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1 Introduction

The study of the domain of attraction of an equilibrium point of a deterministic
system has been one of the central topics in stability theory. A general approach
to this problem was proposed by V.I.Zubov (see [11], [21]). The Zubov’s method
gives a characterization of the domain of attraction by means of a Lyapounov func-
tion solving an appropriate first order partial differential equation. This equation
involves the coefficients of the system and a function to be chosen in such a way
to guarantee the existence of a smooth solution.
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During the last years the Zubov’s method has been widely applied both in
the study of theoretical properties of the domain of attraction (see [11], [13]) and
in its numerical approximation (see [14] and reference therein).

In [5] the Zubov’s method has been considered in the framework of the
Crandall-Lions viscosity solution theory [7]. The viscosity solution approach sim-
plifies the application of the Zubov’s method and allows the extension to more
general classes of deterministic systems.

Aim of this paper is to extend the Zubov’s method to stochastic systems.
Lyapunov’s theory for stochastic systems relies on two different concepts: stability
in probability and moment stability (see [1], [9], [10], [15]).

In this paper we are concerned with stability in probability. We consider
a stochastic differential equation with a stable point x¢ and we require that xg
is locally almost surely exponential stable (see [1], [10], [18]). We call domain
of attraction of xy the set of points © € RY for which the trajectories of the
stochastic equation starting from z are attracted to zy with positive probability.

Following the Zubov’s idea, we show that the domain of attraction of the
stochastic system coincides with the set {z € RY : v(z) < 1}, where v is a func-
tional of the trajectories of the system. The function v is a robust Lyapounov
function for the stochastic system and it can be characterized as the unique solu-
tion of a second order partial differential equation related to the stochastic system.
Since this equation is not uniformly elliptic, we consider solutions in viscosity sense
(7], 18])-

We also consider the case of perturbed stochastic systems, where we assume
that the perturbation does not affect the stability of the equilibrium point. In this
case we characterize the set of points which are attracted with positive probability
to the equilibrium for at least one perturbation.

Characterizations of stability and viability properties of stochastic systems
via weak solutions to partial differential equations can be found in [2], [3], [4],
[12], [19]. A peculiar feature of the Zubov’s method respect to other methods is
to give an explicit representation formula for the Lyapounov function represent-
ing the domain of attraction. Moreover the characterization of Zubov function as
unique solution of a partial differential equation allows the construction of numer-
ical methods for the approximation of the domain of attraction (see [6] for the
deterministic case). In a future work we hope to extend this technique to the
characterization of the set of points which are attracted with probability one and
to the study of moment stability.

The paper is organized as follows.

In Section 2 we introduce the basic concepts and we prove several character-
izations of the domain of attraction. In Section 3 we study some properties of the
domain of attraction, of its complementary and of the function v. In Section 4 we
show that the function v can be characterized as the unique viscosity solution of
a second order partial differential equation. Section 5 is devoted to the study of
a regularity property of v and of a regularization procedure that can be useful in
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view of the numerical approximation. In Section 6 we sketch the extension of the
previous results to perturbed systems.

2 Characterizations of the domain of attraction

Let (2, F,F:,P) be a fixed probability space with a right continuous increasing
filtration and consider the autonomous stochastic differential equation

{dX(t) =b(X(t))dt +o(X(t))dW (t) (2.1)

X(0) =zeRY

where W (t) is an M-dimensional Wiener process adapted to F; and b : RY —
RN, o : RN — RV*M gatisfy

|b(x)| + |o(x)] < M for any z € RY, (2.2)
b(z) — b(w)| + lo(@) — oW < Liz—y|  foranyz,yeRY.  (23)

Under the previous assumptions there exists a unique continuous process which
is a strong solution to (2.1) for any ¢ > 0 (see [1], [9]). We denote the solution of
(2.1) by X(t,x) or by X (t) when this will be not ambiguous.

We assume that the origin is an equilibrium point for (2.1), i.e.

and that it is locally almost surely exponentially stable (see [1], [10], [18]), i.e.
there exist two positive constants r and A and a finite r.v. (8 such that for any
x € B(0,1)

|X (t,x)] < Be”™ almost surely for any ¢ > 0. (2.4)
We set
C={zeR": P[, lim _|X(t,)| = 0] > 0},

E={zeR": P| lim | X(t,2)| = 0] =0},

C is the set of points « for which the probability that some trajectories X (¢, x) is
attracted to the origin is positive and it will be called the domain of attraction of
the equilibrium point. It is immediate that B(0,r) C C. Note that if o(z) = 0,
i.e. the system is deterministic, C coincides with the domain of attraction of 0 as
defined for example in [11]. &, the set of points which have 0-probability of being
attracted from the equilibrium position, will be called the escape set.

We start giving a characterization of C and £ in terms of a stopping time of
the process X (t).
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Proposition 2.1 Set t(x) =inf{t >0: X(t,z) € B(0,r)}. Then

(
C={zeRY: Plt(z) < +o0] > 0},
E={zeR": Plt(z) < +00] = 0}.

Proof. If w is such that lim;_, 4 | X (¢, zo,w)| = 0, clearly t(zp,w) < +00. There-
fore if zy € C, we have P[t(zo) < +o0] > 0.

Assume now that P[t(zg) < +o0] > 0. Since | X (¢(zo),zo)| = r and (2.4),
we have

P[{t(x0) < oo} N { lm_|X(t,20)| = 0}]

= EX tt(z0)<+o00} ElX{lims_ oo |X (t.20)|=0} [ Ft(zo)]]
= E[X{t(20)<+00} EX (t(z0),20) X {lime— + o0 |x (1)1 =0}]] = P{t(20) < +00}.

It follows that P[lim;—, 1 | X (£, 29)| = 0] > 0, hence z( € C. |

A second characterization of the set £ and C involves the expectation of the
stopping time ¢(z).

Proposition 2.2

C={zeRY: E[e*@] >0} (2.5)
E={zeRY: E[e @] =0}. (2.6)

Proof. Note that 0 < E[e~**)] <1 and
E[e~*®)] = 0 if and only if t(z) = +00 a.s. (2.7)
Hence we immediately get (2.5) and (2.6) from (2.7) and Proposition 2.1. a

We now introduce a function whose level sets characterize the domain of
attraction and the escape set. Let v : RY — R be defined by

+oo .
0
=1—E[e Jo ™ 9(X(t.x)dt] 28)
where we assume that g(0) = 0, g(x) > 0 for |z| > 0 and

lg(x)] < M, for any z € RY,
l9(z) — g(y)| < Lglz -y for any z, y € RV, (2.9)

g(x) > g0 >0 for any z € R \ B(0,r).
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It is easy to see that 0 < v(x) < 1 for any z € RY, v(0) = 0 and v(z) > 0 for
|z| > 0. Moreover, v satisfies the probabilistic formula

TAT
U('r) =E {/ g(X(t x))ei fgt g(X(Syﬂ?))det
0

AT

4o o a(Xta)dt o X (7 AT, 33))} (2.10)

for any stopping time 7 adapted to the filtration of the process and for any 7" > 0
(see for example [8], [16]).

The following theorem gives the characterization of the sets & and C by
means of the 1-level set of v.

Theorem 2.3
C={zeRY: v(x)<1} (2.11)
E={zeRY: v(x)=1} (2.12)

Proof. If x € &, from Prop. 2.2, E[e7*®)] = 0, hence E[e~%!®)] = 0. Since
g(X(t,x)) > go as. if t < t(x), we get

v(z) > 1—Ele” S 9(X (t,))dt)

>1—Ele9!@] =1.

If z € C, then P[t(z) < 400] > 0. Take T and K sufficiently large in such a way
PIA] :=P({t(z) <T}N{B < K}) > n for some n € (0,1). For t > T, we have

E[E[ X (t,2)||A] xa] = E[E[|X (t — t(z), X (t(z), 2))[|Alxa]
< Ke_)‘(t_T).
Then
v(sc) <1-— E[E[e‘ ST g(X (tx))dt+ [ g(X(t,w))dt|A]XA]

<1— e (MTHLE/N)

3 Properties of the domain of attraction

In this section we will study some properties of the sets £ and C and of the
function v.

Proposition 3.1 i) The set C is open, connected and contains B(0,7) as a
proper subset.
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ii) The set € is closed and invariant for the process, i.e. if x € € then X (t,x) €
€ a.s. for anyt > 0.
Proof. Recall that for any z, y € RY and e > 0

lim P[ sup |X(t,z) — X(t,y)| >¢] =0. (3.1)
lz—y[—0  “telo,T]

We first prove that B(0,r) is a proper subset of C. Fix xy € B(0,r) and take K
be such that P[A] := P[3 < K| > n for some n € (0,1). From (2.4), there exists
T > 0such that forw e Aand ¢t >T

| X (¢, z0)| <7/2. (3.2)
From (3.1), select § such that for any ¢ < T and for any x € B(xo,9),
P[Ag] := P X(t,x) = X(t,20)| > /2] <n/2.
IfweB:=ANA,
| X (T, )| < |X(T,2) = X(T, wo)| + | X (T, xo)| < 7
and therefore from (2.4)
PI{ lim_[X(t.)| = 0} 1 B]

= E[E[X{tim, .., . | X(t,2)|=0}| B] XB]
= E[Ex(7.2) [X{tim, ., |x(t)1=0}) xB] = P[B].

Moreover

B[B] = 1 — P[4, UA| > 1 — (P[4,] + P[A%]) >

N3

It follows that P[{lim; o | X (¢, )| = 0}] is positive for any = € B(xg,d) and
therefore B(zg,d) C C. The statement then follows by a compactness argument.

To prove that C is open, we can repeat a similar argument. In fact, if zg € C,
then P[lim; .4 | X (¢, 20)| = 0] > 0 and therefore we can find A and T' > 0 such
that P[A] > 0 and if w € A then

| X (¢, 20)| < r/2 for any t > T.

From this point we can follow the same argument after (3.2).

The set C is connected since for any = € C there exists a continuous path
joining x to the origin.

£ is closed since it is the complementary of an open set. To prove that £
is invariant, we make use of its characterization by means of the function v.
Assume by contradiction that there exists zop € & and ty > 0 for which
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P[X (to,20) € C] > 0. Since C\ {0} = U2 {z e RN : 1/(n+1) <wv(z) < 1/n},
there exists ng such that Plv(X (to,x0)) § 1/ng) > 0. Set I = {z e RV : w(z) <
1/nop}. Then, from (2.10)

to . +
o) = E{/ (X (1))e™ o SXON gy 4 e~ Jo° a(XONty (X (40)) e
0
te Jo° g(X(t))dt’U(X(to))XF}
t
< E{/ Dg(X( t))e = J3 9(X(9)ds gg 4~ Jo® 9(X( £)dt 5
0

+ e fO X(t Xr}

no
—1— (1— = )Efe~ S"oX®ity 3 <
(1- )5t )
and therefore a contradiction since v(xzg) = 1. a

Remark 3.2 A worthwhile consequence of the invariance of the set £ is that
the diffusion has to degenerate on its boundary. In fact the invariance of & is
equivalent (see [3], [12]) to the following condition

%tr(a(w)at(x)X) +b(z)p >0, if z € 0 and (p, X) € Nz(z)

where N2(z) = {(p, X) e RN x SN : E€3y — z,ply —z) + fy—z)X(y—z) >
o(|z — y|?)} is the second order normal cone to £ at z.
If £ is smooth at x € €, the previous condition reduces to

o(x)m (z) =0,
SS(Plo(2)) > b(a) T (2)

(where 7' () is the exterior normal, P the orthogonal projection on the tangent
space, S the second order fundamental form of 9 at x), i.e. the diffusion is
tangential to OE.

The next step is to prove the continuity of the function v in RY. For this, we
need a preliminary lemma.

Lemma 3.3 If x, € C and x, — z¢ € IC, then

E[e~*@)] — 0 for n — 4o0. (3.3)



212 F. Camilli and P. Loreti NoDEA

Proof. If we show that t(x,) — 400 a.s., then we immediately get the assert from
the dominated convergence’s theorem.

Assume by contradiction that Pllim, o t(z,) = +00] < 1. Hence there
exists Tp > 0 such that lim,, 400 P[Nnsm{t(zn) > To}] < 1 and therefore there
exists € > 0 such that for any m, we can find n,,, > m for which P[t(x,,, ) < Tp] > .

Let K be such that P[A] := P[{t(zy,,) < To} N{8 < K}] > ¢/2 and § be
such that if |z — x| < 4, then

P[A;] := P[sup [X(t,z) — X(t,z0)| > /2] < e/4.
(0,77

From (2.4), we can find T1 > Tp such that if w € A then | X (¢, 2y, )| < r/2 for
t>T).

Taking m sufficiently large in such a way that |z, — zo| < ¢, for w €
AS N A we get

T,
|X(T1, 20)| < [ X(Th, 2n,,) — X(T1, xo)| + | X (T, 20, )| < 7

Hence | X (¢, 20)] — 0 for t — 400 and

P[4 NA]>1- (P[A

Tnm

| +P[AT]) >

1o

T

It follows that P[lim;— 4o | X (¢, 20)] = 0] > 0 and therefore zy € C. This gives a
contradiction since xg € JC and C is open. O

Proposition 3.4 v is continuous in RV,

Proof. The function v is continuous in the interior of £ since it is constant. We
are going to show that

i) v(z,) — 1if 2, € C and z, — 2 € IC for n — +o0;

ii) v is continuous in B(0,r) where r is given as in (2.4).
If we prove i) and ii) then the continuity of v in C\ B(0,7/2) and therefore in all R™Y
can be proved as in Theorem II.2 in [16, part I], since g(z) > 0 in R \ B(0,r/2)
and 1), ii).

To prove i), from Lemma 3.3 we have E[e~94*n)] — 0 for n — 400 and

therefore

v(w,) > 1—Ele” Jgtm 9(X(t:2))dt]
=1- E[eig[)t(z")] —1 for n — +oo.
Now fix zg € B(0,7) and € > 0. Let K be such that P[A] := P[{3 < K}] > 1—¢/8.

Take T such that LgKe_)‘T/)\ < g/4 and ¢ sufficiently small in such a way that
E|X(t, o) — X(t,x)| <e/4L,T if x € B(0,7) N B(xg,0) and t <T.
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For any x € B(0,r), we have

E UTOO |X(t7x)dtxA] <E [/OOO |X(t+T,m)|th4 < Ke )\

Hence if z € B(0,7) N B(xp,0), we get

lu(z) — v(zo)| < Ele™ o~ 9(X (o)t _ o= [i" g(X (txo))dt

< 2P(A°) +E

L, (/0 |X(t7x0)—X(t,m)|dt+/ X (¢, 2)|dt

T
+/ |X(t71'())|dt> XA] é E.

T

O

Theorem 3.5 The function v is a Lyapunov function for the stochastic system
(2.1), i.e. (see[1],[10])

E[v(X (t,20)) — v(x0)] <0
for any xzg € C\ {0} and any t > 0.
Proof. v is continuous and from (2.10) it follows that
E[v(X(t,20)) = v(wo)] < E [(1 = e~ 8 9XE) (0(X (¢, 20)) ~ 1) < 0.
O

In Section 5 we will show that v can be made globally Lipschitz with an appropriate
choice of g.

4 A characterization of v

In this section we will show that the function v can be characterized by a second
order partial differential equation. Since this equation is not uniformly elliptic,
in general it does not admit smooth solutions. Therefore we will use the concept
of viscosity solution introduced for the second order case in [16] (for more details
about this theory we refer to [7], [8]).

Definition 4.1 Given an open subset @ of RY and a continuous function F :
O xR xRN x SN — R, we say that a lower semicontinuous function w: @ — R
(resp. an upper semicontinuous function v : @ — R) is a viscosity supersolution
(resp. subsolution) of the equation

F(2,u, Du, D*u) = 0 zeO (4.1)
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if for all ¢ € C?(0) and x € argming, (w — @) (resp., x € argmaxy,(u— ¢)) we have

F(z,w(z), Dé(z), D*¢())

>
(resp., F(z,u(z), Do(z), D*¢(x)) <

0).

A continuous function v : O — R is said to be a viscosity solution of (4.1) in O if
u is a viscosity supersolution and a viscosity subsolution of (4.1) in O.

Set a(z) = o(x)o'(x). As consequence of the probabilistic formula (2.10) we
get the following result (for the proof see f.e. [8], [16]).

Proposition 4.2 The function v is a viscosity solution in RY of
1
—§Tr(a(x)D2v(ac)) —b(z)Dv(z) — (1 —v(z))g(x) = 0. (4.2)

Since g(z) = 0 for z = 0 we cannot apply standard comparison theorems
in viscosity solution theory, which require the coefficient of zero-th order term v
to be strictly positive. Instead we will make use of lower and upper optimality
principles satisfied by sub and supersolutions (see [16], [17]).

Proposition 4.3 Let w, u be a viscosity supersolution, respectively a viscosity
subsolution, of (4.2) in an open set O C RY not containing 0. Set O5 = {z € O :
d(z,00) > ¢, |x| < 1/8}. Then for any x € Os and for any T >0

TNATs .
UJ(],‘) > E{/ g(X(t,x))e_ Jo Q(X(S’I))dsdt
0

TATs

e Jo T 9(XB@)dty, (X (T A 15, x))}
and respectively

TNATs .
u(x) < E{/ g(X(t, J;))e_ Jo 9(X(s,m))ds 13
0

TATs

e Jo T 9X @@ty (X (T A 715, x))}

where Ts is the first exit time of the process X (t) from Os.

The proof of previous proposition can be found in [16]. It is done for con-
tinuous viscosity sub and supersolutions but it can be easily adapted to the semi-
continuous case.

We can now prove a comparison principle for equation (4.2).
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Theorem 4.4 Let u be a bounded subsolution of (4.2) on RY such that u(0) <0,
w a bounded supersolution of (4.2) on RN such that w(0) > 0. Then u < w
in RN,

Proof. Set O5 = {x € RN : § < |z| < 1/8}, let 75 be the first exit time of X (t)
from Os and £5 > 0 be such that g(x) > €5 for z € Os.

Consider first € B(0,r) and set A,, := {8 < n}. Applying the sub and
superoptimality principles in Q5 with 6 < |z|, we have

w() —w(w) < Elem Jot sX O (u(X (75, 2))
(4.3)
—w(X (75,2)))X{rs<1}] + 2Me 0T

for any T > 0 where M is a bound for u and w in RY.
If w € A, then for any ¢ sufficiently small we have

| X (75, %)X {rs <1y = 6
a.s. for any T > 0. Sending T — +oc in (4.3), we get

u(z) —w(r) < ‘sg{u(y) —w(y)}P(An) + 2MP(A7)

for any ¢ sufficiently small. Since § is a finite r.v., P(A%) — 0 for n — +o0.
Therefore sending § — 0 and then n — +o00 in the previous inequality and
recalling that v — w is w.s.c. and u(0) — w(0) < 0, we finally get u(z) < w(zx) for
x € B(0,r).

Since u(z) < w(z) on |z| = r and g(z) > go > 0 on R \ B(0,r), applying a
standard comparison theorem (see for example [7], [8]), we get u < w in R™ and
therefore the statement. O

Corollary 4.5 Let u be a bounded continuous solution of (4.2) on RN with
u(0) = 0. Then u = v, for v defined in (2.8), and C = {z e R : u(x) < 1}.

5 Regularity and regularization

We start giving a regularity result for v. Recall that from Ito’s formula, we have
E[[ X (t,z) = X (t,y) e 1) < o —y? (5.1)

for any z, y € RY and for any finite stopping time 6, where Ly is a constant
depending on the constant L in (2.3).
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Proposition 5.1 Besides assumptions (2.2)—(2.3) and (2.9), we also assume that
i) B is bounded, i.e. there exists K > 0 such that

Bw) <K a.s. (5.2)
where (3 is as in (2.4);
ii) there exists § > 0 such that
l9(z) — g(y)| < Cmax{|z| , |y|}|z -yl (5.3)
for any x, y € B(0,0), where ¢ > Lo/A with Ly as in (5.1) and A as in

(2.4).
Then v is Lipschitz continuous in RY.

Proof. We first prove that v is Lipschitz continuous in B(0, 7).
From (5.2), for any = € B(0,r)

|X(t,z)] < Ke ™ a.s. for any t > 0. (5.4)

and therefore there exists T' > 0 such that X (¢,2) € B(0,r) a.s. for any ¢t > T. If
x,y € B(0,r), then

lu(z) — v(y)| < Ele= Jo ™ 9(X(toNdt _ o= [ a(X (L))t
T
<nB| [ X - Xy
0

—+o00
+ CE [/T max{|X (¢, )| , [X(t,y)[}!|X (¢ 2) — X(t,y)|dt]| .

Now applying (5.1), (5.4) in the previous inequality we get

lv(z) —v(y)| < Lglz — vyl fOT eloTdt + CK |z — 9| f;o e(Lo=Aq)t gy

= LB(07T)|JJ — y|
Now we prove the Lipschitz continuity in all RY. Define
7(z) =inf{t > 0: X(¢t,z) € B(0,7/2)},

=  inf > 0.
91 RN\g(IOJ/Q)g(x)

and for z, y € RY and T > 0 set § = 7(z) A7(y) and Br = {w € Q: |X(O A
T,x) — X(OAT,y)| >r/2}. We have

2
P(Br) < 2EIX(0AT,2) ~ X(O A T)
< %]EHX(G AT, .Z‘) _ X(H AT, y)|2€_2L°9/\T}1/2E[€2L09/\T]1/2

9
< Zlo —yletol
-
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Applying (2.10), we get
ONT

lv(z) — v(y)| < Ele o T e(X(ta))dt _ =[5 (X (ty)dt |

ONT ONT

+ E|6_ o g(X(t,w))dt,U(X(e AT, .’IJ)) — e Jo g(X(t’y))dtU(X(e AT, y))‘

OAT
< QLQE{ / | X (t,z) — X(t,y)|le 9" dt + 26’919ATXBT
0
+ LB(077,)67919AT|X(0 ANT,x) = X(ONT,y)|xBe }

T
4
<2Lglx —y| / etlo=9t g 4 Z |z — g|eboT
0 T
+ Lo, e —ylminfeFom97T 1} := L(T)|z — y|
and we can choose T in such a way that the L(T') is minimal. O

Especially in view of its numerical approximation, it is useful to consider a
regularization of (4.2). In fact, as explained in [6] for the deterministic case (but
the same drawback can happen also in the stochastic case), since g(0) = 0 the
discrete problem obtained by a direct approximation of equation (4.2) can display
instability phenomena and also fails to converge to the correct solution.

Let us define

+oo ,
UE(:E) = ]E {/ Q(X(t, x))e_ fO ge(X(57$))det}
0

where g.(z) = g(z) Ve.

Theorem 5.2 The following statements hold for any € < gg with gg given as in
(2.9)

i) 0<w <1, 0v(0) =0, ve(z) > 0 for z € RN\ {0} and v. < v for any
z € RY. Moreover v, is continuous in RY .
i) C={zeR": v.(z) <1} and € = {z e RN : v.(x) =1}.
iii) ve converges to v uniformly on RN,

iv) ve is the unique bounded viscosity solution in RY of
1
—§Tr(a(x)D2v(x)) — b(z)Dv(z) — go(x) + v(x)ge(z) = 0. (5.5)

Proof. The first part of i) follows immediately from the definition of v., while the
continuity of v. can be proved as in Proposition 3.4.

Since v, < v, we have {z € RY : o.(x) = 1} ¢ £ Moreover if z € &
then t(xz) = 400 a.s. and therefore | X (¢,2)| > r a.s. for any t > 0. It follows
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that g-(X(t,z)) = g(X(t,z)) a.s. for any ¢ > 0 and therefore v.(z) = v(x). This
implies v.(z) =1 for z € £ and therefore ii).

Since v is continuous and v(x) > 0 for |z| # 0, for any 7 > 0 there exists
€ > 0 such that

{z eRY: g.(z) > gx)} C {z eRY : v(z) <n}.

Set T';, = {x € RY : v(x) < n} and define the stopping time 7, = inf{t > 0 :
X(t,z) ey} If ¢ ¢ T, we have for any ¢ > 0

T At

v(z) —ve(z) = B{e=Jo" 9XEd (X (7, At 2) — v (X (1) At,2))}
< E{e™ Jo" 9Ny (X (1) 2))X (<o) + 26X (11}

Sending t — 400, we get v(z) —ve(z) < nif x ¢ Ty, while if z € T, we have
immediately v(z) — v.(z) < 27. Since 7 is arbitrary, we get the assert.

Finally iv) follows from a standard comparison theorem (see for example [7])
since g.(z) > & > 0 for any 2 € RY. g

Note that, even if the characterization of C is preserved by the approximating
problem (5.5), respect to the Zubov’s method which always gives a Lyapounov
function for the stochastic system (see Theorem 3.5), v. does not in general enjoy
of this property.

6 Domain of attraction for controlled diffusions

In this section we will consider the case of a controlled stochastic differential
equation. The control can be interpreted either as an additional perturbation
to the system or a way of the controller to contrast the stochastic perturbation.
Since many of the proof are similar to the uncontrolled case, we will only sketch
them.

Consider the controlled stochastic differential equation

{dX(t) = b(X (1), a(t)) dt + o (X (1), ot)) AW (2) 61)

X(0)

where «/(t), the control applied to the system, is a progressively measurable process
having values in a compact metric space A. We denote with A the set of the control
laws «f(t).

The functions b : RY x A — RY, 5 : RY x A — RV*M are continuous
and satisfy assumptions (2.2), (2.3) uniformly with respect to a € A. We assume
that

b(0,a) =0, 0¢(0,a)=0 for any a € A,
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i.e. 0 is an equilibrium point of X (¢, «) for any «a(t) € A. Moreover there exist r
and A positive and a finite r.v. S(w) such that for any = € B(0,r) and o € A
|X (t,z,0)] < Be= as. for any t > 0.
We set
C={ze RY : there exists & € A s.t. P[ lim |X(¢,z,a)] = 0] > 0}
t—+o0

Ez{xERN: for any o € A, P| |X(t,z,a)| = 0] =0}.

lim
t——+4o0
Similarly to the uncontrolled case, we define a function v : RN — R by

v(z)

+oo
inf, E{ / g(X(t),a(t))e-fég(X(s%a(S))det} (6.2)
(1S 0
— inf {1 — Ele— Jo = 9(X(®),a(t)dt
[nf { [e™ o I}
where ¢ : RY x A — R is continuous and satisfy the same assumptions of the

uncontrolled case, uniformly in @ € A (in particular inf g~ po,))xa 9(z,a) >
go > 0). Note that now (2.10) becomes the dynamic programming principle

TAT
v(z) = inf E{/ g(X(t),a(t))e” Jo 9(X(s),a(s))ds gy
acA 0
TAT

te Jo " 9(X®a®)dly, (X (7 A T))}

Theorem 6.1
C={zeR": v(=x) <1}
E={zeR": v(z)=1}

Proof. Set t(z,a) = inf{t > 0 : X(¢t,z,a) € B(0,7)}. Repeating the same
argument of Propositions 2.1 and 2.2, it is easy to see that the following charac-
terizations hold

C = {z € RY : there exists a € A s.t. Plt(z, o) < +00] > 0}
= {z € RY : there exists o € A s.t. Ele~" @] > 0}

and

E={zecRY: forany a € A P[t(x,a) < +oo] = 0}
= {z eRY: forany a € A E[e"" =] =0}
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If 2 € &, for any control a(t) we have E[e~"®®)] = 0. Then

1 —E[e~ Sy 9X (D) a()dt] > | _ Flem90t(®)] = 1,

and therefore v(z) = infae 4 {1 — E[e~ Jo' ™ (X M.a()di]y — 1
If x € C, then there exists @ such that P[t(z, @) < +00] > 0. As in Theorem
2.3, we get

v(z) < 1 - E[e™Jo 9XOED)AH[T™ a(X.EW)dt)
O

The analogous of Propositions 3.1 and 3.4 can be proved for the perturbed system
(6.1). Note that in this case the set £ is invariant for the process X (¢, z,a) for
any o € A.

Moreover v is a viscosity solution of the Hamilton-Jacobi-Bellman equation

1
sup {—2T’/‘ (S(z,a)D*v(z)) — b(z)Dv(x) — (1 — v(:c))g(z)} =0, (6.3)
acA

for z € RY, where ¥(z,a) = o(x,a)ot(z, a) for any a € A (see [8], [16]). Applying
the controlled version of the optimality principles of Prop 4.3, we can prove the
analogous of Theorem 4.4 and consequently we get the following characterization
of C and v.

Theorem 6.2 Let u be a bounded continuous nonnegative solution of (6.3) with
u(0) = 0. Then u =, for v defined in (6.2), and £ = {x € RN : u(z) = 1}.
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