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Abstract. We study the existence and uniqueness of solutions of a
class of Quantum Stochastic Evolution Equations (QSEEs) defined on
a locally convex space whose topology is generated by a family of semi-
norms defined via the norm of the range space of the operator processes.
These solutions are called strong solutions in comparison with the so-
lutions of similar equations defined on the space of operator processes
where the topology is generated by the family of seminorms defined
via the inner product of the range space. The evolution operator gen-
erates a bounded semigroup. We show that under some more general
conditions, the unique solution is stable. These results extend some ex-
isting results in the literature concerning strong solutions of quantum
stochastic differential equations.
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1 Introduction

Several results on weak forms of solutions of the following quantum
stochastic differential equation have been studied. See [1, 3-7] and the
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references therein. The motivations for studying this class of equations
have been discussed in the references.

do(t) = Ut 2(8))d Ar (8) + V(£ 2(2))dA, (1)
Wt 2(8)dA s+ (£) + H(t, 2(8))dt,
z(to) = =z, t€1=[to,T] (1)

In Eq. (1), the coefficients U, V, W, and H lie in a certain class of
stochastic processes defined in [1], while the gauge, creation, annihila-
tion processes A, A f+,Ag and the Lebesgue measure t are well defined
in [2] and the references therein. z € B is a locally convex space.
Quantum stochastic differential equation (QSDE) (1) is understood in
the framework of the Hudson and Parthasarathy [9] quantum stochastic
calculus. It has found applications in many physical systems, especially
those that have to do with quantum optics, quantum measure theory,
quantum open systems and quantum dynamical systems (see [1-7]).

In [6], some properties of solutions of Eq. (1) were studied. Results
on the existence and uniqueness of solutions of this class of equations
were established in the space of the operator processes endowed with
the weak topologies. In [7], quantum stochastic differential inclusions of
hypermaximal monotone type were studied under some general condi-
tions and the existence of solution of an evolution operator connected
with these inclusions were established. Also, see [4] for some results on
evolution inclusions where the multivalued map P is of hypermaximal
monotone type. Further studies were carried out by [5] on properties
of solution sets of quantum stochastic differential inclusions of Eq. (1)
under the weak topologies. However, Ayoola in [1] investigated some ex-
istence properties on the space when endowed with the strong topology
under a more general Lipschitz condition on the coefficients (U, V, W, H).
Some new results including stability results were obtained. The results
in [1, 2] generalized some similar results in the classical setting. This
paper is concerned with the study of the properties of solutions of an
evolution equation defined on the space with the strong topology. In |3,
12] existence of mild solutions of evolution QSDEs was studied under
the weak topologies. Evolution problems have found practical applica-
tions in virtually all fields of sciences. See the references [11, 13-15] for
some applications of evolution problems. The results in the present work
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extend some existing results on strong solutions of Eq. (1) and extend
the solution space for which QSDE will be applicable. We will consider
some applications in our subsequent work.

2 Preliminaries

In what follows, the following evolution equation is considered.
dz(t) = A(t)z(t) +U(t,2(t))d Ar (t) + V (¢, 2(t))dAg(t)
+W (¢, 2(t))dA s+ (t) + H(t, 2(t))dt,
Z(to) = zp, t€T (2)

where A generates a bounded semigroup {S(¢) : ¢t > 0}. For details on
semigroup and their applications , see the references [8,10]. We adopt
in most cases the definitions and notations of the spaces used in this
paper from the references [1-3]. B is the completion of the topological
space (B,T), and 7 is the topology generated by the family of semi-
norms ||¢|le = ||¢€]|,¢ € IDRXF, where [|.|| is the norm of the space
R @T(L2(Ry)). The space B is the linear space of all linear operators
on R ® F(L%(RJF)). ID,F, and R are well defined in [1]. The nota-
tions and structures of the following spaces are from the references 1,
2]. ROL(L2(Ry)), Ad(B)ae, Li,.(B), L2(Ry), L(B), IDRE, Fin(IDQE).
ID,F, and R is well defined in [1].

Definition 2.1.

(i) ¢ : I — B is a stochastic process indexed by I = [0,7] C R,.

(ii) If ¢(t) € By, t € I, then ¢ is said to be adapted and we denote the

set of all such stochastic processes by Ad(B) .
i) &
) ¢

(t) € Ad(B)qc is said to be adapted, absolutely continuous.

(t) € L?OC(B) is said to be locally, absolutely p-integrable, where
(0, 00).

Since the evolution operator A generates a bounded semigroup
{S(t)}+>0, for each ¢t > 0, there exists a constant M > 0 such that
S|l < M.

(vi) Let 6 € Fin(IDRF) and z € B then, ||z||g = mazecyl|2||¢, where
the set {||.|ly : @ € Fin(IDRF)} is a family of seminorms on B and
Fin(IDRF) denote the set of all finite subsets of IDRFE. Also see Defini-
tions 2.5 and 2.6 in [2].

(iii
(iv
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Definition 2.2.
A stochastic process ¢ € L2 (B) is called a strong solution of the prob-
lem (2) on [ if it is absolutely continuous and satisfies

o) = St)do+ / S(t — $)[U(s, 6(5))d Ax () + V5, 6(5))d Ay (s)

to

+W (s, (s))dA+(s) + H(s, ¢(s))ds],
d(to) = o, t€l (3)

Deﬁniti~0n 2~.3.
® : I x B — B is Lipschitzian if

1@ (t,y) — @t 2)lle < K ()lly — 2lloge,

is satisfied for each ¢ € IDQE, where y, z € B, § € (ID&E, Fin(IDRF))
and K‘I’ : I — (0, 00) is a Lipschitz function lying in L}, (I). I =[0,T] C
R;.

Remark 2.4. Theorem 2.2 and Remarks (a) - (¢) in [1] hold in this
case.

For the remaining part of this paper, £ € IDQF is arbitrary, except
otherwise stated, the following result established in [1] will be used to
establish the major results.

Theorem 2.5. (a) Let p,q,u,v € L} (B) and let M be their stochastic
integral. If § € IDRE where { = d® e(B), o, 8 € LT,.(Ry) and t > 0,
then

< M(E> = /0 <1, {als), 7(5)B(s) >4 p(s)

+ < f(s),B(s) >+ q(s)

+ <a(s),g(s) >y u(s) +v(s)} > ds. (4)
(b) Let
K(T') = supg< < max{| (B(s), 7(s)B(s)) |, | (f(s5), B(s)) |, [ (B(s),9(s)) |,

[17(5)B(s)II%, Tlg(s)]1*}-
Then for T >0and 0 <t < T,

IM(1)¢]]? < 6K(T)2/0 e {lp(s)€l” + la(s)El* + [[u(s)€]”
+ ()€l ds. ()
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(¢) Let 0<s<t<T. Then

t
[1(MI(t) = M(s))¢]* < GK(T)2/0 e {Ilp(r)EN® + lla(r)El?
+ [Ju(mEl? + llo(r)l*ydr. (6)

Note 2.6. M is absolutely continuous, hence, M € L2 (B).

loc

3 Main Results

This section is dedicated to the main results on existence and unique-
ness of strong solutions of (2). Subsequently, except otherwise stated,
tel=1[ty, T] CR; and £ € IDRF is arbitrary.

Theorem 3.1.

Suppose that the coefficients U, V, W, H € LlQO (I x l’;’) are Lipschitzian.
Then for (tg, z) € I X A there exists a unique strong solution ¢ of equa-
tion (2) satisfying (o) = 2o0.

Proof. To prove the theorem, we make the following assumptions:

Hi. Let {©n(t)}n>0 be asequence of successive approximations of ¢ € B
and

Hs. @n(t), n > 1 define an absolutely continuous process in L7 (A).

Let T > tg, t € I be fixed. Then, we prove H; — Hs as follows.
For n > 0, we have

onirlt) = S(t)z+ / S(t— $)[U (s, 0n())d Ax (5)

to

+ V(s,0(5))dAg (s) + W(s, on(s))dAs(s) + H(s, on(s))ds].

By hypothesis, U(s, z0), V (s, z0), W (s, 20), H(s, z) € B, for s € [to, T]
while B

U(.20), V(. 20), W (., 20), H(., 20) € L2, (B).
Therefore, the quantum stochastic integral which defines ¢; (t) exists for
t € [to, T]. By Theorem 2.5, ¢1(t) € L? (B).

Hence, it implies that each R
U(s,0n(5)), V (5, 9(5)), W (5, n(s)) and H(s, pu(s) € L2, (B).

This proves assumptions Hy — Ho.

5
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Next, we show that the sequence of successive approximations converges
as follows:

| onsi(t) = onl®) e = ||/St—s< (5, 0n(s))

—U(s; pn-1(5)))d Ax (s)
+H(V(s,() = V(s on-1(5)))dAg (s)
+(W(s,0n(s)) = W(s, pn-1(s)))dAs(s)
+(H (s, on(s)) = H(s, pn-1(5)))ds]|¢-
By Theorem 2.5 and (v) of Definition 2.1, we get

I ont1(t) = @nlt) I} < 6M2K(T)2/ ¢ {IU (s, ¢n(s))

to

~U(s, pn—1(5))|I2

HV (s, 0(5)) = V (s, on1(3))I[2

HIW (s, 0n(3)) = W (s, pn-1(s))lIg

+H||H (s, pn(s)) = H(s,on-1(s))l[E}ds.  (7)
By definition 2.3, we have

I M(s, pn(s)) = M(s, 0n-1(5)) lle < K () || 9n(5) = 0n-1(5) llone
for each M € {U,V.W, H}. Thus, there exists &y € On(€) satisfying
I on(s) = n-1(5) llopge =l Pn(s) = Pn-1(s) lley, -
Using (7), we obtain

I ons1(t) = @nlt) I < NC(T)Ls/ '™ || @n(s) = n-1(s) [, ds

to

= NC(T)Lge

t
x / e || on(s) — onoa(s) I, ds.  (8)
0

Where

I ons) = pnna(s) o=, max [ @n(s) = @na(s) g, - (9)
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and N = M?, C(T) = 6K(T)?,
Le =ess sup | Ke(s) = Z K%V[(s)2
s€[0,T] Me{U,V.W,H}
Continuing the iteration and replacing & with & in (9), yields
| pnt1(t) = n(t) | < N*C(T)?LeLe, ¢

t S
<[ e = onale) [, d'ds
to Jto
t S1 Sp—2
SN”C(T)"M(E)”et/ d31/ dSQ.../ dsp—1
to to

Sn—1
x / e | 91(5n) — @ol(sn) |2 sy (10)

to

where M,,(§) = max{L¢ j,j = 0,1,...,n — 1}, M(§) = sup,en{Mn(§)},
and L¢ j, 7 =0,1,...,n — 1 are positive real numbers.

Since the map s — ||p1(s) — 2ol|¢ is continuous on I, we obtain,

Re, = supye; 91(5) — 20lle, < 00 and put Re = suppen{Re, } in (10) to
get

n Tn
| @us1(t) = on(®) I3< INCTIME)"eT—RE,n = 0,1,2, ..
For n > k we get,

I on41(t) = Prra(t) lle= [Zmaprr (Pmr1(t) = om(t)) e

<Ykt lomai(t) — om(t)|le

<5, Z <[NC(T)M(£)]me)§<OO.

m!
m=k+1

Showing that ¢, (t) is a Cauchy sequence in B and converges uniformly

to ¢(t).
Now since ¢, (t) is adapted and absolutely continuous, the same is true

for ¢(t).
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Next, we show that (t) satisfies Eq. (2).
Let o(to) = zo and by (8), there exists £ € IDQF such that

| t S(t = 9)[U(s,n(5))d Ax (s) + V (s, on(s))dAg (5)
+ W (s, 0n(s))dAs (s) + H(s, ¢n(s))ds]||Z
=] St =9)[U(s, ¢(s))d Ar (s)

+V(s,0(s))dAg (s) + W (s, 0(s))dAs (s)
+ H(s,p(s))ds]||

=l | St —s)(P(s,0n(s)) — P(s, 0(s)))ds][z

to

t
< NC(T)Lg¢e" x / e’ || pn(s) —p(s) Hg ds — 0 as n — oo.
to

Since @, (s) — ¢(s) in B uniformly on [tg, T], we have

p(t) = lim pni(t)

n—00
t

= S(t)zo + 11113010( t S(t—s)(U(s,pn(s))d Ar (s)

+ V(s on(s))dAg (s)

+ Wi, on(s))dAs(s) + H(s, pn(s))ds)
= S(t)zo + t S(t—s)(U(s,p(s)d Ar (s)

+ V(s,0(s))dAg (s)
+ Wi(s,@(s))dAs(s) + H(s,p(s))ds),,t € I.

This shows that () is a solution of Eq. (2).

Uniqueness

Suppose that y(t),t € [to, T] is another adapted absolutely continuous
solution with y(t9) = 2o, then just as we established the above result,
we obtain

I o(t) = (0 I3 INCTIMOIe" o sup || o(t) = (0 [3< 0. (1)
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By the right hand side of Eq. (11), we conclude that for n € N,
| o(t) —y(t) ||e= 0 and ¢(t) = y(t) on IDRXF, t € I. Hence the solution
is unique.

4 Stability

In this section, we show that under the condition (v) of Definition 2.1,
the solution of Eq.(2) is stable.

(a) let the coefficients U, V, W, H satisfy the conditions of Theorem 3.1
and let z(t),y(t), t € [to, T] be solutions of Eq. (2) such that z(t9) = 2o
and y(to) = Yo, 20, Yo € B. The solution z(t) is stable under the changes
in the initial condition over a finite time interval as follows:

(b) Let L¢, N and C(T') be constants such that
Le = esssup K¢(s), C(T) = 12K(T)? and N = M?
sel

where K (T') is as defined in Theorem 2.3 and ||.S(¢)||¢ by (v) of Definition
2.1.
(c) Define the function K¢(s) as

Ke(s)= > (KM(s)?
Me{U,V.W,H}

Theorem 4.1. Let the conditions of Definition 2.1 hold and let € > 0
be given. Then there exists § > 0 such that if ||zo — yolls <9,
then [|z(t) —y(t)| <e Vt€[0,T].

Proof:
Let z,(t),yn(t), n = 0,1,... be the iterates corresponding to zp, yo re-
spectively. Let zo(t) = 2o and yo(t) = yo, 0 < ¢t < T. Then we get

I 2n41(8) = Yn41(2) lle < 1S(E = 5)(20 = vo)lle

+ (W(s, zn(s)) —
+ (H(s, 2n(s)) = H(s, yn(s)

9
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So that by applying Theorem 2.5 and condition (v) of Definition 2.1, we
obtain

I Zot1 () =yna (8) 1< 204220 — yol 2
+ 20| [ S(t = $)[(U (s, 2(s)) = U(s, yals))d Ar ()

(V(s,2(5)) = V(s,yn(5)))dA; (5)
(W(s, 2n(s)) = W(s,yn(s)))dAs(s)
+ (H (s, 2n(s)) — H(s,yn(s)))ds]||Z

_|_
_|_

I 2n1(t) = yns1(t) IE < 2N|l20 — yol[2

L NCT) / et U (5, 2(5)) — U (5, yn(5))| 2

V(s 2(8) = Vs, 9a(9))] 2
I (s, 2a(s)) = W (s, ya(s))]12
+ (H(s,2a(s)) — H(s, y(s)) |12} ds.

Since Definition 2.3 also holds for the coefficients U, V, W, H, we find
elements {nve € Om(§) € Fin(IDRE), M € {U,V,W, H} such that

| Zn+1(t)=Ynt1(t) IF< 2N]|20 — yol|f + NC(T)
t

X / e YT KM (s1)? |zn(s1)) - Yn(s1))|[2yr 1 )ds1
to Me{U,V,W,H}

< 2N/|z0 — yol|?

t
FNC@Leet [ & n(sr) = alon) s (12

to

where & € v M € {U, V.W, H}} satisfies

2 _ 2
| @n(s) = @n-1(s) llg, = e | on(s) = Pn-1(5) llgygs s
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where s € I.
Also, if we have & € IDRF then,

I 2n(s1) =yn(s1) 2 < 2N[I(20 — o)l

t
b ONC@Le [ etz (52) = par (o) s

S1

By (12), we obtain for t € [0, 7],

I 2ns1(t) = gnea () 2 < 2N (20 — y0)I¢
t
+ 2NC(T) ||z0 — yngLget/ e *tdsy
0

2 2
+ N2O(T)2LeLe et
/ / 92|01 (52) — i (52) |2, dsds.

Continuous iterations yields,
I 201(8) = ynr () IF < 2N |20 — wollg + 2NC(T) [0 — gollg, Lee"t
t S1
b 2NPCP oo =l LeLee” [ [ dsads
0o Jo
9 t S1
+ AN a0~ ol LeeLee” [ [
S92 S1
/ / d83d82d81
o Jo
t
+ ...+N”HC(T)(”“)eTLgL&L&...Lgn/ /
0 Jo

Sn
/ ||Zo(8n+1) — y0(8n+1)| |§n+1d51d52d83...d8n+1.
0

X

X

Now, by letting K(§) = sup,,en{Le¢, Le,, Leys -, Le,,
N € {€,&1,82, ..., &ny Ent1} so that if

HZU - yOHnn - max{||zo - yo”gj J=0,1,...,n+ 1}7
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we obtain
n+1 Tm
| zns1(t) = yna(8) 1E < 2¢7 |20 — woll2, Z[NC(T)K(@]’”W
m=0 ’
< 2]z — yOHin e(NC(T)K(§)+T) (13)

Thus, by taking the square root of both sides of (13) and letting n — oo,
we obtain ||z(t) — y(t)||§ <e

Take 0 = e[26<NC(T)K(5)T+T)]_%, for all t € [0, 7], and the desired result
is obtained.

Remark 4.2 If N < 1, we obtain the results in [1].
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