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EQUILIBRIUM STOCHASTIC STABILITYS
OF MARKOV DYNAMICAL SYSTEMS
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Abstract. In first section of paper we will prove that for linear Markov dynamical sys-
tems an equilibrium asymptotic stochastic stability is equivalent to exponential p-stability
for sufficiently small positive values p. Then we will prove that exponential p-stability
of linearized in vicinity of equilibrium Markov dynamical system guarantees equilibrium
asymptotic (local) stochastic stability.This result permits to construct such Lyapunov
quadratic functional, which one may use for local equilibrium stochastic stability of suffi-
ciently smooth nonlinear Markov dynamical systems.
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1 Stochastic stability of linear differential equations with Markov coefficients

Let y(t) be Feller type Markov process on phase space Y and with weak infinitesimal operator
[Doob] L,f(z,y) be a continuous mapping R" x Y — R" and f(0,y) = 0. The solution of
equation

dx(t)
o = fa(t),y(t) (1)
with initial condition z(s) = z,y(s) = y we will denote z(t, s, z,y). We will say [3] that trivial
solution of differential equation (1)

e locally stable almost sure, if for any s € R, n > 0 and 3 > 0 there exists such § > 0 that
the inequality

sup P(sup|z(t, s, z,y)| >n) < 5, (2)
yERé” t>s
e

follows the condition x € Bs(0), where Bs(0) := {x € R" : |z| < d};
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e [ocally asymptotically stochastically stable, if it is locally almost sure stable and there exists
such v > 0 that the trajectories which do not leave the ball B, tend to 0 ast — 00;

e asymptotically stochastically stable, if it is locally almost sure stable and for any x € R™,
s € R, and ¢ > 0 the equality

lim sup P(sup |z(t,s,z,y)] >¢c) =0 (3)
T—o0 yeR((;" t>T
£e

18 fulfilled;

e cxponentially p-stable, if there exist such positive numbers M and v that for any x €
R" yeR™ &G, s€R andt > s the inequality

E|x(t,s,z,y)[" < M|z[Pe7 ) (4)
15 fulfilled.
In this section we will deal with linear differential equations in R"

dx

= = AW )

where A(y) is continuous bounded matrix-valued function and y(¢) is stochastically contin-
uous Feller Markov process with weak infinitesimal operator (). The pair {z(t), y(t)} forms
[Skorokhod] homogeneous stochastically continuous Markov process with the weak infinitesimal
operator Lo defined by equality

Lov(z, y) = (Aly) 2, Vo) v(z, y) + Qu(z, y). (6)

It is clearly that there exists family of the matrix-valued functions {X(t,s,y),t > s > 0},
defined by equality X (¢, s,y)x = z(t, s, x,y), where z(t, s, z, y) is the solution of Cauchy problem
x(s,s,x,y) = x under condition y(s) = y. The matrices X (¢, s,y) also satisfy the equation (5)
for all t > s and initial condition X (s,s,y) = I, where I is matrix unit. This matrix family
has the evolution property:

X(t,s,y) =X, 7y(m)X(,5,y) (7)
for any y € Y, > 7 > s > 0. Let us define the Lyapunov p-index of (5) as
AP — S;JEE; InE|X(t,s,y)z|P. (8)

Not so difficult to prove that exponential p-stability of trivial solution of the equation (5) is
equivalent to inequality A®) < 0. Because

(BIX (t, s, y)z|P) /P < (B[X(t, s, y)x|P?) "/ (9)
for any positive p; < po, the inequality

AP < )\(p2) (10)
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follows the inequality p; < p2 and A?) is monotone decreasing function as p decreases to 0. It
is intuitively clearly, that asymptotic stochastic stability of (5) is equivalent to the condition

Ipo > 0, Vp € (0,p0) : AP <.

We will assentially use further this assertion and hence it should be proven.

Lemma 1.  If the equation (5) is asymptotically stochastically stable then it is exponentially
p-stable for all sufficiently small positive p.

Proof. Let us put in definition of almost sure stability n = 1,4 = 1 and choose so small

2
positive a that the inequality

sup P(sup|X(¢,0,9)z| > 1) < 3.
el<2—a  t20
yeY

is fulfilled. Due to a linearity of the equation (5) from the above inequality one may write the
inequality
sup  P(sup|X(¢,0,y)z| > 2%) <
mggfa(l*l) t>0
yeY

1
2

for any [ € N. Let us denote

g == sup P(sup | X (¢,0,y)z| > 2'*).
jz|<1 20
yeY

The pair {z(t), y(t)} is stochastically continuous Markov process and it has the Markov prop-
erty in the moment 7 (x) of exit of the trajectory z(¢,0, z,y) from the ball B1(0) if x € B;(0).
Hence

9y = sup Psup| X (¢, 0,y)x] > 20407
lz]<1 >0
yeY

= sup 7 / P, (1i(x) € ds,z(s) € du,y(s) € dv)x

|z|<1

y€Y 5=0 |y| =2l
veEY
xP(sup | X (t,0,v)u| > 20D
>0
< sup P(sup |X(¢,0,y)z| > 207D sup x
jol<2le 20 lel<1
yeY yeyY

x]o / P, (1i(x) € ds,z(s) € du,y(s) € dv)

s=0 |’LL‘ :2la
veY

1
< 5 sup P(sup| X (£,0,y)z] > 2) = 3g1.
lz|<1 t>0
yeY
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Hence g, < % for any [ € N. Let us denote

¢ = sup |e(t, 0,2, )P
t>0

It is clearly to see that for all p > 0, x € R", y € Y it may be written

EC< [al” sup EC < ) 2" Plsupla(t, 0,7,y)] = 2070

|z|<1 =1

o]
<> 2lralalP = Ky faf
=1

Therefore random variable ¢ has expectation for all z € R", y € Y,p € (0, a™!). According
to Lemma’s conditions the solution of (5) z(¢,0,x,y) tends to 0 almost sure as ¢ tends to co
uniformly on y € Y and by the Lebesque Theorem one can write

lim supE|x(t + s, s,2,9)|P = 0

t—=00 yey

for all z € R™, p € (0, a!). Besides, not complicatedly to verify that this convergence is
uniform on z in the ball B;(0) and s > 0, i.e.

lim sup El|z(t+s,s,z,y)|? = 0.
£=20 1€ By (0)
yeY

Now we can choose a number T so large then the inequality

supE|z(t +s,5,2,9) < |z[Pe”!
yeY

is fulfilled and further, by using the inequality

mam@awwzf/P@%u—nnmﬂwmu@@www
R Y

< e 'Elz((l - 1)T,0,z,y)",

where P(x,y,t,du, ,dv) is transition probability of homogeneous Markov process {x(t),y(t)},
one can write

Lir
Ela(t,0,z,y)]" < Kie TT|ap?,
where [a] is integer of number a. This inequality completes the proof.
To analyze the behaviour of solutions of (5) one may use well known the Dynkin formula [2]

7r(t)

EC)v(z(r (1)), y(7:(1)) = v(z,y) + EG) /(Lov)(fc(S),y(S))ds : (11)

u

where the indexes of expectation denote the condition z(u) = x, y(u) = y and 7.(t) =
min{7,, t}, 7. = inf{t > v : z(t,u,z,y) ¢ B.(0)}. If u =0, then upper index will be absent.
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If for all ¢ > w > 0 there exist the expectations E, ,v(z(t),y(t)) and E, ,(Lov)(z(t),y(t)) one
can use the Dynkin formula (11) in the more simple form

t

]E(;gv(a:(t),y(t)) = v(z,y) + /E%L(LOU)@(S):?J(S»dS' (12)

u

Sometimes it is necessary to use the Lyapunov functions depending also on argument ¢. If the
function v(t, z,y) belongs (as the function of arguments = and y) to the region of definition
of infinitesimal operator Ly and has continuous t-derivative, one may use the Dynkin formula
(11) in the form

ECo(r (1), (7 (1)), y(7:(1) =

=v(u,z,y) + ]E(;f) /(%—I—L())v(s,x(s),y(s))ds ,

or formula (12) in the form
EGu(t,2(t), y(t) =

- v(u,x,y)+/tE<;g { (% + Lg>v(s,az(3), y(s))} ds. (13)

u

Besides Dynkin formula and the Second Lyapunov method one can use also well known the
supermartingale inequality [1] for positive supermartingale {£(t), §'} with filtration §* in the
form

P(sup€(t) > o) < 1EE(u). (14)

t>u o

Lemma 2. The trivial solution of equation (5) is exponentially p-stable if and only if there
exists the Lyapunov function v(x,y), which satisfies the conditions

crlzlP <o(z,y) < elxl?, ¢ >0 (15)

LOU(Iay) S _C3|x|p7 C3 > 0 (16)
for all x € R™, y € Y with some positive p.

Proof. Let there exists above mentioned the Lyapunov function. It is clearly to verify that

(% + L0> (v(x, y)ez_;t> <0,

and then one can write

€3

E. o(zt),y(t))e=" < v(z,y) < colaf?
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forallt > 0, z € R" and y € Y. Hence

_ 3y €3¢ — %3¢
Eoylz()]f < e 2 By yu(a(t),y(t))e=" < 2e o |aff

and the equation (5) is exponentially p-stable. By using the solutions x(t + s, s, z,y) of the
equation (5) one can construct for any 7" > 0 function

T
v@w:/ﬂw+wmeL (17)

0

which do not dependent on s owing to homogeneity of Markov process y(t). It is easily to verify
that under conditions that the matrix A(y) is uniformly bounded, that is, sup,cy |[A(y)|| =
a < oo this function satisfies the conditions (15). Let Ly be the weak infinitesimal operator of
the pair {z(t), y(¢)}. If the trivial solution of equation (5) is exponentially p-stable, one can
write the inequality

T T
LO U([E, y) = hm6—>0 %UﬂEm,y{Ex(d),y(6)|x(t)|p} dt — f Ez,y|x(t)|p dt]

= lims_ } fExy\xt+5 P dt — fExy’$ t)|P dt)

= E:c,y|f6( P =zl < (Me_'yT — D/,

where M and ~ are constants from from definition of exponential p-stability stability. Now we
can put 7' = (In2 + InM)/~v and proof is complete.

Corollary 1. In the conditions of Lemma 2 the trivial solution of equation (5) is asymptotically
stochastically stable.

Proof. Due to formula (16) for v(¢, z,y) = v(x,y)e =t one may conclude that random process

3y

§(t) == v(z(t), y(t))ec
is positive supermartingale. Hence

supP(sup [2(t, 0,2,y > €) = supP(supla(t, 0, z,yl" > )

yeY >0 yeY >0
< SUpry(SUP{ Lo(z(t),y(t)} > )
yeY
3
= SUPPry(Sup{ §(t)e C2t} > eP)
yeY
S Suppx,y(sup§< ) Epcl) — Ep01 7y€( ) — gpc ‘x|p
yeY >0
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and trivial solution of (5) is stochastically stable almost sure. Now to prove asymptotic stochas-
tic stability one can apply the supermartingale inequality (14) and write the inequalities

sup P(sup [2(t,u, z,y| > ¢) = sup P(sup [z (¢, u, z,y[P > )
yeY t>u yeY t>u

< sup Py (sup{ Lo(a(t), y(t)} > )
yeyY t>u

< supPY) (sup{L)e(t)e ="} > @)
yeY t>u

< sup Uy (sup{)E()e™ 2"} > &) < GLBE(w) < g fape "
ye >u

2 Stochastic stability by linear approximation

In this section we will consider the quasilinear equation

W= AW + o y(1), (18)

under conditions that the matrix A(y) and Markov process y(t) satisfy the conditions of the
Section 1, the function g(x,y) has bounded continuous z-derivative with conditions ¢(0,y) = 0,
and for any r > 0 its z-derivative is uniformly bounded at any ball B,(0) , i.e.

sup ||D.g(z,y)|| = g» < o0 (19)
yeY
z€B(0)
Theorem 1.If the equation (5) is asymptotically stochastically stable and lin% gr = 0, then the

trivial solution of equation (18) is asymptotically stochastically stable.

Proof. Side by side with the equation (18) we will consider the equation (5) as an equation
of its linear approximation. Due to Lemma 1 and Lemma 2 we can construct the Lyapunov
function (17) with some small positive p. Because the matrix-valued function D, x(t,0,z,y) is
the Cauchy matrix of the equation (5) it permits the estimation

sup E[| Dy (t + 5,5, 2,y) | < hae ™"

yeY

with some positive constants h, v for all ¢ > 0. Therefore the above Lyapunov function
satisfies the conditions (15)-(16) and by construction for all z # 0 has x-derivative satisfying
the inequalities

T
Vavle, ) = | [E(Vlalt+ 55,20
0
T
< b [ B{Jalt+ 5,502 {Daalt + 5,5..0) alt + 5.5, 9)] )
0
T
< plel? ) [supBDaa(t+ 55| dt < cofal* )
yE
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with some positive c3. Because the above estimations do not dependent on initial time moment
s we will put for simplicity s = 0. Now one can estimate the function Lv(z,y) where L is weak
infinitesimal operator of the pair {Z(t), y(¢)}:

L’U([E, y) = (A(y)x + 9(37, y), Vx)v(x, y) + QU(ZE, y)
= Lov(x,y) + (g(z,y), Vo) v(z,y)
< =Lz + cslalPlg(z, y)| < (gocs — 3|zl

forall y € Y, z € B,(0),r > 0. Hence, due to Dynkin formula, we may use inequality

7r(t)

ES (@ (n (), y(m: (1) = v(z,y) + EY) {/ y(s)) ds}

o) + (gres — E{ / 13(s) P ds) (20)

for all y € Y,z € B.(0),r > 0,t > u > 0. If r is sufficiently small number the second
summand in the right hand part of inequality (16) is nonpositive. Hence the stochastic process
v(Z(7(t)), y(7-(t))) is supermartingale and we can write the inequalities

Px,y(jgg!i(t)! > €) ZPx,y(jglg!i(t)!” > gP)
= Pwy(i‘ig |i’(7—r(t>)|p > 5p) < Pw,y@uPU(i’(Tr(t))a y(Tr(t>>>

t>0
U(.]Z,y) < C2§p)
ci1EP T P

> cief) < (21)

for all y € Y, z € Bs(0),0 € (0,¢),e € (0,7) and sufficiently small » > 0. The local stability
almost sure immediately follows from these inequalities. Let us define function

1, for z € [0, R)
hr(r) = 2=, for z € [R,2R)
0, for x > 2R.
The differential equation
de .
S8 = Aly)en + haller(t) (e, (1) (22)

has unique solution of the Cauchy problem zr(0) = x because function hg(|z|)g(z,y) satisfies
the Lipschitz condition with constant cog. Hence the pair {xg(t), y(f)} is Markov process with
weak infinitesimal operator Lr defined by equality

LRU<,T7 y) = (A(y)x, VI)U(QT, y) + (hR(‘ﬂ)g(ma y)> VI)U(.CE, y) + QU(w? y)
= Lov(z,y) + (hr([z])g(z,y), Va)v(z, y)

and choosing R such small that (corcs — %) := —c4 < 0 one can write the inequality

Lrv(z,y) < —eqlzlP.
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Therefore

< olw) = & B o(en(s)u(s) ds (23)

for all ¢ > u > 0. Hence the stochastic process v(zg(t),y(t)) is positive supermartingale and
one can write

Py (sup2a(t)] > <) = Py (sup zp(d) > <)
t>s t>s

<Py (supv(en(t) o) > o) < B uen(s). () (24)

for all y € Y, x € Bg(0),e € (0, R) and sufficiently small R > 0. It is not complete to get the
inequality

E.yu(en(t).y(0) < o(z,y)e 3" < olafe 5"
from the inequality(19), and then f it can be written

ColxP _cay
]P)m(igﬂx]{(tﬂ > ) < ;L—Cje o
Hence all solutions of the equation (22) which have start at ¢ = 0 in the ball B.(0) with
e € (0, R) and sufficiently small R tend to 0 with probability one. But up to time of the ball
B.(0) leaving the solutions of the equations (18) and (22) with the same initial conditions in
the ball B.(0) are coincident. So all solutions of (18) which do not leave the ball B.(0) with
sufficiently small € tend to zero with probability one and the proof is complete.
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