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The stability conditions associated to the jump
processes

RADU MOLERIU

ABSTRACT. In this paper we study the evolution solutions of the stochastic differential equation
associated to a Poisson process. As well, we present the conditions for the exponentially stability
making connections between the norm of the operators which appears in the stochastic differential
equation and the increase index associated to the semigroup operators.

1. INTRODUCTION

Let (22,3, P) be a complete probability space, H is a real Hilbert separable
space with the scalar product < -, - >, the induced norm || - ||||, N - the natural set
of numbers and I C R, an interval.

Definition 1.1. It is called a Poisson process with p > 0 parameter, the process
N : I x Q — N with the following properties:

> N(0) =0,

N(-) - is a stationary process with independent increases,

P{N(h) =1} = ph + o(h), P{N(h) =2} = o(h).

(o(h) - is a positive continuous function with limy_,o o(h) = 0).

v v VvV

We introduce the random variables sequences {7, }nen, {Sn tnen Where {7,}
- is the interarrival time and S,, = 71 + 7 + ... + 7, is the waiting time of the
’n” event, Sy = 0. For a Poisson process { N (t)}+>o with x> 0 parameter the
random variables {7,,} ,en+ are independent and identically distributed, with an
exponential distribution of ﬁ parameter and P{S,, <t} = P{N(t) > n}.

Lemma 1.1 (1). Let {N(¢)}:>0 be a Poisson process with 1 > 0 parameter. Then the

next properties take place:
i, pa(t) = P{N(t) = n} = L e nt,
ii. E{N(t)}=utand Var{N(t)} = ut;
ii. E{eN®} = entlezpliz)—1)

iv. E{zV®} =@ (V)z € R,z > 0.

If we consider a function f € L%([0,7], L(H)) and the martingale processes
m(t) = N(t) — ut then we can define an integral, associated to the function f ,of
the form fOT f(s)dm(s), with the following properties:(more details in [2])

i. [ f(s)dm(s) € L2([0,T) x @, H) and E{f, f(s)dm(s)} =0
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i. E{]| [, f 2} =pfy 1£(s)l[?ds
1i1. E{/f Ydm(r /f Ydm(r }—,u/f r)dr,0 <s<t<T (11)

In this way the stochastic integral can be extended to a Poisson process using

the next relation:
/f )dN (s /f )dm(s /f Yuds 1.2)

The differential stochastic equation has this form:
dX (t) = A(t, X (¢t))dt + B(t, X (t))dN(t), (1.3)

where A : [0,00) x H — H, B : [0,00) x H — L(H) are bounded and continuous
operators.

The equation (1.3) has an unique solution called cadlag (the trajectories X (¢)
are continuous on the right side and have limit on the left side) and the value of
the jumps are given by the B operator.

2. THE STABILITY OF THE JUMP DIFFERENTIAL EQUATIONS WITH CONSTANT
COEFFICIENTS

We consider a stochastic process X : [0,T] x @ — H which verifies the follow-
ing differential equation:

dX(t) = AX (t)dt + BX()dN(t), X(0) = o (2.4)

where A : D(A) ¢ H — H is an infinitesimal generator of C, semigroup
{T(t)}+>0, B € L(H), zo € H and {N(t)}+>0 is a real Poisson process with . > 0
parameter.

Lemma 2.1. The evolution solution associated to the differential equation (2.4) is:
N(t)
X(t) =[] +B)7T(t)Xx(0), (2.5)
=1
where
N(t)
[[¢+B)=0+B)-(I+B)-..-(I+B), I€L(H), Ix=z, (V)zeH.

i=1

N(t)—ori

Proof. Let {Y(¢)}:+>0 be a process which verifies the jump equation dY (¢t) =
Y (t)dN(t), Y(0) = zo and the realisation times {7;}. Then the solution of this
equation can be written as: Y (t) = xo fort € [0,71); Y(t) = Y(¢t) + BY(t) =
(I+B)xofort e [m,m) ;... Y(t) =+ B)"xo fort € [m,, Tnt1).
In conclusion we have
N(t)

Y(t) =[] + B)ao,

i=1
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and so, it results that

N(t)

X(t)=Y@)T(t) = [[ (T + B)T(t)xo.
i=1

Remark 2.1. As an immediately result we obtain that:
E{B-B-...-B} =exp{\(B—-1)t}, Be< L(H).
—_— —m——
N(t)—ori

Theorem 2.1. We suppose that the semigroup {T'(¢)}:>0 is uniformly exponentially
stable ((3)k > 0 and wo > 0 such that ||T(t)| < ke~*°t, (V)t > 0). Then the
following properties take place:

i.  The mean of the { X (¢)}+>0 process is uniformly exponentially stable if and only if
pl B]| < wo.

ii.  The solution of the equation (2.4) is mean stable if the relation \||B|| < wy takes
place. Mutually, if the solution of the equation (2.4) is mean stable, then the semigroup
{T'(t)}+>0 is uniformly exponentially stable.

Proof. i. By passing to mean in the equation (2.4) we obtain the differential equa-
tion:
dE{X (1)} = (A+ pB)E{X (1)}, E{X(0)} =m0 (2.6)
From Phillips theorem [3] it results that if B € L(H), then the operator A + uB
is a generator of Cy semigroup {T'(t)},>0 With D(A + uB) = D(A) and verifies
the property (3)k,w > 0 such that |T(t)|| < ke*! = || T(t)|| < kelwrrlIBINt |f
E{X (t)} is uniformly exponentially stable, then the semigroup 7'(¢) is uniformly
exponentially stable. It results that 7'(¢) is uniformly exponentially stable. Mutu-
ally, if T(¢) is uniformly exponentially stable, then ||T'()|| < ke~«ott#IBIlt and so
pl| Bl < wo = ||T(t)] is uniformly exponentially stable.
ii. By passing to norm in the relation (2.5) we obtain :

N(t)
IXON<IT®ON- |l H (B+ Dol < |IT®)] - (|B| + 1)N(t)||x0”
i=1
= E{|X®)[} < |T()[|le Bl

If {T(t)}n>0 is uniformly exponentially stable, then E{||X(¢)|} <
ke~wot+rlBIlt = || B|| < wo, and the conclusion is obtained immediately.
Mutually, the proof is obtained immediately using the stability definition.
(]

Lemma 2.2. If B is a normal operator, then the covariance operator associated to the
solution of the equation (2.4), denoted by Q € L(H), is given by the relation :

(Qt)y, 2) = (T(t)(e" PP — I)(T(t)"y. 2), (V)y, 2 € H (2.7)
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Proof. Using the processes m(t) = N(t) — u(t) we obtain the following equation :

{ dX(t) = (A+puB)X(t)dt + BX(t)dm(t) 28)

X(O) = X ’
which is equivalent with the equation (2.4) .

We consider the stochastic processes {Y (¢)}:cr which verifies the differential
equation :

{dY(t) = BY(t)dm(t) (2.9)

X(O) = X0 ’
with the next integral form: Y (¢) = zo + fot BY (s)dm(s) and E{Y (t)} = =o.
Because E{Y (1) ® Y (t)} — zo ® o = [, uBE{Y (s) ® Y (s)} B*ds and the fact that
B is a normal operator it results that: E{Y (1)@ Y (t)} = e*BB tag @20, (V) t >0
and
<COUY(t)ya Z) = <(6HBB*t - I)xO @ zoY, Z)a (\V’) Y,z € H.

Using the lemma 2.2 , we obtain:

(Q(t)y, 2) = (T (t)covY ()T (1)"y, z)
O

Theorem 2.2. The solution of the equation (2.4) is uniformly exponentially stable if
the semigroup {T'(¢)} >0 is uniformly exponentially stable and the exponential increase
index verifies the relation:

2u]| BI* < wo (2.10)

Proof. From Philips theorem we consider that the operator A + uB is a generator
of Cy semigroup {7T'(t)}»>o with the following property ||T(t)|| < ke~«ot+rIBIt
where || T(t)]| < ke k,wg > 0. By passing to the integral form in the equation
(2.8)itresults: X (t) = T(t)zo + [3 T(t — s)BX (s)dm(s)

= B{I X0} < 2| T®) 2 [aol* + 2 fy [T — 5)[|12| BI2EL ][ X (5)[|*}ds

= [T@IEIX ®)12} < 2llzoll? + 20 fy 1T ()| 72 BI?E{]|X (s)]|*}ds.

From Gronwall lemma applied to the next function f(t) =
ITOIE{IX ()] we obtain that E{[|X (1)} < 2fap|2k2el-2eotanlBI%e

In conclusion , X (¢) is uniformly exponentially stable if 2. B|*> < wp. O

Lemma 2.3. Let {X (¢)}+>0 be a stable stochastic uniformly exponentially process asso-
ciated to the equation (2.4). Then the Lyapunov associated equation is written like this:

{ P(t) + (A+ uB)P(t) + P(t)(A 4+ uB)* + uBP(t)B* 0
P(O) = xg®&® X9

and it has an unique solution in the space of bounded and positive operators given by the
relation P(t) + Q(t) = —T'(t) - T(¢)*.
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3. THE STABILITY OF THE JUMP DIFFERENTIAL EQUATIONS IN THE CASE OF
TIME DEPENDENT OPERATORS

Let B : [0,T] — L(H) be an integral bounded function having operators as
values and the stochastic differential equation:

dY (t) = BO)Y ()dN(t), Y(0) =0 € H (3.11)

Lemma 3.1. The evolution solution of the equation (3.11) is given by the following for-
mula:

and has the next properties:

i, E{Y(t)} = exp{p [, B(s)ds}wo ;
ii. If B(t) is a normal operator, (¥)0 < ¢t < T, then:

covY (t) zexp(u/o B(s)ds)(exp{,u/o B(S)B*(s)ds}—l)(exp(,u/o B(s)ds))"-xo®xo;

i, B{|V ()]} < e IBI° - 212, where [[|B]]| = sup,ejo,r [ B(s)]l is the supre-
mum norm.

Proof. For us to find the evolution solution we will proceed in the same way as in
the proof of the theorem 2.1.

i. Passing to mean in the relation (3.11) , we obtain: JdE{Y(t)} =
uB(t)E{Y (t)}dt, from where we have the conclusion. An immediate result is:

N(t)

t
B[]+ B} = conn | Bls)ds)
i=1 0
ii. The solving idea remains the same like in the lemma 2.3. O

Lemma3.2. Let A: D(A) C H — H be a generator of strong continuous semigroup
{T(t)}, B:[0,T] — L(H) abounded integrable family with operators as values and the
equation

dX(t) = AX(t)dt+ B(t)X(t)dN(t) (3.12)
X(s) = x5 z,€H, 0<s<t<T '
The equation (3.12) has an unique solution :
N(t)
xty= [ (+BE)TW), (3.13)
i=N(s)+1

with the next properties :
i. E{X(t)} =U(t,s) isan evolution operator of which generator family is

{A+ uB(t)}>o.
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So the mean of the process { X (¢) },,>0 is the perturbation of the semigroup {T'(¢) }+>0
using the operators { B(t) }+>0. The integral equation associated to the family of evolution
operators is

Ut,s)x=T(t —s)xr+ u/ T(t—r)B(r)U(r,s)zdr;

ii.  In the hypothesis of the lemma 3.5 (ii) we obtain that :
cov{X ()} =U(t,0)covY (1)U (¢, s)".
Proof. We apply the anterior lemma and the lemma 2.2 . |

Theorem 3.1. Let {X(¢)},,>0 be the solution of the equation (3.12) in the case where
s = 0. We suppose that the semigroup {7'(¢) }+>0 is uniformly exponentially stable.

The following implications take place :

i.  Iful||B|l| < wo, then the mean of the process { X (¢) },,>o is uniformly exponentially
stable;

ii.  If u||B]|| < wo, then the process { X (¢)},>o is mean stable ;

iii. 1f2u|||Bl|| < wo, then the process {X (¢)},>0 is uniformly exponentially stable.

Proof. Is similar with the proof of the theorems 2.1 and 2.2.

The reciprocal of the affirmations (i), (ii) and (iii) are true. Namely, the mean
stability and the uniformly exponentially stability of the process {X (¢)},>0 in-
volve the uniformly exponentially stability of the semigroup {T'(¢) }+>0

In the hypothesis in which B € B, (0,T"; L(H)) , for the equation (3.12), we ob-
tain the following result . The mean of the process {X (¢)};>¢ is well determined
by the evolution operator S(¢, s) given by the differential equation :

t
S(t,s)xo =T (t— s)xo —|—/ uT(t—r)B(r)S(r,s)zodr, 0<s<r<t<T.(3.14)
This equation has an unique evolution solution with the property that:

t

1St )| <(IT(t = s)l| +//N||T(t—7”)|| [ Blloo - U (r, s)drl, (3.15)

S

[Blloc = ess sup |[[B(t)]| ()
0<t<T
(details in [4]). O

Theorem 3.2. If the semigroup {T'(¢) }+>0 is uniformly exponentially stable and verifies
the relation & - 11 - || B||so < wo, then the mean of the process is uniformly exponentially
stable.

Proof. In the relation (3.15) we consider s = 0 and we apply Gronwall’s lemma to
the next function:
f(t) = e S(t,0), 0<t<T.
In this way we obtain the relation
152, 0)]| < ke~ (b Bl
and so the conclusion is verified. O
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For determining the covariance operator associated to the {X (¢)}.>o process
we use the evolution operator (denoted by §(t, s), 0 < s < t)associated to the
generator family {uB(t)B*(t)}+>0, in the case where B(t) is a normal operator
(V)0<t<T.So

covX (t) = U(t,0)(S(t,0) — I)U*(t,0)zo @ xo, 0<t<T.

Remark 3.1. In the study of the stability of {X(¢)},>¢ solution we obtain the
same results as in the theorem 3.3, mentioning that the supremum norm of the
operator B(-) has been changed with the essential supremum norm || B|| -

Lemma 3.3. The Lyapunov equation has the next form :

{ P(t) + (A+ uB(t))P(t) + P(t)(A+ uB(t))* + uB(t)P(t)B*(t) = 0
P(0) Ty ® xo
(3.16)
If {X(¢)} is uniformly exponentially stable, then the equation (3.16) has an unique
solution which verifies the relation

P)+Q(t) =-U(t,0)U*(t,0).

For passing from the semigroup {7'(¢) } +>0 operator case to the evolution operator case
we are using the Kato-Tanabe hypothesis ([3], [4]) associated to the operator family on H,
{A(t)}+>0. In this case the equation (2.4) is rewritten like this:

dX(t) = A(t)X(t)dt+ B(t)X(t)dN(t) (317)
X(s) = x5, zs€H, 0<s<t<T '
Lemma3.4. i. Let{U(t,s)}, 0<s <t <T betheevolution operator associated to

the { A(t) }+>0 family. Then the mean of the process { X (¢)} > is given by the relation:
E{X(t)} - ﬁ(ta S)a
where  U(t,s)x = U(t, s)a+p [L U(t,r)B(r)U (r, s)zdr, (Y)z € H,with the property
that
1T (2, 5)]| < p(t — s)elt=ImLNBOI g < s <4 < T,

having p : R, — R an increase function [4] ;
ii.  The mean of the process { X (¢)},>0 is uniformly exponentially stable if and only if
the evolution operator {U (¢, s)} is uniformly exponentially stable and p - || B||1: < v,

where || B|: = [, || B(r)|dr.

Proof. i. Can be found in [4];
ii. {U(t,s)} is uniformly exponentially stable if (3)k > 0,v > 0 such that

U, 8)]| < ke ) 0<s<t<T=||U(ts)| < kevHrliIBOldr (=)

So u||Bljzr <v = ||U(t,s)| is uniformly exponentially stable.
Mutually the result is obvious.
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Theorem 3.3. It can be seen very easily from the previous theorems that we can obtain
the next results :

i. X(¢,0) = va;g) (I + B(7))U(¢,0)X(0) is the evolution solution associated to the
equation (3.17) ;

ii. E{X(s)}=Ults), 0<s<t<T,;

iii. covX(t,s)=U(t,s)(S(t,s)—DNU(t,s)*, 0<s<t<T;
iv. {X(¢,0)} is uniformly exponentially stable if and only if the evolution operator is
uniformly exponentially stable and 24| B||oo < v.
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