 (b)], there exists for each ¢ € [0,T] an open interval
J; containining ¢ such that that B(a(t),r(t)) C Int(C(s)) for all s € J,. By
compactness of [0,7], we can extract a finite family (J;,)1<i<, which covers
[0,7]. Then we can take r = minj<;<y 7, and the proof of (') is complete.

Let us prove (xx”), under the assumption that C' takes separable values. Fol-
lowing Michael [22], a closed convex subset S of a closed convex set A is said
to be a supporting set of A if S # A and, if whenever the interior of a segment
of A intersects S, then the whole segment lies in S. The inside Inside(A) of a
closed convex set A is the set of points of A which are not in any supporting
set of A. If A has nonempty interior, Inside(A) = Int(A), see [22, page 372].
Similarly, arguing in the affine subspace generated by A, we see that, if A has
nonempty relative interior Relint(A), then Inside(A) = Relint(A). By a result
of Michael [23, Corollary 1.3], if X is a metric space and 2) a Banach space,
any lower semicontinuous mutifunction ® : X — cc(2)) with separable values
has a continuous selection ¢ such that ¢(z) € Inside(®(z)) for every z € X
(this proves in particular that the inside of a closed convex separable subset of a
Banach space is always nonempty). Let ccs(H) denote the set of closed convex
separable subsets of H, let us take X = ccs(H) (endowed with the Hausdorff dis-
tance) and ) = H, and define ® : X = 2) by ®(A) = A. By [23, Corollary 1.3],
there exists a continuous mapping ¢ : ccs(H) — H such that ¢(A) € Inside(A)
for every A € ces(H). We can set (t) = ¢(C(t)) for every t € [0, T]. By (xx),
we have ~y(t) € Int(C(¢)). Then the function

p(t) = d (y(t), H\ Ct)) = inf {{lz =~ ($)[|; = € C()}
is continuous and takes positive values. We only need to set
= inf p(1). O
r=dnf p(t)
The following stability result and its proof have direct applications to the Sko-
rokhod problem that we develop in Sections 4 and 5.

We need first to fix some notations and terminology. Given a triple (C,a,h)
where C' is a closed moving set with nonempty interior, a € C(0), and h :
[0,7] — H a continuous mapping such that h(0) = 0, we denote C}, = C' —
h. A pair (v, wy) associated with (C,a,h) is a Skorokhod decomposition (or
decomposition for simplicity) if it satisfies the equation v, = wy, + h with the

properties
.
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where wy, is BVC and vy, is continuous. We will often write as v, = wy, + h such
a decomposition whose properties depends on those given for (C,a, h).

Theorem 2.3. Let C' : [0,T] — cc(H) be a closed conver valued continuous
mapping satisfying Conditions (x) and (xx). Let (h,)nen be a sequence of con-
tinuous mappings hy, : [0,T] — H satisfying:

(i)  hn(0) =0, Vn € N,
(i) (hn)nen converges uniformly on [0,T] to a continuous mapping
heo : [0,T] — H.

With the notations of (1), let us consider the continuous decompositions vy, =
wp, + hy, (n € NU{oo}) associated with C, a and h,,. Then there is a positive
constant K such that
sup ||Dwp,, || < K < 0. (2)
neN
Furthermore, vy, and wy, converge uniformly on [0,T] to v, and wy, respec-
tively.

Proof. Let us first prove (2). The closed convex valued mappings C, = C —
h, are continuous with nonempty interior. Then by [24, Theorem 2.2.1], the
sweeping process SW(CY, ; a) with initial value a € C),,(0) = C'(0) has a unique
BV continuous solution wy,, with wy,, (0) = a, wp, (t) € Cy, (t). Note that Cj,, =
C' — h, satisfies uniformly Condition (x%’): There exist to = 0 < t1,- - < ty =
T,x1,...,xy € Hand r > 0 such that, for n large enough and fori =1,..., N,
we have
EH(ZL‘,T) C Chn(t), vVt € [tz‘_l,tz‘].

Indeed, by Lemma 2.2, we can find times to = 0 < t; < --- < ty = T, points
x1,...,xy € H, and r > 0 such that

EH(.I'Z', 27") C Ch(t>
for each t € [t;_1,t;],i=1,..., N. Let ng such that

sup |[|hn(t) = h(D)|| <7

0<t<T
for n > ng. Then for n > ng, we have
Buy(xi,7) C Ch, (1)

for each t € [t;_1,t;], i =1,..., N. By [24, Lemma 2.3.2-(b)], we have on each
interval [t;_1,t;],i=1,..., N,

|Dwy| < sup I(r,||a — z4]|)
1<n<N

and
|Dwy,,,| < sup U(r,||a —;]|), Vn > no.
1<n<N



392 C. Castaing et al. / A Skorokhod Problem Governed by a Closed ...
Then to prove the required estimate we only need to take

K= sup I(r,|la— ).
1<n<N

We now prove that the sequences (v,), € N and (w,),en satisfy uniformly
on [0, 7] the Cauchy criterion. Firstly, using classical properties of differential
measures for BV continuous functions w : [0,7] — H, v : [0,7] — H, we have

| ta= 0Dt =) = 3l1u() = (Ol = 3l1u(0) = v}

Secondly, for every n € N we have

dthn

_m(t> € NChn(t)(whn(t)) = NC(t) (Uhn(t>>, |thn‘_a.e.

Let v be a Radon positive measure such that |Dwy,,| < v, ¥Yn > ng, then

dthn

(1) € No, ) (10n, (6) = Neg (un, (1), v-ace 3)

because N¢(y) is a cone. Since x — Ngy () is monotone, (3) implies

<(_dl)d#(t)) _ (_dz@;hn (t)) Lo (1) — vhn(t)> >0, vae.

Equivalently

<dD(’wth— W, ) (t), vn, (t) — vp, (t)> <0, v-a.e. (4)

Integrating (4) over [0, t] with respect to the measure v gives

t
/ (Vhp, = Vny» D(wh,, —wp,)) <0. (5)
0
We have
On,, — Un, = (wp,, — wp,) + (hpm — hy)-
Therefore
Vn = Onal [P = N, — wa, |[* 4 2{hm = B, wh,,, — W) + ([ = D]

On the other hand, we have also

t
1
| = wn D, = Dun) = Sl 1) = wn, (O]
0
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Let us write

(o (1) = hn(2), wh,, (1) = wn, (1))
= (i (1) = (), wn,, () = wp,, (1)) = (B (1) = hn (1), wh,, (0) = wn, (0))

— /0 (R (t) = h(t) = B (8) + hn(8), Dwp,, (s) — Dy, (s))

[ W) = ha(s). D (5) = D, (5)
We get
lvn,, (£) — vn, (1) |2

= [[hm(t) = ha(B)]|* + 2/0 (wn,, (s) — wh,(s), Dw,,(s) — Dwp, (s))
+ 2/0 (hin(t) = hn(t) = hn(8) + hy(s), Dwy,, (s) — Dwy, (s))

¢
+2 [ (n(s) = hu(s), Dun, (5) = Dun, (5)
0
Since vy, = wp,, + hy and vy, = wp, + hy, by (5), we get the estimate

[1n,,(£) = on, ()] |*
< [ (t) = hu(t)]]*

¢
+ 2/ (him(t) = hn(t) — By (s) + hy(s), Dwp,, (s) — Dwp, (s)).
0
Let H := sup ||Dwp,||. Then we get the final estimate

10,0 () = O, (OI* = 1R () = R (0)|[* + 8H sup || (s) — B (3)]]

s€[0,t]

which proves that (v, ) converges uniformly to some continuous functions v and
that (wp, ) converges uniformly to some continuous functions w.

There remains to show that v = v, and w = wy,_. By the Banach-Helly
theorem [24, Theorem 0.2.1], (Dwy,, ) converges weakly to Dw in the space of
bounded vector measures M([0, T]; H) of bounded variation

i [ (o (110 1Dwnl0) = [ (G50, 1)) Dule)

for all 0 < s <t < T and for all continuous mappings f : [0,7] — H. As the
functions wy,, are BV continuous solutions to the sweeping process SW(C},,; a),
we have

B dthn
d|thn |

(t) € Ne@—hnt) (W, (1)) |Dws,||-a.e.
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Equivalently

A‘,t] : (_%(”’C’“@ 1D, () + 5 an, B = lfan, ($)] <0 (6)

for all 0 < s <t <T. Since h,, converges uniformly to h, it implies the well-
known Kuratowski limit of sets: for any sequence (t,,) in [0, 7] converging to ¢,
Ch.(t) C LiCy, (t,), where LiCYy, (t,) denotes the limit inferior. Then, from an
epilower version of Reshetnyak’s theorem, e.g., [19, Cor. 3.4], [8] and the weak
limit Dwy,, — Dw, we have, by taking the liminf in the inequality (6),

( dthn| (), Ch, (7)) | Dwy, |(7)

0> 1 f -
1m1n [ D,
1
2

+={Jwn, (®)]> = Hiuhn(s)H2]
% dDw 1 ) ,
- /Mé (‘W“)Wﬂ) [Dw|(7) + @)~ lw(s)]),

therefore proving that w is solution of the sweeping process SW(C},__; a) and by
uniqueness w = wy_ . Hence we may conclude that (v, ) and (wp,) converge
uniformly to v, and wy,_ respectively. O

3. A Skorokhod problem associated with a convex sweeping process:
The Lipschitz case

In this section H is a Hilbert space and C' : [0,7] — ck(H) is Lipschitz with
respect to the Hausdorff distance, i.e., there is a constant L > 0 such that

dy(C(t),C(r)) < LIt — 7|, Vt,7€[0,T].

Given a ck(H)-valued L-Lispschitz function, then, from classical result in the
sweeping process [28], given x € C(0), there is a unique L-Lipschitz function
w: [0,7] — H such that

—u(t) € New (u(t)), tel[0,T]

u(0) =z € C(0).
We state and summarize a stability result in (SW) in the Lipschitzean case.

Theorem 3.1. Let (Cp)nenuiso} be a sequence of L-Lipschitz mappings from
[0,T] to the set ck(H) of nonempty convex compact subsets of H. Assume that
the following assumptions are fulfilled:

(i)  for any sequence (t,) in [0, T] converging to t, C(t) C Li(Cy(t,)),
(i)  for anyt € [0,T], Ls(Cy(t)) C Cuo(t).
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Let (ug)ren be the L-Lipschitz solutions of the sweeping process
—Ui(t) € Neywe () (ur(t)), ur(0) = a, € Cx(0).

If (ar)ken converges to as, € H, and if (ux(t)) is relatively compact for each
t € [0,T], then (ug)ken converges uniformly to the unique L-Lipschitz solution
Uso Of the sweeping process

—loo(t) € New () (1) (uce(t)), Uso(0) = ass € Coo(0).

Proof. Here one can adapt the proof of stability result for sweeping process
in the BV continuous case [6, Theorem 4.4]. For convenience we provide the
proof in the Lispschitz case that is based on an epi-lower convergence result of
integral convex functional on the space of vector measures and the definition
of normal cone for closed convex set in the sense of Convex Analysis. Since
(ug)ken is equi-Lipschitz and (ug(t)) is relatively compact for each ¢t € [0,7],
it is relatively compact in Cy([0,T7]), therefore (uy)ren converges uniformly to
an L-Lipschitz function u., € Cg([0,T]) with @ — 1. with respect to the
o(Li;, L) topology and s (0) = aue € Coo(0). It remains to check that

— U (t) € Newo ) (uso(t)) a.e.
Main fact. We have

lim inf / (i (t). Cu(t)dt > / S (in(t), Co ().

Let 6*(x, Cy(t)) denote the support function of C(t). From (¢) and (i7), it is not
difficult to check that §*(., Ck(.)) lower epiconverges to 6*(., Co(.)), that is, for
any sequence (ty, xy) in [0, T] x H converging to (t,x) € [0,T] x H we have that
lim infy, 0* (2, Cr(tr)) > 6*(z,Cx(t)). Let @oo be a continuous selection of Co.
By [6, Proposition 3.9], there are continuous selections ¢, of Cy which converge
uniformly to ¢o. Let us set I'y = Cx — ¢x, k € NU {oo}. Then 6*(.,T'k(.)) is
nonnegative and lower epiconverges to 6*(., ' (.)). Now let my = —ugdt be the
vector measure of density —iy (K € NU {oco}). Then (my) converges weakly to
Moo = —Tlsodt in the space of bounded vector measures M([0, T], H). Hence,
invoking a lower epi-convergence version of Reshetnyak’s theorem [6, Theorem
3.4], we get

lim inf /0 s ( dmy (t),Fk(t)) djmg| (t) > /0 s ( dmo. Foo(t)) d|mo|(t).

d\mk| d|m00"

This gives

lim inf /0 ! 5 ( CZ% (t), Ck(t)> dlmy|(t)
> | Lo (=0, Ca)) e ).

d|me|
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Since my = —uxdt we have for a.e. t € [0,7] and for all £k € NU {o0}

dmy, = dt = dt
M= Tmalde " dg]|

hence

o (B cu0) =0 (2wl o)

dmk

— 15" 0. Cut0))

d|my|

By integrating, we get

/OT 5 (%@),@(w) d /OT - (%(t),@k(t)) ()]t
:/OTg* (%(t),ck(t)) dlmal (D).

dfmy]
Using (8) and coming back to (7) we get finally
lim inf / (i (t), Cu(t)dt > / S (in(t), Co ().
From —;(t) € Ney ) (t) (ur(t)) we have
5 (=g (£), Ci(t)) + {uat), i (8)) < 0.
Integrating on [0, T yields
/O 5 (i (£), Cl(t))dt +/O (up(8), i (1))t < 0.
It is clear that
lilgn/o (ug(t), a(t))dt = /0 (Uoo (1), oo (t))dt.

Taking the liminf in (9) and applying the main fact gives

/OT 5* (it (£), Co(£))dt + /OT<uoo(t),uoo(t)>dt <.

Whence
0 (—Uoo(t), Coo (1)) + (tso(t), o (t)) < 0 ace.

thus proving the desired inclusion

—oo(t) € New () (uso(t)) ace.
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Theorem 3.2. Let C : [0,T] — ck(H) be a conver compact valued L-Lipschitz

mapping. Let a € C(0). Let (hy)nen be a sequence of M-Lipschitz mappings

hyp [0, T] — H satisfying:

(i)  h,(0) =0, Yn €N,

(i) (hn)nen converges uniformly on [0,T] to an M-Lipschitz mapping hoo
0, 7] — H.

Let us consider the Lipschitz decompositions vy, = wp, + h, (n € NU {o0})

associated with (C,a,h,) with —y, (t) € N¢, @ (wn,(t)). Then wy, and vy,

converge uniformly to wy_, and vy, respectively.

Proof. Since the mappings Cj, = C — h,(t) are (L + M)-Lipschitz, there is a
unique (L + M)-Lipschitz solution wy, to SW(CY, ;a), thus the decomposition
(Un,,, wp, ) exists. It is clear that vy, is (L4 2M)-Lipschitz. Since (h,) converges
uniformly to h.,, we have

lim dg(Ch, (), Cr (t)) = lim [[hn(t) — hoo(t)]| = 0, Vi € [0, T].
n—oo n—oo

As v, (t) € C(t) € C(]0,T]) and C([0,T1]) is compact, (vp,) converges uniformly
to an (L 4+ M)-Lipschitz mapping v. As vy, (t) = wy, (t) + h,(t), Vt € [0,T]
and (h,) converges uniformly to h, wy, converges uniformly to the (L + M)-
Lipschitz mapping w = v — h, therefore one may apply the stability result
for sweeping process in Theorem 3.1 which shows that the (L + M)-Lipschitz
solutions wy,, to the sweeping process SW(C},,; a)

—, () € Ng,, (t)(wn, (1)), ae., vp, (0) = wp, (0) = a € C(0)

converges uniformly to the unique (L 4+ M)-Lipschitz solution w = wy,__ to the
sweeping process SW(C),_; a)

—h,, (t) € Ny, 0y (wny (1)),  ae., Uh (0) = wy_ (0) = a € C(0).
As, for n € NU {oo},
Un, (1) = W, (1) + B (1)
Un,(0) = wn, (0) =
v, (1) € C(t), Vtel0,T]
)

_whn( ) E NCh (t (whn( ) ) a”e‘7

a

we have

v(t) = lim vy, (t) = nlgl(f)lo W, (t) + hy(t)

n—oo

= whoo(t) + hoo(t) = vhoo(t)7 vVt € [O,T],

which proves that vy, converges uniformly to v, and wy, converges uniformly
to wy_ . U
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The absolutely continuous case. We need to recall some notations. A
convex compact valued mapping C' : [0,7] = H is absolutely continuous in
the sense dy(C(t),C(1)) < a(t) — a(r) = f: a(s)ds, Vv < t, € [0,T], where
a € Ly, ([0,7]). Taking into account the existence of an absolutely continu-
ous solution for a convex compact valued absolutely continuous mapping and
the techniques given in Theorem 3.1 and Theorem 3.2 we have the following
absolutely continuous version of the results given therein.

Theorem 3.3. Let C : [0,T] — ck(H) be a convex compact valued absolutely
continuous mapping. Let a € C(0). Let (hy)nenuieo} be a sequence of equi-
absolutely continuous mappings, i.e., hy(t) = fot hn(s)ds, ¥t € [0,T) forn €
NU{oo}, with |h,| < g for some positive integrable function g € L ([0,T7]), such
that (hyp)nen converges uniformly on [0, T] to the absolutely continuous mapping
heo. Let us consider the absolutely continuous decompositions vy, = wp, + hy
(n € NU {o0}) associated with (C,a,hy,) with —wn(t) € N, (wn(t)). Then
wp, and vy, converge uniformly to wy and vy, respectively.

4. Solvability of a Skorokhod differential equation associated with a
convex sweeping process

Let C': [0,7] = H be a closed convex continuous mapping. We aim to study a
Skorokhod differential equation related to the sweeping process associated with
the closed convex moving set C' and the Borel perturbation b : [0,7] x H — H
satisfying:

(a) ||b(t,z)|| < M,v¥t € [0,T],Vx € H, for some positive constant M,
(b) [lo(t, ) = b(t,y)l| < K|z —yl[, vt € [0,T],Vz € H, vy € H,

for some positive constant K.

Given a € C(0), the problem is to find (X,Y") satisfying:
¢
X(t) = / b(s, X(s))ds+Y(t), Vte|0,T] (10)
0

where X is continuous mapping on [0, 7] to H with X (¢) € C(t) for all t € [0, T]
and Y is a BV continuous mapping from [0, T to H satisfying

dDY
~d|DY|
X(0) =Y (0) = a € C(0)

Before going further, it is easy to see that, when b = 0, then (10) is reduced to
the existence of a continuous BV solution to the SW(C, a)

anx
“apx V€
X(0) = a € C(0)

(t) € Now (X(t)), |DY|-a.e.

NO(t) (X(t)), |DX|—a.e.
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so that the differential equation (10) can be considered as an extension of the
sweeping process SW(C, a) with BV continuous solution where C' satisfies the
required conditions (%) and (xx) of Section 2, i.e., C'is continuous with respect
to the Hausdorff distance and Int(C(t)) is non empty for all ¢ € [0,7]. In order
to solve (10), it is necessary to know the structure of the BVC solution sets of
the associated sweeping process under consideration. Here (10) is viewed as a
perturbation problem for the specific sweeping process SW(C, a) and cannot be
deduced from general results in differential inclusion.

Theorem 4.1. Let C : [0,T] — ck(R?) be a conver compact valued mapping
satisfying () and (x*) of Section 2, with the Borel perturbation b : [0, T] x R —
R? satisfying (a) and (b). Let a € C(0). Then there exist a continuous function
X :[0,T] — R4 with X (t) € C(t) for allt € [0,T] and a BV continuous function
Y : [0, T] — R? satisfying

X(t) = /Ot b(s, X(s))ds + Y (t), Vte€[0,T],

any .
~apy| €
X(0) = Y(0) = a € C(0).

New(X(8), [DYl-a.c.

Proof. By Lemma 2.2, we can assume that there exist timestp =0 <t; <--- <
ty = T, points z1,...,xxy € R% and r > 0 such that, for each i = 1,..., N,
Bga(zi,7) C C(t), Vt € [ti_1,t;]. Furthermore, dividing if necessary the intervals
[ti—1,t;], we can assume without loss of generality that t; — ¢,y < r/M for
i=1,..., N, where M is the constant of Condition (7). Let

R =MT + max |z .
1<i<N

By Proposition 2.1, there exists a unique BV continuous solution X, to

dDX,
d|DX \(t> € New(Xa(1), |DXo|-ace.,

X.(0) =a € C(0),

and we have, fori =1,..., N,

t;
/ DX.| < I(r.25) < I(r. R),
t;

1—1

which implies ||DX,|| < Ni(r, R). Using Proposition 2.1, we define a sequence
(X™)n>0 of continuous mappings as follows. Let us set

XO(t) = X, (t), Vvtel0,T],
hy(t) = /t b(s, X°(s))ds, Vt€[0,T],

O (8) = C(t) — ha(t), Vte[0,T].
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We have ||hy(t)|| < MT,¥t € [0,T] and, for i =1,..., N and t € [t;_1, ],
M(t; — ti—1)Bga(h(ti—1),1) C rBgra(h(t;,),1) C Cy, (1)

By Proposition 2.1 applied on each interval [t;_1,t;], there is a unique BVC
solution Y to

dDY!
~apyi 0 € No,o (V' (1) DY -ae.

Y(0) = a € Oy, (0) = C(0)
and we have, fori =1,..., N,
t;
| Y i) <16 )
ti—1

which implies ||DY!|| < Ni(r, R). Let us set
t

Xl(t):hl(t)+Y1(t):/ b(s, X(s))ds + Y'(£), V¢ € [0,T]

so that X' is continuous with X'(¢) € C(¢),Vt € [0,T] and that

dDY*!
—apvi 0 € New(X' () 1DYfae.

Now we construct X" by induction as follows. Let

() = / Cb(s, X1 (s))ds, Vi € [0.7],
Ch, (t) 0:, C(t) — hn(t), Vte[0,T].
We have ||h,(t)|| < MT,Vt €[0,T], and, for i =1,..., N and t € [t;_1,1;],
rBga(hy(tiy), 1) C Cp, (1).
By Proposition 2.1 applied on each interval [t;_1,t;], there is a unique BVC

solution Y to
dDy™

~d|DY™"|
Y™"(0) =a € C,(0) = C(0)
with ||[DY™|| < Ni(r, R). Let us set

(t) € Ne, (Y"() |DY"|-ac.

XM(t) = ho(t) + Y(t) = / tb(s,X”*(s))dstY"(t), vt € [0,7]
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so that X™ is continuous with X™(t) € C(t), Vt € [0,T] and that

B dDy™
d|DY™"|
Y"(0) = a € Oy, (0) = C(0).

(t) € Now (X" (t)) |DY"|-a.e.

By our assumption we infer that (Y") is bounded and uniformly bounded in vari-
ation: ||[DY™|| < NI(r, R), and so is (X™). By Helly’s theorem, e.g., [24, The-
orem 0.2.1] and by extracting a subsequence, we may assume that (X™) point-
wise converges to a BV function Z : [0,7] — R% Then [, b(s, X" !(s))ds —

fg b(s, Z(s))ds uniformly in [0, T]. Indeed we have

sup
te[0,T]

[ ot s = [ b5, 2060005

sup / KX 1(s) — Z(s)|lds — 0

t€[0,T]

as n — o0o. Here one may invoke a general fact, in view of a lemma due to
Grothendieck [13, Ch. 5 §4 no. 1 Prop. 1 and exercice], on bounded subsets of L.>°,
the topology of convergence in measure coincides with the topology of uniform
convergence on uniformly integrable sets, i.e., relatively weakly compact subsets,
alias the Mackey topology, in other terms it converges to 0 with respect to the
Mackey topology 7(L>® L"), see also [5] for a more general result concerning
the Mackey topology for bounded sequences in Lg.. Invoking Theorem 2.3 via
the above construction, shows that (X™) converges uniformly to a continuous
function X : [0,T] — R? with X (¢) € C(¢) for all ¢ € [0,T] and (Y™) converges
uniformly to a BVC function Y : [0, T] — R? satisfying

X(t) = /Ot b(s, Z(s))ds + Y (t), Vt € [0,T]

dDY
————(t) € New (Z(t t T| |DY |-a.e.
oy ") € New(Z), te[0.7] DY e

Y(0) =a € Cu(0) = C(0),

where h(t fo s, Z(s))ds, ¥t € [0,T] and Cy(t) = C(t) — h(t), Vt € [0,T].
Identlfylng the limits shows that
lim X"(t) = X(t) = Z(t), Vte[0,T]

n— oo
lim Y"(t) =Y(t), Vt€[0,T]
n—oo
with
_ dDY (1)
d|DY |

Now(X(®), t€[0,7] |DY]-ac. O
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Theorem 4.1 is completely different from a similar result in Adly, Haddadh and
Thibault [1], dealing with a convex moving set of bounded variation.

The next two theorems have connections with results of Edmond and Thibault
[10] dealing with the perturbation of the sweeping process associated with a
closed convex moving set.

Now we present a Lipschitz version of a Skorokhod differential equation associ-
ated with a sweeping process. Our technique is based again on the stability of
sweeping process.

Theorem 4.2. Let C' : [0,T7] — ck(H) be a convexr compact valued L-Lip-
schitzean mapping. Let b : [0, T] x H — H satisfying:

(i) t+— b(t,x) is measurable on [0,T] for every fized x € H,
(i) |[b(t,2)|| < M.Vt € [0,T],Vx € C(1),
(i) |[b(t, x) = b(t,y)|| < M|z —yl|,Vt € [0,T], Ve € C(t),Vy € C(t),

for some positive constant M.

Let a € C(0). Then there is a unique pair (X,Y) where X is an (L + 2M)-
Lipschizean mapping from [0,T] into H with X (t) € C(t) for allt € [0,T] and
Y is an (L + M)-Lipschizean mapping from [0, T into H satisfying

X(t):a+/tb(s,X(s))ds+Y(t), vt € [0,7]

_Y(t) € New (X (1), ae. te[0,T]
X(0) = Y(0) = a € C0).

Proof. Let X, be the unique L-Lipschitz solution to

X,(0)=a
—Xa(t) S Nc(t)(Xa(t)) a.e. te [O,T]

The existence and uniqueness of such a solution is clearly ensured by [28, 24].
Let us set

XO(t) = X, (t), vtel0,T],
hi(t) = a+ /t b(s, X°(s))ds, Yt € [0,T],

Ch, (1) = C(t) — hy(t), Vtel0,T].

hy is M-Lipschitz because
Ib(s, X°(0)]] < M

for all t € [0, 7] so that C}, is an (L + M)-Lipschitz mapping. By Theorem 3.2,
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there is a unique (L + M)-Lipschitz solution Y to
—Y(t) e Nchl(t)(Yl(t)) a.e.
Y*(0) = a € Cy, (0) = C(0)
YY) < (L+ M) ae.
Set .
XU#) = () + V(1) :/0 b(s, X(s))ds + Y (), V¢ € [0,T]

so that X1 is (L + 2M)-Lipschitz with X(¢) € C(t), Vt € [0,T] and that
—Yl(t) S NC(t) (Xl(t)) a.e.

with [|X1(t)|| < (L + 2M) a.e. Now we construct X" by induction as follows.
Let

hy(t) = /t b(s, X" 1(s)ds, te€[0,T],
Ch,(t) = C(t) = hy(t), t€]0,T]

with X"~ 1(t) € C(t) for all t € [0,T] so that ||b(s, X" 1(¢))|] < M for all
t € [0,7) and that ||h,|| < M. By Theorem 3.2, there is an (L + M)-Lipschitz
solution Y to
—Yn(t) S NChn(t)(Yn(t)) a.e.
Y™(0) = X,(t) € Cp,(0) = C(0)
Y (@#)|| < (L+ M) ae.

Let us set
X"t)=h,(t) + Y™ (t) =a+ /t b(s,X"fl(s))ds +Y"(t), vtel0,T]

so that X™ is (L + 2M)-Lipschitz with X"(t) € C(t),Vt € [0, T] and that
—Yn(t) S NC(t) (Xn(t)) a.e.

with || X7(t)|| < (L + 2M) a.e. So we can infer that (X™) is relatively compact
in Cy([0,T]). By extracting a subsequence, we may assume that (X™) converges
uniformly to a continuous function Z : [0,7] — H. Next by using (ii)—(ii7),
it is not difficult to check that f; b(s, X" 1(s))ds — fot b(s, Z(s))ds uniformly
in ¢t € [0,T] so that by invoking Theorem 3.2 we can assert that X, converges
uniformly to X and Y converges uniformly to Y where X is (2L + M)-Lipschitz
and Y is (L + M)-Lipschitz such that

~Y(t) € New(X (1), ae. te[0,T].
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Therefore we have that X (¢) = Z(¢) for all t € [0,7T] and

lleWQ::X@):a+lm1LA%@gW%%$Ms+Y%ﬂ}

n—o0 n—oo

t

t
=a+ lim [ b(s, X" (s))ds+Y(t)=a+ / b(s, X(s))ds+ Y (t). O
Now we present an absolutely continuous version of a Skorokhod problem.

Theorem 4.3. Let C' : [0,T] — ck(H) be a convexr compact valued absolutely
continuous mapping. Let b: [0,T] x H — H satisfying:

(i) t+ b(t,x) is measurable on [0,T] for every fized x € H,
(i) |[b(t, 2)|| < K(1+ [[«]]), vt € [0,T],Vz € C(2),
(w2) ||b(t, 2) = b(t, y)|| < K[z —yl[, vt € [0,T],Vz € C(1), vy € C(1),

for some positive constant K.

Let a € C(0). Then there exist an absolutely continuous function X : [0,T] — H
with X (t) € C(t) for all t € [0,T] and an absolutely continuous function Y :
[0,T] — H satisfying

X(t) = /Ot b(s, X (s))ds + Y (t), Vte€[0,T]

—Y(t) € Ney(X (1)), a.e.
X(0) = Y(0) = a € C(0).

Proof. We follow the same lines as the proof of Theorem 4.2, using now The-
orem 3.3. Let a € C(0). Let X, be the unique absolutely continuous solution

to
{XJ@za

—X,(t) € Now(Xq(t)) ae. te[0,T]

The existence and uniqueness of such a solution is clearly ensured by [28, 24] Let
us set C' 1= sup,c (o) [C(t)] < 00, M = K(14C) and X°(t) = X,(t),Vt € [0,T],
hi(t) =a+ fot b(s, X°(s))ds,Vt € [0,T], Cp, (t) = C(t) — hy(t),Vt € [0, T).
It is clear that C}, is an absolutely continuous mapping because

o(t, X°0))|| < K1+ X°(t)) < K1+ C):=M>0

for all ¢ € [0, T]. Hence there is a unique absolutely continuous solution Y to

—Yl(t) S NCh1 (t)(Yl(t)) a.e.
Y1(0) =a € Cy,(0) = C(0)
YY) < a(t) + M ae.
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Set
¢

XU(#) = hu(t) + VI(t) = / b(s, X(s))ds + Y(8), Vi € [0,T],

so that X1 is absolutely continuous with X*(¢) € C(t),Vt € [0,T] and that
—Yl(t) € NC(t) (Xl(t)) a.e.

with [|X'(t)|| < a(t) + 2M a.e. Now we construct X” by induction as follows.
Let

ha(t) :/t b(s, X" 1(s)ds, Vt€l0,T),
Ch, (t) = C(t) — h,(t), Vte[0,T],

with X"~1(¢) € C(t) for all t € [0,T]so that ||b(s, X"~ 1(t))|] < K(1+||X"1(t)]|)
< K(1+C):= M for all t € [0,T] and that ||/,|| < M. By Theorem 3.3, there
is a unique absolutely continuous solution Y™ to
—Yn(t) € Nchn(t)(yn(t)) a.e.
Y™(0) = Xa(t) € G, (0) = C(0)
Y™ (@) < a(t)+ M ae.

Let us set
X"t)=h,(t) +Y"(t) =a+ /t b(s,X”_l(s))ds +Y"(t), Vtel0,T]

so that X™ is absolutely continuous with X"(¢) € C(t),Vt € [0,7] and that
—Yn(t) € NC(t) (Xn(t)) a.e.

with || X™(t)|| < a(t)+2M a.e. As (X™) is equiabsolutely continuous and C(t) is
compact, by Ascoli’s theorem, by extracting a subsequence we may assume that
(X™) converges uniformly on [0,7] to a continuous mapping Z : [0,7] — H.
Then f(f b(s, X" 1(s))ds — fot b(s, Z(s))ds uniformly in [0,T]. By invoking The-
orem 3.3 we can assert that (X") converges uniformly to an absolutely contin-
uous mapping X : [0,7] — H and (Y™) converges uniformly to an absolutely
continuous mapping Y such that

~Y(t) € Nopy(X (1), ae. te0,T).

Therefore we have that X (¢) = Z(¢) for all t € [0,7T] and

lim X"(t) = X(f) = a+ lim [ /0 b(s, X 1(s))ds + Y"(t)}

n—00 n—00
t

=a+ lim [ b(s, X" '(s))ds+Y(t) = a—l—/t b(s, X (s))ds+Y(t). O

n—oo 0
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5. A stochastic Skorokhod differential equation associated with a
convex sweeping process in R?

In this section, we present a stochastic version in the finite dimensional setting
of the Skorokhod problem given in Section 4. This result is similar to that of
Bernicot and Venel [4], with different hypotheses and a different method.

In the sequel, B is a standard R"™-valued Brownian motion, defined on a stochas-
tic basis B = (Q, F, (Ft)o<t<T, P), and M ., denotes the space of linear map-
pings from R™ to R (or the space of d x m matrices).

From now on, C : [0,7] x © — cc(R?) is a closed convex valued random set.
As usual with stochastic processes, C(t,w) is also denoted by C(t), and we use
similar conventions for other random variables. Measurability of a multifunction
is meant in the classical Effros sense, see, e.g., [14] or [15].

Lemma 5.1. Let C : [0,T] x Q — cc(RY) be a closed convex valued random set
such that C(.,w) satisfies (%) for every w € Q and C(t,.) is Fi-measurable for
each t € [0,T]. Let a be an Fy-measurable selection of the interior of C(0).

(a)  The following conditions are equivalent:
(C1) C satifies (xx) P-a.e., i.e., P-a.e., for every t € [0,T], C(t) has
nonempty interior.
(C2) There exists an adapted continuous selection v of C, with v(0) = a,
and an adapted continuous real-valued process r > 0 such that, P-
a.e., for every t € [0,T],

B(y(t), (1)) € C(1). (11)

(C3) There exists an adapted continuous selection v of C, with v(0) =
a, such that, for some (or equivalently, for any) sequence (ry,) of
positive numbers which converges to 0, there ezists a sequence (T,)
of stopping times with values in [0, T] which converges a.e. to T,
such that, P-a.e., for everyt € [0,T], and for every n,

t <7, = B(y(t),rn) C O(t). (12)

(b)  If furthermore, for some p > 0,

E ( sup inf ||x||p> <400 and E(||a]|’) < +oo, (13)

te[o,1] z€C ()
then we can choose 7y in (C2) and (C3) such that

E sup ||[v(®)|]" < +oo. (14)
t€[0,T]

Proof. (a) We prove (C1)=(C2)=(C3)=(C1).
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Assume (C1), and let us prove (C2). Let us denote by Int(A) the interior of a
closed convex subset A of R, and by cci(RY) the set of closed convex subsets of
R? with nonempty interior. Applying Michael’s selection theorem ([23, Corollary
1.3], or [22, Theorem 3.1"”]), to the multifunction ® : cci(R?) = R¢ defined by
®(A) = A in the same manner as in the proof of Lemma 2.2, we deduce that
there exists a continuous mapping ¢ : cci(R?) — R? such that ¢(A) C Int(A) for
every A € cci(R?). Then the mapping 5(t) = ©(C(t)) is a continuous adapted
selection of Int(C'). We define a continuous adapted selection ~ starting from a
by taking a barycenter of 5(¢) and a: For every ¢ € [0, 7], let

p(t) = d (a, R\ C(1)) = inf {Jl —al} = ¢ C)}
_ min {p(0), p(1)} .
a(t) = PRSI a0 = 1- a(e).

Then « and (8 are continuous, adapted, with values in [0, 1] such that a4+ =1,
a(0) =1, and S(t) = 1 whenever a & Int(C(t)). We only need to set

V(1) = alt)a+ B()(1).

Now, the process r = d (y(t),R? \ C(t)) has continuous trajectories with positive
values and satisfies (11), which proves (C2).

Assume (C2), and let (r,,) be any sequence of positive numbers which converges
to 0. Let v and r be as in (11). Let us denote p = mingcjo 77 (t), and let Qg be
the almost sure subset of 2 on which (11) holds. Set

7 = inf {t € 0, T]; B(y(t),m) £ C(t)}
(with inf ) = 7). The random variable
m = min{r(t); t € [0,T]}

takes positive values on €, thus, for every w € €y, there exists an integer N (w)
such that, for all n > N(w),

B(y(t,w).r) C B(y(t,w), m(w)) C C(t,w),
i.e., T,(w) =T for n > N(w). This proves (C3).

Assume (C3), for some sequence (r,). For every ¢ € [0, T], we have, P-a.e.,

P (Int(C(1)) £ 0) > P (Un {B((8), 7) € C(1)}) =1,

because, for n large enough (depending on the variable w € ), we have 7, > t.
By continuity of C', we can swap the quantifiers ”P-a.e.” and "for all t € [0, T]"
(because it is sufficient to consider only the values taken by C(t) for rational t),
which proves (C1).
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(b) In the case when (13) is satisfied, let us define, for every t € [0, 7],

p(t) = sup inf [lz] + o] +1,
s€[0,] zeC(s)

C(t) = C(t) N B(0, p(1)).

By [27, §9, Proposition]| (or [14, Proposition 3.3.1]), the multifunction C is
measurable. Furthermore, C' has convex values with nonempty interior, thus,

for every w € Q, by [9, Proposition 2.3|, the multifunction C (.,,w) is continuous
for the Hausdorff distance. Furthermore, we have

E ( sup <dH(O, 6’(t)p>> < Ep(T)? < +o0.

te[0,7

As a € Int(C(0)), we can thus construct y and r as in (a), replacing C' by C. O

Remark. The proof of Lemma 5.1 shows that, in Condition (C'3), we can choose
the stopping times 7, such that, for almost every w € Q, 7,(w) = T for n large
enough.

Theorem 5.2. Let C : [0,T] x Q — cc(RY) be a closed convex valued random
set such that C(.,w) satisfies (x) and (xx) for P-almost every w € Q and C(t,.)
is Fi-measurable for eacht € [0,T]. Let a be an Fy-measurable selection of C'(0).
We assume that C' and a satisfy (13) withp = 4. Let b: [0,T] x R — R? and
o1 [0,T] x RY = Mgy be continuous mappings satisfying, for some ¢ > 0,

Ib(t, )| + [l @) < e+ [|=]]'7?), (15)
for every t € [0,T] and every x € R%.

(a) There exists a pair (X,Y) of Ri-valued stochastic processes, possibly de-
fined on an extension of B, such that Y has BV continuous trajectories
and, almost surely,

( Xo=Yy=aq,
ﬂw:Am%wm@+Aa@X@mw@+Y@,WGMH

X(t) e C(t), Vtelo,T),

dDY
——(t) € =N, X(t DY | -a.e.
T € ~New(X (). 1DY]-ae
(16)
(b) If furthermore b and o satisfy
16(t, ) = b(t, y)[| + llo(t, z) — ot y)l| < 0|z —y] (17)

for some 0 > 0, and for every t € [0,T] and all x,y € RY, then the pair
(X,Y) is unique and defined on B.



C. Castaing et al. / A Skorokhod Problem Governed by a Closed ... 409

Before proving Theorem 5.2, let us state some useful results.

Lemma 5.3. Let us denote by ® the mapping h — vy, of (1) and Theorem 2.3,
and by V¥ the mapping h — wy, (these mappings are random because C' is random
too). Let h be an adapted continuous stochastic process with hg = 0.

(a)  The processes v, = ®(h) and wy, = V(h) are adapted, ®(h) has continuous
tragectories, and V(h) has BVC trajectories.

(b) Let v be a continuous adapted selection of the interior of C, and let r be
an adapted positive continuous process such that, for everyt € [0,T],

B(y(t),r(t)) c C(t) P-a.e.

Let us denote || Dwy ||, 4 the total variation of wy on an interval [s,t]. Let
o and T be random times such that 0 < o <7 <7T. We have

[Dwnllfpy < sup U(r(s), [[v(s) — h(s)])- (18)

s€lo,7]

Proof. (a) This a direct consequence of the construction of (vj,w;) in (1) and
Theorem 2.3.

(b) The estimation (18) is deterministic in nature, so we argue with fixed w € 2.
By uniform continuity of C(.,w), 7(.,w) and h(.,w) on [0,7], there exists a
partition o(w) = tg < t; < --- < t, = 7 of [o(w),T(w)] such that, for i =
0,...,n—1 and, for every t € [t;, t;11],
E(V(tlaw) - h(tzaw)’r(tlvw)) - Ch(t,&))
By Proposition 2.1, we have
||th('7w)||[ti,ti+1] < Z(T(tivw)’ ||'7(ti’w) - h(tivw)H)v

which yields (18). O
Proof of Theorem 5.2. I. Proof of (a) under an extra condition (C4). Let
us prove Part (a) of Theorem 5.2 in the case when the following condition is
satisfied, which is slightly stronger than Conditions (C'1)—(C3) of Lemma 5.1,

because it assumes that the process r(t) is bounded from below by a constant
r > 0:

(C4) There exist r > 0 and an adapted continuous selection v of C' such that,
P-a.e. and for every ¢ € [0, 7],

B(y(t),r) C C(t) (19)

and

E ( sup H'y(t)|]2> < 400. (20)

t€[0,T]
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First step: construction of a tight sequence of approximating solutions via
Tonelli’scheme.

For each integer n > 1, we can construct a process X,, by setting, with the
notations of Lemma 5.3, X,,(t) = ®(0)(¢) if 0 <t < 1/n and, for 1/n <t < T,

X, (t) = @ (/ b(s, X (s)) ds + / (5, Xn(5)) dB(s)) (t—1/n).  (21)

0 0

Note that, once X,, is known on an interval [0,¢] C [0, 7], Equation (21) defines
X, on [0,t+1/n], thus X,, is well defined and continuous on [0, 7]. Let us denote
Zn(t)=01ift €[0,1/n] and, for t > 1/n,

t—1/n t—1/n
Zn(t) = /0 b(s, Xn(s))ds + /0 o(s, Xn(s))dB(s).

With the notations of (1) and Lemma 5.3, we thus have X,, =Y, + Z,,, where
Xn(t) = vz, (t) = ©(Z,)(t) and Y, (t) = wg,(t) = V(Z,)(t). By Lemma 5.3 we
have, for each n,

HDYnH[Qﬂ < pa(t), (22)

where p,, is adapted and defined by

pn(t) = sup U(r, [[7(s) = Zn(s)])- (23)
s€[0,t]
In particular, we have
s IYa(s)ll < llall + pu(t) € L*(Q, F, P). (24)
s€|0,t

This entails, using the inequality = < 1 + z? with = = || Z(s)]|,

sup [1Xn(s)]| < llall + pat) + sup [ Za(s)] (25)
s€[0,¢] s€[0,1]
2
n YS
<ol + sup P22 oy DO 12,9
s€[0,t] r se[o 1] r s€[0,1]
1
( +1) sup [|Za(s)]? + A,
2r s€[0,t]

where, by (14), we can take

112
A= |lal| + 1+ sup Iv I € L*(Q, F,P). (26)
te[0,T] 2r

Let p > 2. Using Burkholder-Davis-Gundy and Jensen’s inequalities, we get, for
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some constant rp,

E (sup IIZn(s)Ilp>
s€[0,t]

(s—1/n)+
/ b(u, X (u))du
0

s€[0,t]

< P71 <sup

(s—1/n)4
+ 2p71E ( sup /; g(u, Xn(u>> dB(U)

s€[0,t]

(t=1/n)4
<ot [T s b X, )l d
0

u€(0,s]
(t=1/n)+ 5
LB / lo(s, Xo(s)) ] ds
0

¢ t
< g / sup [[b(ut, X, (w))|[” du + 21, 14 E / lo(s. Xa(s)I” ds
0 0

u€l(0,s]

p/2

t
< gpi7rep —|—4p_1Tp_1cpE/ sup || X, ()| du
0

u€(0,s]

t
TP+ TR [ (6) P ds
0
u€(0,s]

t
< APTITPTLR (1 4 k) <T+E/ sup || X, (u)]|””? dU>-
0

Then, by (25), we have

E (Sup HZn(S)Hp)
s€[0,t]

< I (1 4 k) (T + 227 TE(A)

i 1 p/2 t
e (2—+1) E [ sup |Z,(w) ds
r 0 u€[0,s]

t
— a+bE / sup || Zu(w)|” ds.
0

u€(0,s]

By Gronwall’s lemma, this yields

E <sup HZn(S)Hp> < ae”.

s€[0,t]
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By (26), b is finite for p = 4, which shows that

supE | sup IlZn(t)Il‘*) < +o0,
n t€[0,T]

supE | sup pi(t)) =supE (pi(T)) < 400, (27)
n t€[0,T) n

supE | sup ||Xn(t)||2> < +00.
n t€[0,T)

\
Let us now prove that (Z,), considered as a sequence of C([0,7T];R?)-valued
random variables, is tight (here and in the sequel, C([0, T]; R¢) is endowed with
the topology of uniform convergence). Recall that a sequence (U,,) of random
variables with values in a topological space X is said to be tight if, for every
e > 0, there exists a compact subset I of X such that P(U, € K) < ¢ for every
n.

Let T denote the set of stopping times with values in [0,T]. For o,7 € T, we
have, for any n,

E[|Za(7) = Za(0)|’

< 2E (/:VT 16(s, X ()] ds)2 +2E /:VT o (s, X,(s))||* ds

AT AT

oVT
< 8c2E/ (1+ [ Xa(s)]]) ds

AT

T 1/2 L
< 8¢? <EIT —o|+ (E/ 1Xa ()" ds) (Blr—of)" ) :
0

Therefore, for every § > 0,

2
sup sup E|Z.(1) — Z.(0)]|
nzl o, 7€T

0<|T—0|<8

t€[0,T]

< 8¢%6 <1 +TsupE ( sup HXn(t)H>> — 0 as 0 — 0. (28)

By a criterion of Aldous ([2], see also [16, Theorem VI.3.26 and Proposition
VI1.4.5]), we deduce from (28) and (27) that (Z,),>1 is tight in C([0, T]; R9).

To show that (X,,) is tight, we use the reasoning of Theorem 2.3. Let o and 7
be stopping times, with 0 < o <7 < T. Let m > 1 be fixed. From Equation
(5) we get, for any n > 1,

/T(Xn — X, DY, = Y,,))) <0 ae. (29)
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We have also

(Zn = Zu)(7) = (Zn — Zm)(0), (Yo = Yo )(7) — (Y = Yin) (0))

= /T ((Zn - Zm)(T) - (Zn - Zm)(‘7>a D(Yn - Ym)(5>>
= /T (Zn = Zy)(7) = (Zn — Zm)(0) = (Zn — Zn)(8), D(Yn — Yi)(5))  (30)

-/ (Z— Z)(5). DY — Y)(5))
and
I3 = Ya)(7) = (Yo = ¥ 0)IF =2 [ (Yo = ¥a) 5), DY = Ya)() - (31)

Since X,, — X,, = (Yo, —Yn) + (Z, — Z,n), we get, combining (29), (30) and (31),
(X0 = Xi)(7) = (X0 = Xn) (0)
= (Zn = Zu)(7) = (Zn — Zn) ()|
+2((Zn = Zn)(7) = (Zn = Zi)(0), (Vo = Yiu) (1) = (Yo = Vi) (0))
+ 11 = Yo () = (Yo = V) (0) I
= (Zn = Zn)(7) = (Zn = Zn) (0)|I”

+2 /T ((Zn - ZM>(T) - (Zn - Zm)(a) - (Zn - Zm)(s)a D(Yn - Ym)(3)>
= (Zn— Z)(3). DYy — Vo) (5))

2 / (Yo — Vi) (5). D(Y — Yiu)(s))
(2o~ Zu)(r) — (Za — Zu) (0|

+2 /T (Zn = Z)(7) = (Zn = Zm)(0) = (Zn = Zm)(8), D(Yy, — Yiu)(5))

2 [ (06 = X (6. DY, ~ Y)(9)
< |[(Zn = Zu) (1) = (Zo — Zu) (0)|?
+ 2/ <(Zn - Zm)(T) - (Zn - Zm)(a) - (Zn - Zm)(s)v D(Yn - Ym)(3)> .

Using (22), we deduce
(X0 = Xu)(7) = (X = X)) (0]
<N Zn = Zu)(7) = (Zn — Zu) ()|
+20(T) 1(Zn — Zun)(7) = (Zn = Zun) ()] (32)

2 (Zn— Z)(3), D(Ys — Var)(5))
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For s € [0, T, let us denote 5" = (s— <), and §™ = (s— ). By the integration
by parts formula for [t0’s integral, we have, since Z,, — Z,, has finite variation,

- /T (Yo = Ym)(s), (b(8", X, (5")) = b(8™, X (5)))) ds

Using (24), this leads to

/ (Zn = Z)(5), D(Y — Yi)(s))

< 2E ((llall + pu(T)) (1Z0(7) = Zal@)]| + | Z0n(7) = Zn(@)]) )
+E/ (Y, — Yiu)(s), (b(s, X, (8")) — b(s, X, (§™))))] ds

+E (/T (Y = Y)(s), 0(3", X,r (37)))2 ds) 12

o2
1/2

+E(/%O@—EM$JSTXM?Wfd%
< 2E ((HaH + pu(T)) (1 Z0(1) = Zn(@)|| + | Zin(T) — Zm(a>H>)

+2c/ . [SUP sup ||V, (s)||sup sup <1+||Xn<s>||“2>] ds

k>1 s€[0,T) k>1 s€[0,T]
. 1/2
+ 2¢ </ E [sup sup || Yu(s)|* sup sup (2 + ||Xn(s)||)] ds) :
o k>1 s€[0,T7] k>1 s€[0,T7]
By (27), all terms in the preceding integrals are uniformly integrable. Thus, by
(28), we have

sup sup E —0 asd — 0.

n>1 o,7€TO<|T—0|<d

/ (Zo— Zu)(), D(Ya — Y)(9))

Using again (28), we deduce that
sup sup E (X, — X)) — (X, — X)) (0)]> =0 as 6 = 0. (33)

n>1 o, 7€T0<|T—0|<4
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By (27), we can apply Aldous’ criterion ([2] or [16, Theorem VI.3.26 and Propo-
sition VI.4.5]), which proves that (X,, — X,,)n>1 is tight in C([0,7]; R?). As the
C([0, T]; R%)-valued random variable X,, (for fixed m) is necessarily tight, we
deduce that (X,,),> is tight in C([0, T]; R?). Thus (Y;,) = (X,, — Z,,)n>1 is tight
too.

Furthermore, by (23), p, is a continuous functional of Z,, and +, thus the se-
quence (p,) is tight in the space C([0,7T]; R) endowed with the topology of uni-
form convergence. This implies that any limit in distribution of (Y;,) has P-a.e. fi-
nite variation. Indeed, if this was not the case, there would exist a subsequence
of (Y,,) converging in distribution to some Y with P(||DY|| = 400) > 6 > 0. Let
us denote for simplicity (Y;,) this subsequence. Since the mapping u — || Dul|,
C([0,T];R) — R, is lower semicontinuous (this easy result is contained in Helly’s
theorem), we would have, for any number M > 0, P(|DY,|| > M) > /2 for
n large enough. But then, by (22), we would have P(p,(T) > M) > /2 for
n large enough. This would contradict the fact that (p,), or a subsequence of
(pn), converges in distribution in the space C([0,T];R).

Second step: construction of a weak solution using Young measures. Let us
denote by X the space of trajectories of X,,, Y, and Z,, i.e., X = C([0, T]; R).
We are going to construct a solution (X,Y) to (16) on an extended stochastic
basis

B = (Q,F, (Fpo<i<r, 1),

where 4 is a Young measure on X based on P. The idea of using Young measures
to construct weak solutions to stochastic equations goes back to Pellaumail [29],
who reinvented Young measures under the name of “rules”. We hope to convince
the reader that this is a very natural way to construct weak solutions.

We refer the reader interested in Young measures theory to the nice introductions
by Valadier and Balder [33, 3], or to the recent self-contained book by Florescu
and Godet-Thobie [11], or the monograph [§].

Let us denote by M (X) the set of Borel probability measures on X, endowed
with the narrow topology, i.e., the coarsest topology such that the mapping
v +— v(f) is continuous for every bounded continuous function f : X — R.
Recall that a Young measure p on X based on P is a measurable mapping
Q= M (X)
W fly.
We denote by Y := Y(Q, F, P; M (X)) the space of Young measures on X based

on P. This space is endowed with the stable topology, i.e., the coarsest topology
such that the mapping

{y ~R
1= o fx fw,u) dpg(u) dP(w)
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is continuous for every bounded measurable mapping f : €2 x X — R such that
f(w,.) is continuous for every w € Q. Each random variable U : Q@ — X can
be identified with the Young measure w + dy(,y, where J, denotes the Dirac
measure at x. A variant for Young measures of Prohorov’s compactness criterion
implies that, if a sequence (U,) of X-valued random variables is tight, then it
is sequentially relatively compact in ), i.e., from any subsequence of (U, ) one
can extract a further subsequence (U]) which converges in )} to some Young
measure /.

From the result of the first step, we can extract a subsequence of (X,) (still
denoted by (X,,) for simplicity) which stably converges to some Young measure
p € Yx = Y(Q,F,P; ML (X)). In particular, (X,,) converges in probability
distribution to the marginal measure of p on X.

Let us now construct an extension of (€2, F, (Ft)o<t<t, P).

Let C the Borel o-algebra of X, and, for each t € [0,T], let C; be the sub-o-
algebra of C generated by the restrictions to [0,¢] of elements of X. We define a
stochastic basis

§ = (Qa £7 (Et)OStSTa :u)
by
Q=0xX F=F®C Iy =F @C.
We can identify F (respectively F;) with the sub-c-algebra {A x X; A € F}
(respectively with {AxX; A € F;}) of F (respectively of F,). Random processes

defined on [0, 7] x Q are extended to [0, 7] x © in a natural way: For ¢t € [0, 7]
and (w,u) € 2, we set

C(t,w,u) = C(t,w), B(t,w,u) = B(t,w),
Xo(t,w,u) = X, (t,w) (n>1).

The processes Y,, and Z, are extended similarly. In this way, (F;)-adapted
processes remain (F;)-adapted, and thus are (F,)-adapted.

We now define X on {2 as an X-valued random element by
X(w,u) = u,

ie., X(t,w,u) = u(t), t € [0,7]. The idea behind this construction is that the
given random elements of the problem, i.e., the Brownian motion B and the
random moving set (', are not necessarily sufficient to “explain” the solution X,
and that we have to add some randomness. This is done by defining, for each
w € ), a new probability measure y,,, and then by drawing X (w, .) accordingly.

Clearly, X is (F,)—adapted, and the distribution of X is the projection of 1 on X,
thus (X,,) converges in distribution to X. Furthermore, it is easy to check that B
remains an (F,)-Brownian motion under pu (see, e.g., [17]), and that the sequence
(X, B) converges in distribution to (X, B) in C([0, T]; R%) x C([0, T]; R™). From
the continuity of b(¢,.) and o(t,.), the sequence ((b(s, X,),o(s, X,))) converges
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in distribution in C([0, T]; RYX Mgy ) to (b(s, X), (s, X)). Using [18, Théoreme
26], we deduce that

(/ b(s, Xo(s)) ds + / o (s, Xn(s)) dB(s))

0 0

converges in distribution to Z defined on 28 by

/' b(s, X (s)) ds + / o(s, X (s)) dB(s).
0 0

This sequence is slightly different from (Z,), but we have also

2 t

E’ = E/ o (s, Xa(s))]* ds
t

—1/n

t 2
= cZE/ (14 1)) ds
t

—1/n

/t o(s, X, (s))dB(s)

—-1/n

< 2B / (1+ | Xa(s)[]) ds

—1/n

—-0 asn—0

because, by (27), the sequence (1 + || X,,(s)]|) is uniformly integrable on [0, 7] x 2.
A similar calculation shows that

[ s xatsn s

—1/n

2
lim E‘ =0.

n—oo

We deduce that (Z,,) converges in distribution to Z, and thus (X,,Y,, Z,) con-
verges in distribution to (X,Y, Z), where Y := X — Z. This proves

X(t):/o b(s,X(s))ds+/0 o (s, X(s)) dB(s) + Y(t), Vi€ [0,T].

Extracting if necessary a further subsequence of (X,), we have also that
the sequence (X,,C) converges in distribution to (X,C) in C([0,T]; R%)x
C([0,T]; cc(R?)), where cc(R?) is endowed with a topology which generates the
Effros o-algebra, e.g., the Wijsman topology. Let (z;) be a dense sequence in R,
For each 4, the continuous processes d(x;, X,,) — d(x;, C') > 0 converge in distri-
bution to d(z, X') — d(z, C'), which proves that X (t) C C(t) for every t € [0,T1,
p-a.e.

We have seen that Y has BV continuous trajectories p-a.e. To prove (16), there

only remains to show that %(t) € —New (X (1)), |DY|-a.e. Let n be an (F,)-

adapted (or (F;)-adapted, it doesn’t matter here) continuous selection of C. As
Y, = ¥(X,), we have, for each integer n, and all s,t € [0, 7] such that s < ¢,

/ (n(u) — X, (u),dY,(u)) >0 P-a.e.



418 C. Castaing et al. / A Skorokhod Problem Governed by a Closed ...

Now, (X, Y,,n) (or an extracted sequence) converges in distribution to (X, Y, n)
in X x X x X. By Skorokhod’s representation theorem, we can find a sequence

()?n, ?n, T )n>1 of Xx X x X-valued random variables defined on some probability
space (ﬁ, F , 1), and an X x X x X-valued random variable ()/(\' , )7, 1), also defined
on (Q, F,n), such that, for each n, (X,,Y,,n,) has the same distribution as

~

(X,Y,n), and ()A(n, }A/n, M) converges ji-a.e. to (X, }A/,ﬁ) We thus have, for each
integer n, and all s,t € [0, 7] such that s < t,

~

/5 t () = K. dF,(w)) > 0 frae (34)

Recall that (p,,) is tight, and thus (||Y,||x)n>1 is uniformly bounded, P-a.e. Using
Helly’s theorem on a subsequence (see, e.g., [24, Theorem 0.2.1]), we deduce that

/: <ﬁ(u) - )?(u),d?(u)> >0 J-ac.,

and thus

As n is arbitrary, this proves that %(t) € —New(X(1)), |[DY |-a.e., p-a.e.
II. Proof of (a) in the general case. We define as before the sequences (X,,)n>1,
(Y)n>1 and (Z,,),>1. Condition (C4) was used in the first part to prove that
(X,) is tight. In this part, we use this partial result and Lemma 5.1 to show
that (X,,) is tight in the general case.

Let (r%)k>1 be a decreasing sequence of positive numbers which converges to 0,
and let (73) be a sequence of stopping times associated with (r) as in Condition
(C3) of Lemma 5.1. We can assume without loss of generality that (7;) is
nondecreasing. Further, as noted in the remark following the proof of Lemma
5.1, we can assume that 7, = T for k large enough. Define, for every t € [0, T
and every k,

Ce(t) =C(t A1) and  k(t) =y (t A Tp).

We have, P-a.e., for every ¢t € [0,T] and every k,

B(yk(t),re) C Ci(t), and E ( sup ||'7k(t)||2> < too.

t€[0,T]

For each k, let ®; and ¥y, be the mappings defined in Lemma 5.3 associated with
Cy, and define as in Part I the corresponding sequences (X, x)n>1, (Ynx)n>1 and
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(Zynk)n>1- The processes X,, and X, (respectively, Y, and Y, x, Z, and Z, )
coincide on the stochastic interval

[0, 7] :={(t,w) € [0,T] x Q2; 0 <t < 7p(w)}.

We deduce that (X,,) is tight. Indeed, let € > 0. Let & such that P {r, < T} <e.
Let K be a compact subset of X = C([0, T]; R?) such that sup,,»; P {X,, ¢ K} <
e. We have, for every n > 1,

P{X,¢K}=P{HX,. €K}N{n=T}H +P{X,, €K} n{m <T})
< P({Xn,k gK} N {Tk IT}) —FP({Tk < T}) < 2e.

The tightness of (Y,) and (Z,,) is deduced similarly.

From Part [ of the proof, we can extract from each subsequence of (X, x)n>1
a further subsequence which converges in ) to a Young measure . We can
thus construct nested convergent sequences, which we still denote by (X, x)n>1,
k > 1,in a such a way that, if [ > k, the indexes of (X,,;),>1 are contained in
those of (X, x)n>1. By a diagonal procedure, we get a subsequence of (X,,) (still
denoted by (X)) such that, for every k& > 1, all but a finite number of indices of
(X,,) are contained in those of (X, ;). Each element of (X,,) coincides on [0, 74]
with the element of (X, ;) which has the same index. Thus, if p is a limit of
(X,) in Y, we have, for any bounded measurable mapping f : €2 x X — R such
that f(w,.) is continuous for every w € €,

1) = 1] = {Jim [ e X)) dPe) = T [ o X)) P
< Jim [ 1 X () = f Xoal))] dP()

< MP{r, <T} -0 as k — oo,

where M is the supremum of | f|. We deduce that (u*) converges to p in Y, thus
the limit of (X,,) in ) is unique, i.e., (X,,) converges to p in ).

Note that, a similar calculation shows that, if f(w,u) depends only on the re-
striction of u to the interval [0, 7 (w)], then u(f) = pk(f).

The rest of the proof of (a) goes as in the first part.

II1. Proof of (b). If (17) is satisfied, then pathwise uniqueness holds for the prob-
lem (16), i.e., two solutions defined on the same stochastic basis with the same
Brownian motion coincide. Indeed, let us reproduce the reasoning of Tanaka

[31]: Let (X,Y) and (X,Y) be two solutions defined on the same stochastic
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basis with the same Brownian motion B. Let us denote
K(t) = / b(s, X(s))ds M(t) = /o o(s,X(s))dB(s)
K(t) = /O b(s, X (s)) ds M(t) = /0 o(s, X(s)) dB(s).

o

Using the fact that

/ (X(9) - X4 - P)(9)) <0,

we get

2

HX(t) ~X()

= [lazco) - M(t)HQ w2 (M(t) ~ (1), K (1)~ K(t)+ Y (1) - V(1))

2
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We deduce
E ) X(t) —

<E HM( ol

+2E

<M ~ M(s) + M(s),d(K — K +Y — ?)(s>>
+2E <

/
/

X(s (K = K)(s)).

By Fubini’s theorem, the second term in the right hand side is zero because, by
reproducing the reasoning that led to (27), we get

T

E/0T|]a(s,X(s))H2ds<+oo and E/ Ha(s,f((s))

0

2
ds < 400,

which entail that M and M are martingales with zero expectation. Thus

EHX(t)_)?(t)HZ <E /Otb(s,X(s))ds—/Otb(s,)?(s))ds 2

+ 9B /Ot <X(s) — X(s),b(s, X(s)) — b(s, )?(s))> ds

<o [ ¥ as

We deduce by Gronwall’s inequality that X (t) = X(¢) a.e. for every ¢ € [0, 7],
which proves pathwise uniqueness of the solution.

X(S)—X(S)HQdS—F%E/Ot X(s) -

Now, the set of probability distributions of solutions is convex. Indeed, let (X,Y)
and (X Y) be two solutions, associated with Brownian motions B and B respec-
tively. As we are only interested in the distributions law(X,Y) and law(X,Y) of
(X,Y) and (X,Y), we can assume without loss of generality that (X,Y, B) and
()~(, }7, E) are constructed on the same stochastic basis B = (2, F, (Ft)o<i<r, P),
that they are independent, and that there exists an Fy-measurable random vari-
able ) which is independent of (X,Y, B) and (X,Y, B), with P(n = 1) = P( =
—1) =1/2. Then

B:= %1{77:1}3 + %]l{nﬂ}ﬁ
is an (F;)-Brownian motion, and the process (X,Y), defined similarly to B, is
a solution driven by B with distribution

1 1 = o
law(X,Y) = 3 law(X,Y) + 5 law(X,Y).

By Kurtz’s version of Yamada and Watanabe’s theorem [20, Theorem 3.15], this
implies that there exists a unique pair (X,Y’) defined on 8 which is solution to
(16). O
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Remark. In the deterministic case (i.e., when o = 0), Part (b) of Theorem 5.2
is a variant of Theorem 4.1. Note also that, in this case, tightness amounts to
compactness in C([0, T]; R?).

Acknowledgements. We warmly thank Lionel Thibault and Michel Valadier for
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