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Abstract Positive results are derived concerning the long time dynamics of fixed
step size numerical simulations of stochastic differential equation systems with
Markovian switching. Euler—-Maruyama and implicit theta-method discretisations are
shown to capture exponential mean-square stability for all sufficiently small time-steps
under appropriate conditions. Moreover, the decay rate, as measured by the second
moment Lyapunov exponent, can be reproduced arbitrarily accurately. New finite-time
convergence results are derived as an intermediate step in this analysis. We also show,
however, that the mean-square A-stability of the theta method does not carry through
to this switching scenario. The proof techniques are quite general and hence have the
potential to be applied to other numerical methods.
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1 Introduction

Stochastic differential equation (SDE) models are now widely used in many applica-
tion areas. Recently, models that switch between different SDE systems according to
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an independent Markov chain have been proposed. These hybrid SDEs are designed
to account for circumstances where an abrupt change may take place in the nature of
a physical process. In particular, important examples arise in mathematical finance,
where a market may switch between two or more distinct modes (nervous, confident,
cautious,...). For examples of such regime switching or Markov-modulated dynamics
models, see, for example [9,18,20] and the references therein.

Generally, hybrid SDEs cannot be solved analytically and hence numerical methods
must be used. Although it is intuitively straightforward to adapt existing SDE methods
to the hybrid case, the traditional numerical analysis issues associated with the resulting
methods have only recently received attention. Finite time convergence analysis of an
Euler—-Maruyama type method is given in [20]. In this work, we consider long time
dynamics, and in particular focus on exponential mean-square stability. Our work
therefore builds on the well known and highly informative analysis for deterministic
problems and its more recent extension to SDEs [2,4-8,10,11,14-16].

The issue that we address is: can a numerical method reproduce the stability beha-
viour of the underlying hybrid SDE? In the general nonlinear case for (non-hybrid)
SDEs itis known that Euler—Maryuma cannot guarantee to preserve exponential mean-
square stability, even for arbitrarily small step sizes; see [8, Lemma 4.1]. Hence, in
studying hybrid SDEs, we look for conditions under which positive results can be
derived in the small step size setting. As further motivation for the small step size ana-
lysis, we also point out (in Sect. 6.2) that a mean-square generalization of A-stability,
that is, unconditional numerical stability on stable problems, does not carry through
to the hybrid setting.

Section 2 sets up the hybrid SDE and Euler—Maruyama method. In Sect. 3 we look
at the case of a scalar, linear problem and obtain a precise result. Section 4 then derives
results for nonlinear systems. The analysis in Sect. 4 makes use of two properties of
the Euler—-Maruyama method: (a) a finite-time convergence property and (b) a flow
property. To emphasize the generality of the analysis, we show in Sects. 5 and 6 that
the results extend to a class of stochastic theta methods. A by-product of this work is
a finite-time strong convergence analysis of implicit methods for hybrid SDEs.

2 Hybrid SDEs and the Euler-Maruyama method

Throughout this paper, we let B(r) = (Bi(t), ..., Bn(t))T be an m-dimensional
Brownian motion. Also we let (¢) be a right-continuous Markov chain taking values
in a finite state space S = {1, 2, ..., N} and independent of the Brownian motion

B(-). The corresponding generator is denoted I" = (y;;)nx N SO that

. o vijd +o() + ifi#j,
Plra+ =7 1r=0=111 s 106) : ifi=
where § > 0. Here y;; is the transition rate from i to j and y;; > 0if i # j
while y;; = =2 j#i Yij- We note that almost every sample path of r(-) is a right
continuous step function with a finite number of sample jumps in any finite subinterval
of Ry := [0, c0).
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In this paper, we need to work on the probability space with a filtration {F;};>0
satisfying the usual conditions (i.e., it is increasing and right continuous while F
contains all P-null sets). To construct such a filtration, we denote by A/ the collection
of P-null sets, i.e. N = {A € F : P(A) = 0}. Foreacht > 0, define F; = o (F, UN),
where F; is the o-algebra generated by the Brownian motion and the Markov chain,
namely .7?, =0 (B(s),r(s) : 0 < s < t}. In other words, the filtration {F;};>0 we will
work on is the augmentation under [P of the natural filtration {]:}}tzo generated by the
Brownian motion and the Markov chain.

We will use | - | to denote the Euclidean norm of a vector and the trace norm of
a matrix. We will denote the indicator function of a set G by Ig. For x € R, int(x)
denotes the integer part of x. We let L_27:’ (£2; R", S) denote the family of F;-measurable

random variables of the form (£, p), where £ is R"-valued with E|£|?> < oo and p is
discrete and S-valued.
We consider n-dimensional hybrid It6 SDEs having the form

dx(t) = f(x(t), r(t))dt + g(x(t), r(t))dB(t) ()]

on t > 0 with initial data x(0) = xg and r(0) = rg such that (x(0),r(0)) €
szo (£2; R",S). We assume that

fiR'"xS—>R" and g:R" xS — RV

are sufficiently smooth for the existence and uniqueness of the solution (see, e.g.
[13,19]). We also assume that

f@,i)=0 and g(0,i) =0 Vi €S, (2)

so equation (1) admits the zero solution, x(¢#) = 0, whose stability is the issue under
consideration.

We now introduce an Euler—-Maruyama based computational method, which was
shown in [20] to be strongly convergent. The method makes use of the following
lemma (see [1]).

Lemma 1 Given A > 0, let r? = r(kA) fork > 0. Then {r{*, k =0,1,2,.. .}isa
discrete Markov chain with the one-step transition probability matrix

P(A) = (P;j(A)nxn = 2l A3)

Given a fixed step size A > 0 and the one-step transition probability matrix P(A) in

(3), the discrete Markov chain {rkA, k=0,1,2,...} can be simulated as follows. Let

roA = ip and compute a pseudo-random number &; from the uniform (0, 1) distribution.

Define

i ifi € S—{N} such that
1 .
rlA = le/:vl Iljr()A’j(A) <é& < zlj=1 PrOA)j(A),
N if Zj:l PrOA,j(A) <&,
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where we set Z?:] Pa (4A) = 0 as usual. In other words, we ensure that the proba-
bility of state s being chosen is given by ]P’(rlA =5) = PrOA’ ;(A). Generally, having

computed rOA, rlA, rZA, el rkA, we compute rkAJrl by drawing a uniform (0, 1) pseudo-

random number &1 and setting
i ifi € S— {N} such that
~ )
21 Pra j(8) S i1 < 205 Poa j(4),
N if 35 P (4) < &

A
Try1 =

This procedure can be carried out independently to obtain more trajectories.

Having explained how to simulate the discrete Markov chain, we now define the
Euler—-Maruyama (EM) approximation for the hybrid SDE (1). The discrete approxi-
mation X ~ x(#), with #y = kA, is formed by simulating from X¢ = xo, rOA =719
and, generally,

Xir1 = Xi + f (X, i) A + ¢ (Xi, 1) ABy, )

where ABy = B(ty+1) — B(#t). In words, rkA defines which of the N SDEs is cur-
rently active, and we apply EM to this SDE. Compared with the numerical analysis
of standard SDEs, a new source of error arises in the method (4); the switching can
only occur at discrete time points {f;}, whereas for the underlying continuous-time
problem (1) the Markov chain can produce a switch at any point in time.

Strong convergence of this EM method was studied in [20]. In this paper, our
emphasis is on (a) analysing mean-square stability and (b) deriving and analysing
appropriate implicit methods.

3 Scalar linear problems

We begin our study with the special but important case of scalar linear hybrid SDEs
of the form

dx(t) = pn(r)x@®)dt + o (r()x@)dB(@), x(©0) £0 a.s., 5)

on ¢t > 0. Here, to avoid complicated notations, we let B(¢) be a scalar Brownian
motion while u and o are mappings from S — R. One motivation for studying this
class is that sharp stability results can be derived, allowing for comparison with the
more general nonlinear results that we derive in subsequent sections. However, we
also note that volatility-switching geometric Brownian motion is a realistic model in
mathematical finance [9] and hence the qualitative behaviour of numerical methods
on this model is of independent interest.
It is known that the linear hybrid SDE (5) has the explicit solution

t

t
x (1) = xo exp /[M(V(S) — 30%(r(s))lds +/0(F(S))dB(S) : (6)
0

0
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Making use of this explicit form we are able to discuss mean square exponential
stability precisely.

As a standing hypothesis, we assume moreover in this section that the Markov chain
is irreducible. This is equivalent to the condition that for any i, j € S, we can find
i1,12, ...,k € Ssuch that

YiitVivia = Vig,j > 0.

Note that I" always has an eigenvalue 0. The algebraic interpretation of irreducibility
isrank(I") = N — 1. Under this condition, the Markov chain has a unique stationary
(probability) distribution 7 = (71, 72, ..., 7TN) € RN which can be determined
by solving # I" = 0, subject to Zyzl mj=1landm; > Oforall j € S. The following
theorem gives a necessary and sufficient condition for the SDE (5) to be exponentially
stable in mean square.

Theorem 1 The second moment Lyapunov exponent of the SDE (5) is

. 1 2 2
Jim - log(Elx (1)]*) = Z;‘nj(zuj +o7), (7
JE

where we write u(j) = uj and o (j) = 0. Hence the SDE (5) is exponentially stable
in mean square if and only if

> 7i@uj+o}) <0. )
jes

Proof 1t is well known (see, e.g., [1]) that almost every sample path of the Markov
chain r(-) is a right continuous step function with a finite number of sample jumps in
any finite subinterval of Ry := [0, c0). Hence there is a sequence of finite stopping
times0 =15 < 7] < -+ < Ty — 00 such that

o]

r(t) = D r@) g (0. 1= 0.

k=0
For any integer z > 0, it then follows from (6) that

tAT;

lx(t A T)* = |xol* exp / [2u(r(s)) — o2(r(s))]ds

0
IAT,

Z

+ / 20(r(s))dB(s)

0

@ Springer
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AT,
= £(t A T,) exp [— / 207 (r(s))ds
0

AT,

+ ZU(r(s))dB(s)]

(=}

z—1
=& [

k=0

where

IAT,
EtAT) = IXOIZCXP[ / [2u<r<s)>+02(r<s>)1ds],
0

£ = exp {—202(;»@ AT A Test — 1 A TE) 420 (7t A T))

X [B( A Tiyn) = B AT}

Let G; = o ({r(w)}u=0, {B(s)}o<s<:), that is, the o-algebra generated by {r(u)},>0
and {B(s)}o<s<;. Compute

z—1
Elx(t At)* = E(E(f ro ] ck)

k=0

z—1
—E [E(g(r re) [] o QMU)}
k=0

z—2
=E [ [é(t A T2) H fk:| E (cz_l Qthl)] . )

k=0

Define
£oo1(i) = exp {—20}(; AT, —t ATot) +20i[B(t AT,) — B(t A rz_l)]} , ieS.

By the well-known exponential martingale of a Brownian motion we have
E¢,—1() = 1,foralli € S. Then

E (Cz—l

gt\/rzfl) = E(Z I{r(tA‘L’zfl):i}gZ—l(i) g[V‘L’Zl)
ieS

= > lirnep=E (51®)|Givr. )
ieS
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But, noting that t A 7, —t A 7,1 is Gy, ,-measurable while B(t At;) — B(t AT,—1)
is independent of G\, ,, we have

E (¢-10)

gmz,l) =B 1() =1,

whence E (Q—l

QMH) — 1. Substituting this into (9) yields

=2
Elx(t AT)* = E [sa A T2) Hck} :

k=0

Repeating this procedure implies E|x(r A )? = BE(t A T,). Letting z — oo we
obtain

t
Elx(r)]> = E&(t) = E | |xol* exp / Ru@r(s) +o2rNds | | (10)
0

Now, by the ergodic property of the Markov chain (see, e.g. [1]), we have

t
1
tl_i)rgo;/[2u(r(s))+c72(r(s))]ds = an@uj +o)) =y as. (11
0 jES

Let ¢ > 0 be arbitrary. It follows from (10) that

t
e VTR Ix (1)) = E | |xol*exp | —(y — &)t + / [2u(r(s)) 4+ o2(r(s))1ds
0

By (11),

t

lim exp | —(y — &) + / 2u(r(s) + o (s)lds | =00 as.

t—00
0

Hence

lim e~ """ Ex (1) > = oo,
11— 00

which implies

IEE|x(t)|2 > eV forall sufficiently large .
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So,
o1 5
liminf — log(Elx(#)|7) > y —¢.
t—oo t

Similarly, we can show

1
lim sup — log(E|x(1)|*) < y +¢.

t—>o0 I
Since ¢ is arbitrary, the assertion (7) follows. O

We remark that for a single linear SDE of the form dx () = pux(t)dt +ox(t)d B(t),
where u and o are constants, Theorem 1 reproduces the well-known mean-square sta-
bility characterisation 2 + o2 < 0. On this problem class, it is known that certain
implicit methods, such as the trapezoidal rule, have an A-stability type property—they
match the exponential mean-square stability/instability of the SDE for all A > 0
[6,15,16]. In the more general hybrid case (5), Theorem 1 tells us that the same
quantity, 2i0 + o> < 0, appropriately averaged over the states of the Markov chain,
determines the stability. Intuitively, even though a numerical method such as the tra-
pezoidal rule can match the stability properties of a single linear SDE for all A > 0, it
is much more demanding to ask a method to maintain this behaviour over all possible
averages, especially those involving a mixture of individually stable and unstable pro-
blems. In Sect. 6.2 we spell out the details of this argument on a particular example,
and show that the A-stability analogue does not hold for a natural trapezoidal method.
This gives further motivation for the focus in this work on the A — 0 regime.

Given a step size A > 0, the EM method (4) applied to (5) gives X (0) = xo and

Xip1 = Xi [L+ nrHA+ o (r®)ABi], k> 1. (12)

We then have the following theorem.

Theorem 2 The EM approximation (12) satisfies

: 1 2 2 2 2\2
Jlim —log (E[xn]) => mQuj+o)+A> 1 (;aj — (uj+0d) )
Jj€S jes
+0(A%) (13)

as A — 0. Hence, the numerical method matches the exponential mean-square sta-
bility or instability of the SDE, for sufficiently small A.

Proof For any integer z, it follows from (12) that

z

2

1Xeral> = lxol [[ Yo, where ¥i=[1+u({)A+o)AB] .
k=0
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Using the o -algebra G; defined in the proof of Theorem 1, we compute

z z—1
ElX 1l = E(E [|xo|2 JIRE g]) = E(|xo|2 [[%E [Yz g])
k=0 k=0

But

E [YZ

g
—E [(1 F (A% +2(1 4 pr2) Ao (-2 ABy + 02 (r2) AB? g,z]

= (1 +p0H2)? +2(1 + p(2 Ao (rHE(AB,IG,) + o> (r2E(AB2|G,,)
= 1+ A+ 201+ pn(r2) Ao (r2E(AB;) + o (r2)E(ABY)
= (14 nrH2)? + o2 A.

Hence

z—1
EIX 1l = E(IXOI2[(1 +urH A+’ Hal[] Yk).
k=0

We compute furthermore that

7—2
E|X,41]% = E(|x0|2[(1 + A2 + 02 A H Y E [Yz_l g,“]).
k=0

But, in the same way as before, we can show that
E[Vmt|Giy ] = 0+ 102 )22 + 02024 A,

Hence
z z—2
ElX 1l = E(|xo|2 [ [T ta+uetHa?+ oz(rf)m] I1 Yk).

k=z—1 k=0

Repeating this procedure we obtain

Z
EIX 11> = IE(|xo|2 [Tra + ne®Ha + a%r,?m]),
k=0

which we re-write as

E|X:i” = E [ [xol” exp [Z log (1 + () 4)* + oz(rfm)} ] e

k=0
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By the ergodic property of the Markov chain, we have

1
lim
700 7 +

= 7 log ((1 + 0+ o}A)
jes

=S ((zuj + 0D A+ 3AY = L)+ 0D A + 0(A3)) .
jesS

=" log (A +10H2)? + 0201 a)
k=0

Using this in (14) gives the required result (13). O

4 Nonlinear systems

To study exponential mean-square stability for EM (4) on nonlinear systems (1), we
find it convenient to extend the numerical method to continuous time. Thus, we let

X(t) =Xy, r(t)=rf, forteln, 1), (15)

and take our continuous-time EM approximation to be

t

t
X(1) =XO+/f(X(S),f(S))dS+/g(X(S),f(S))dB(S)- (16)
0

0

Note that X (z;) = X (1) = X, thatis, X (z) and X (¢) interpolate the discrete nume-
rical solution.

Following the standard definition for SDEs, [3,12], we define exponential stability
in mean square for the hybrid SDE and continuous time numerical method as follows.

Definition 3 The hybrid SDE (1) is said to be exponentially stable in mean square if
there is a pair of positive constants A and M such that, for all initial data (xq, 7(0)) €
L%, (2;R",S),

Elx(t)|> < ME|xo|?e™*, Vi > 0. (17)

We refer to A as a rate constant and M as a growth constant.

Definition 4 For a given step size A > 0, the EM method (16) is said to be expo-
nentially stable in mean square on the hybrid SDE (1) if there is a pair of positive
constants y and H such that for all initial data (xg, 7o) € szo(.Q; R",S)

E|X(1)]* < HE|xo|>e™ ", Vt>0. (18)
We refer to y as a rate constant and H as a growth constant.

@ Springer



Hybrid stochastic differential equations 305

Building on Sect. 3, our aim is to find conditions under which the numerical method
reproduces the stability behaviour of the underlying problem, for sufficiently small A.
In order to do this, we introduce some conditions and perform preliminary analysis that
establishes second moment boundedness and an appropriate form of strong conver-
gence under a global Lipschitz assumption. The results and proofs in this section are
an extension of those in [8] from the standard SDE case.

Assumption 5 (Global Lipschitz) There is a positive constant K such that
1f (i) = F DIV Ig(x, i) — g (v, )P < Klx — yI? (19)

forall (x,y,i) e R" x R" x S.

Recalling (2) we observe from this assumption that the linear growth condition
|f PV Ige DI < Klxf? (20)

holds for all (x, i) € R" x S.
Let us now present a number of lemmas that will lead to our “if and only if” result.
First, we derive a basic growth bound.

Lemma 2 [f (20) holds, then for all sufficiently small A the continuous EM approxi-
mate solution (16) satisfies, for any T > 0,

sup E|X(1)|* < Byy.1, 21)
0<t<T

where By, T = 3E|X0|2€3(T+1)KT. Moreover, the true solution of (1) also obeys

sup Elx(1)|* < By 1- (22)

0<t<T

Proof By (20), we derive from (16) that, for0 <7 < T,

t t
Emnnz5NMMF+2TE/[ﬂX@yﬂ@ﬁn+QE/HgX@Lﬂan
0 0

t
53mmﬁ+xr+nK/EwQWM.
0
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Since the right-hand side term is non-decreasing in ¢, we have
n
sup E|X(1)|)? < 3E|xo> +3(T + 1)K/1E|X(s)|2ds

0<t<n 0

0<t<s

13l
< 3E|xo)* + 3(T + l)K/( sup ElX(t)|2)ds,
0

for any #; € [0, T]. The continuous Gronwall inequality [12] hence yields

sup E|X(1)[* < 3E|xo?’TTDET
0<t<T

which is the required assertion (21). Similarly, we can show (22). O

The next lemma bounds the effect of replacing the right-continuous Markov chain
by the interpolant of the discrete time Markov chain.

Lemma 3 If (20) holds, then for all sufficiently small A, X (1) in (15) obeys

0<t<T

T
]E/If(?_f(S),r(S)) — f(X(s),7(s))|*ds < prA sup E|X(1)* (23)
0

and

T
E / 1g(X(s), 7(s)) — g(X(s), 7(s))|*ds < BrA sup E[X(1)|? (24)
0

0<t<T
forany T > 0, where fr = 4KT N[l + maxi<i<n(—Vii)]

Proof Let j = int(T/A). Then

T
]E/ |f(X (), 7()) = f(X (), r()ds
0

j Tk+1
= Z]E / |f (X (1), (1) — f(X (1), r(5))|*ds (25)
k=0

3
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with, for convenience, ;11 being redefined as T'. By (20), we compute

Te+1
E / |f(X (1), r (1) — f(X (1), 7(s))|ds

Tk
Tk41

<2E / (17 (R0, @D + £ R, )P T ronds

73
T41

§4K]E/ X (1) Iir(5) r () s

Ik
Tk1

§4K/E[E[IX(tk)IZI{m)#r(tk)}|’("<)Hds

Tk
T+1

=4 [ E[B[1X00Prw)] E [ muira]]ds 26)
174

where in the last step we used the fact that X (#) and I{r(5)#r (1)) are conditionally
independent with respect to the o-algebra generated by r(#;). But, by the Markov

property,

E [Iiroyran 7 @)] = D Irap=i P (s) # ilrt) = i)

ieS
= Tp=iy D_ij(s — ) + o(s — 1))
ieS j#i
=< (lrSnéXN(—Vii)A + O(A)) > =iy
ieS
<yA, (27)
where y = N[1 + max;<;<n(—¥ii)]. So, in (26)
T+1 Tkt
E / |f X @), r (@) — (X (), r(s)Pds <4KP A / EIX (1) ds.
t 173
Substituting this into (25) gives
T j tht1
7 ~ o 2 - 7 2
IE3/|J‘(X(S),V(S)) — f(X(s), r(s)]"ds < 4KVAZ / E|X ()| ds
0 k=0 j
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<4KTPA sup E[X(1)%
0<t<T

which is the required assertion (23). We can show (24) similarly. O

The next lemma shows that EM has strong finite-time convergence order of at
least 1. This basic property was already derived in [20, Theorem 3.1]. However,
Lemma 4 below establishes a ‘squared error constant’ that is linearly proportional
to supy«,; 7 E|X (1)|?, and clarifies the dependence of C upon T—these features are
important in the subsequent analysis.

Lemma 4 Under (2) and Assumption 5, for all sufficiently small A the continuous
EM approximation X (t) and true solution x (t) obey

sup E|X (1) — x(1)]? 5( sup ]ElX(t)lz)CTA (28)

O=<t=T 0<t<T
forany T > 0, where
Cr = 4T + D[Br + K2T (1 4 2K)[SKT+DT

and Bt has been defined in Lemma 3.

Proof We compute from (1) and (16) that, for0 <z < T,

1
E|X (1) — x(t)|* < 2TE / |f(X(5), 7(5)) — f(x(s), r(s))[*ds
0
t
+2E / lg(X(5), 7(5)) — g(x(s), r(s))[*ds
0
t
< 4K(T + 1)/JE|>‘((S> _ x(s)|Pds
0
t
+4TE / |f(X(5), 7(5)) — f(X(s), r(s))[*ds
0
t
+4E / 1g(X(5), 7(5)) — g(X(s), r(s))|*ds
0
t
< 4K (T + 1)/E|X(s) — x(s)|%ds
0

0<t<T

+4(T + l)ﬁTA( sup E|)_((t)|2), (29)
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where Lemma 3 has been used. Moreover, note
EIX(s) = x(9)I* < 2E[X(s) = X()I> +2E|X (s) — x(s) . (30)
Letk = k(s) = int(s/A),s0 kA < s < (k + 1) A. It then follows from (16) that
X(s) = X(s) = X(5) = Xi = f (X, 1) (s — kA) + g(Xi, ) (B(s) — B(kA)).

Thus, for A < 1/(2K),

E|X (s) — X(s)|* < 2(A%* + AHKE|Xx)* < (1 + 2K)A( sup IElX(t)|2). (31)

0<t<T

Combining (29)—(31) yields

t
E|X (1) —x(1)|> < 8K(T + 1)/E|X(s) — x(s)|?ds
0

+4(T + D[Br + K2T (1 + 2K)]A( sup EIX(I)Iz).

0<t<T

The continuous Gronwall inequality hence implies that, for any ¢ € [0, T],

EIX(t) —x(0)* < ( sup EIX(t)|2)4(T + DIBr + K2T(1 + 2K)]ASKT+T

0<t<T

which is the required assertion. O

Using the bounds from Lemmas 2—4, we now derive two results that relate the
exact and numerical stability behaviour. They can be proved by adapting the proofs in
[8, Lemmas 2.4 and 2.5] to allow for the Markovian switching. For completeness, we
give proofs in the Appendix.

Lemma 5 Let (2) and Assumption 5 hold. Assume that the hybrid SDE (1) is expo-
nentially stable in mean square, satisfying (17). Then there exists a A* > 0 such that

for every 0 < A < A* the EM method is exponentially stable in mean square on the

SDE (1) with rate constant y = 1 and growth constant H = DM HI+@Elog M)/

Proof See the Appendix. O
The next lemma gives a result in the opposite direction.

Lemma 6 Let (2) and Assumption (5) hold. Assume that for a step size A > 0, the
numerical method is exponentially stable in mean square with rate constant y and
growth constant H. If A satisfies

Core’T(A+VA) +1+ VA <ei?T and Cra <1, 32)
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where T := 1+ (4log H)/y, then the hybrid SDE (1) is exponentially stable in mean
square with rate constant .. = 1y and growth constant M = 2H e’

Proof See the Appendix. O
Lemmas 5 and 6 lead to the following equivalence result.

Theorem 6 Under (2) and Assumption 5, the hybrid SDE (1) is exponentially stable
in mean square if and only if there exists a A > 0 such that the EM method is
exponentially stable in mean square with rate constant y, growth constant H, step
size A and global error constant Ct for T := 1 + (4log H)/y satisfying (32).

Proof The result follows almost immediately from Lemmas 5 and 6. O

Theorem 6 is a positive result, showing that the underlying problem and the EM
discretisation have equivalent stability behaviour for sufficiently small step sizes.

Lemmas 5 and 6 produce new rate constants that are within a factor | of the
given ones. From the proofs, it is clear that we could match the rate constants more
closely at the expense of larger growth factors. Our analysis may thus be interpreted
as showing that upper bounds on the second moment Lyapunov exponents of the
exact and numerical processes can be made arbitrarily close. These ideas could be
formalized by copying directly the approach for non-hybrid SDEs in [8], and hence
we omit the details.

5 Generalised results

Theorem 6 applies to the EM method. However, by examining the proofs of Lemmas 5
and 6 we see that the specific form of the numerical method was not exploited—the
results presented there will hold for any numerical method applied to the SDE (1)
as long as the corresponding continuous approximate solution X (¢) obeys the strong
convergence property (28) and the “flow property” defined below. This observation
leads to the more general treatment below.

We suppose that a numerical method is available which, given a step size A > 0,
computes discrete approximations X; & x(kA), with Xo = xo. We also suppose that
there is a well-defined interpolation process that extends the discrete approximation
{Xk}k>1 to a continuous-time approximation {X (1)};cr,, with X (kA) = Xi. We
require the numerical method to obey the following flow property.

Definition 7 The numerical method is said to obey the flow property if for any T that
is a multiple of A, the continuous-time approximation X (¢) restricted to [T, 00) is
the same as that when the numerical method is applied to the SDE (1) on ¢ > T with
initial data X (T) and r(T).

In other words, under the flow property, if we apply the numerical method to the
SDE

dx(t) = f(x(t), r())dt + g(x(t), r())dB(t) ont>T = nA,
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withx(T) = X, andr(T) = rnA, producing a continuous-time approximation denoted
by Y(¢),then X(¢) = Y(¢) fort > T.
Next, we formalize the required strong convergence condition.

Condition 8 For all sufficiently small A the continuous approximation X (t) satisfies,
forany T > 0,

sup E|X(1)]> < 00 (33)
0<t<T
and
sup E|X(1) — x> <| sup E|[X(1)]* |Cra (34)
0<t<T 0<t<T

where Ct depends on T but not on xo, ry and A.

It is useful to remark that Condition 8 guarantees a finite second moment of the
true solution, that is,

sup Elx(1)|*> < oo, VT > 0.
0<t<T

Extending Definition 4 to a more general numerical method in the natural way, we
then have the following general result.

Theorem 9 If Condition 8 holds, then the assertion of Theorem 6 follows for a
numerical method that has the flow property.

Motivated by Theorem 9, in the next section we give a class of methods that have
the flow property and obey Condition 8.

6 Stochastic theta method
6.1 Definition

In this section we introduce the class of stochastic theta methods (STMs) and show that
they fit into the framework of Theorem 9. We note that establishing strong finite-time
convergence (Lemma 10) in this hybrid setting is of interest in its own right.

Given a step size A > 0, with Xo = xo and rOA = ro the STM is defined for
k=0,1,2,...by

Xir1 = Xi + [(1 = 0) f (Xie, rE) + 0 X1, rEIA + (X, i) ABy,  (35)

where 6 € [0, 1] is a fixed parameter. Note that with the choice 8 = 0, (35) reduces to
the EM method. In this case we have an explicit equation that defines X3 1. However,
(35) generally represents a nonlinear system that is to be solved for Xy given Xj.
The following lemma concerns the existence of a solution to the implicit equation.

Lemma 7 Under Assumption 5, if A is sufficiently small that AONK < 1, then
equation (35) can be solved uniquely for Xy given Xy, with probability 1.
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Proof Define, for u € R”
F(u) = Xi + [(1 = 0) f (Xp, i) + 0 (u, i) A + (X, 1) ABy.
Then (35) can be written as Xz+1 = F(Xx+1). Using (19), we have
|F(u) — F)| = |0f u, r2)A = 0f (v, 1) Al < 0AVK |[u — v|, Vu,v € R™.

By the classical Banach contraction mapping theorem [17], F(«) has a unique fixed
point, which is Xj1. O

6.2 Linear stability of the stochastic theta method

In this subsection we make a slight digression in order to study the linear stability
behaviour of the stochastic theta method. Applied to (5) the method (35) gives

Xir1 = Xi + (1 = O Ap®) Xe + 0 Apr) Xap1 + 0 (rf) X ABy.
In the case of a single SDE, where N = 1, and u(1) = p and (1) = o can be

regarded as constants, if 1 — 8 A # O then after rearranging, squaring, and taking
expectations we have

E[X]= ((1 - (1(1__9);;;)2; Aoz) E[XE].

It follows immediately that

, (14 (1 —-60)An)? + Ac?
1 E[X2] —0 — 1.
Pl R (1 —0Ap)> =

Asshownin [6,15,16] we may conclude that for 6 > 1 the method has the “A-stability”
property

problem stable = method stable for all A,
and for 6 = 1 we have perfect stability/instability preservation
problem stable <= method stable for all A.

For the general hybrid version (5), however, the theta method cannot maintain this
excellent behaviour. For simplicity, consider a two-state (N = 2) problem where
y12 = y21 > 0. In this case the stationary distribution has 71 = 7wy = 1. If we let
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Fig. 1 Light curves lower 10 1 020
paths of | Xy | for the 6 = %

method on the stable 2-state

problem (5) with xg = 1,

Yiz=va1 =1 =-1,

o1 =0,ur =0andop =1,

using step size A = 4. Dark

curves upper as above with X,
A=10 k

w1 = —1,01 =0, up = 0 and 0o = 2, so that state 1 corresponds to deterministic
exponential decay and state 2 corresponds to exponential Brownian motion, then

2
an(2uj +O’]2) =-L
j=1

So by Theorem 1 we have lim;_, o, E[x (t)z] = 0. However, analysis similar to that in
the proof of Theorem 2 shows that for the theta method with 6 = }

(1-14)

2

)—i—;log(l +4) <0,
k— 00
and the condition on the right simplifies to

(1—1A)2(1+4)
1+ %A)2

This inequality holds for sufficiently small A (and such behaviour could also be dedu-
ced from the analysis in Sect. 6.3) but fails for A >~ 4.8. In summary, there is a stable
problem of the form (5) for which the 6 = | method loses stability for sufficiently
large A, showing that the A-stability property does not carry through.

We illustrate this behaviour in Fig. 1. Note that the vertical axis is scaled logarithmi-
cally. Here, with xo = 1 we computed 10 paths of the 6 = ] numerical solution over
[0, 103]. The light curves (lower) show | X | for A = 4 and the dark curves (upper)
for A = 10. The results are consistent with a change from mean-square stability to
mean-square instability.
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6.3 Nonlinear systems

In the remainder of this section, we always let A be sufficiently small for the stochastic
theta method to be well defined. Let us now define the continuous approximation by

t
X (1) =xo + /[(1 —0) f(z1(s), 7(5)) + 61 (22(5), 7(s))1ds
0

t

+/g(z1(S), r(s))dB(s), (36)

0

where
71(t) = Xk, z22(t) = Xgy1 and r(t) = rkA fort € [kA, (k + 1)A).

Note that X (kA) = X, and hence X (¢) is an interpolant to the discrete stochastic
theta method solution. We also note that z1(kA) = zo((k — 1)A) = X.

It is clear that the stochastic theta method defined in this way has the flow property.
Working towards a proof that Condition 8 is satisfied, we now develop some second
moment bounds.

Lemma 8 Under (20), for all sufficiently small A (< 1/(2+2K) at least), the conti-
nuous approximation X (t) defined by (36) satisfies

sup E|X(1)* < arElxol?>, VT >0, (37)

0<t<T
where ar = 3 + 12K (T + 1)e2CH4K)T+1),

Proof It follows from (35) that

EIXe i1 = BIXe + 28 (X101 = 0) f (Xe, i) +0F (Xesn, 7{)14)
+E[[(1 = 0) f (Xk, 1) + 0f Xpeg1, rA + g(Xi, r,?)ABk|2.
By the elementary inequalities
2uTv < |uf> +v]* and |(1 —6O)u+60v]* < |ul® + v, VYu,veR",
as well as (20), we then compute
B|Xi1 P SEIXGP+AE [ (1= 0 +6D) Xl + £ (Xes rOP + 1 Xt )P

+2E (1f X i) PA2 4+ 1 (Xt i) PAR + 19X rf) P AB2)

@ Springer



Hybrid stochastic differential equations 315

< EIXGP + AR 1P + KIXi? + K1 Xe 1 )]
+2KE (X242 + [ Xip1 A% + Xi24)

< EIX¢l* + 2+ 3K)AE| Xk * + (1 + K)AE|Xgy1 17, (38)

where we have noted that 2K A < 1. Let M be any positive integer such that M <
int(7/A) 4+ 1. Summing the inequality above for k from 0 to M — 1, we obtain

M—1 M—1
ElXul* < ElXol* + @ +3K)A D" EIX; > + (1+ K)A D E[Xpyi
k=0 k=0
M—1
< Elxol + G+4K)A D EIX; > + (1 + K)AE| X y|*.
k=0

Noting that (1 + K)A < 1/2, we have

M-1
E|Xy[* < 2Elxol® + 203 +4K)A D EIXyl”.
k=0

Using the discrete Gronwall inequality (see, for example, [12]) and recalling that
MA < T + 1, we obtain

E|Xy|* < 2Elxo[?e*CH02M < a7 E|xo|?,
where a7 = 2¢*GH4K T+ Recalling the definitions of z1(r) and z»(7) we see

sup Elz;(1)> < arElxl?, j=1,2. (39)

0<t<T

It can be shown easily from (36) and (20) that, for0 <zt < T,
t
E|X (1)|* < 3E|xo|> + 3K (T + 1) /[]Elzl(s)lz + Elz2(s)|*)ds.
0

By (39) we have
EIX (1)]* < [3+6Kar(T + DIElxol?, ¥ €0, T],

which is the required assertion (37). O

Lemma 9 Under (20), for all sufficiently small A (< 1/(4 4+ 6K) at least),

E|Xis1]* < 2E|X¢|*, Vk > 0.
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Proof 1t follows from (38) that
2 ) 1 2 1 2
E|Xkt11” < E|Xk] +§]E|Xk| + ZE|Xk+1|

and hence the assertion follows.

Lemma 10 Under (20), for all sufficiently small A (< 1/(4 + 6K) at least), the
continuous approximation X (t) defined by (36) satisfies

sup {E|X(r>—m(t)|2vE|X<t)—zz(r)|2} <2(K+1)A sup E|IX(0)*, (40)
0<t<T 0<t<T

forall T > 0.
(]

Proof Givenany 0 < t < T,letk = int(T/A), so kA <t < (k + 1)A. It follows
from (36) that

X(1) —z21(0) = [(1 = 0) f (X, 1) + 0f Kiy1, 7] (1 — kA)
+2(Xi, r)B(1) — B(kA)], (41)

and

20 = X0 = [(1 = 0) f (X, ri®) + 0f Xpeg1, 7] (k + 1A — 1)
+g(Xi, r)[B((k + 1)A) — B(1)]. (42)

By (20) and Lemma 9, we compute from (41) that

EIX (1) — 210> < 242K (E|Xk|* + E|Xi411%) + 2AKE| X |?
< (6A%K + 2AK)E| X |?
< 2K + 1A sup E|X(1)%,

0<t<T

where we have used the condition that 6AK < 1. Similarly, we can show the same
upper bound for E|z5(¢) — X (t)I2 and hence the assertion (40) follows. O

Lemma 11 [f (20) holds, then for all sufficiently small A,

T
E / lp(z1(s), 7(5)) — @(z1(s), 7(5))[*ds < ﬂTAOsupTlEm(t)F (43)
<t<
) <i<

and

0<t<T

T
E / | f(z2(5), 7(5)) — f(z2(5), 7(s))|?ds < BrA sup Elza(s)>  (44)
0

forany T > 0, where ¢ is either f or g and Br is defined in Lemma 3.
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Proof Assertion (43) can be proved in the same way that Lemma 3 was proved because
z1(t) is an Fy-adapted step process like X (¢). However, z2(¢) is not Fi-adapted so
assertion (44) requires a more careful treatment.

Let j = int(T/A). Then

T
]E/ | f (z2(5), F(5)) = [ (22(s), r(s))Pds
0

Ti+1

J
=>E / |f Kigt, 7)) = f Kiqt, () *ds, (45)
k=0

Tk
with 711 being now set to 7. By (20), it is easy to show that

Tk+1

E / |f (Xig1, 7 (1)) = f(Xis1, 7 () ds
13
Tk+1

<2K / E [ IXes1 P s trn | ds- (46)

Ik

But, by the Markov property,

E [|Xk+1 |2I{r(s)9ér(tk)}:|

= / Z]E |:|Xk+l|2l{r(s);ﬁi}|xk =ux,r(t) = i] P{Xy = dx, r(tx) = i}.
Rn ieS

Given that X; = x and r(t;) = i, we see from (35) that
X1 =x+[(1 = 0) f(x,0) +0f (Xiq1,1)]A + g(x, i) ABy, 47)

whence Xy depends on ABj which is independent of the Markov chain. In other
words, X1 and I (5)»i) are independent given X; = x and r(#) = i. Hence

E [|Xk+l |2I{r(s);ér(tk)}:| = /ZE [|Xk+l|2|Xk =x,7(n) = i]
R» iES

xP{r(s) #i| Xk = x, r(ty) = i}P{Xy = dx, r(te) = i}.
(48)
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We compute that

P i, X = x, =i

_Plrs) # i, Xy = x|r (i) = i}
P{Xg = xlr(n) =i}

(49)

Noting that given r(#;) = i, the events r(s) # i and X} = x are independent, we have
P{r(s) # i, Xk = xlr(n) =i} =Plr(s) # ilr(t) = i}P{Xx = x|r(%) = i}.
Putting this into (49) and then recalling (27) we obtain
P{r(s) # i|Xx = x, r(a) = i} = P{r(s) #ilr(n) =i} < pA. (50)
Using this in (48) yields

E |:|Xk+1|21{r(s)7ér(lk)}:| = ?A/ZE [|Xk+l|2|Xk =x,r(R) = i]
R» iES

P{X = dx, r(t) = i}
= PAE|Xpq1 .

Substituting this into (46) implies

Tk+1
E / Lf (Xie1)s 7(80)) — £ (Xi1), 7 () Pds < 2K P A?E| X g1 .

3

Using this in (45) we obtain

k=0

T .
J
E / | (22(5), F(5) = £ (2a(9), r(s))Pds < 2KPA* D E|Xpy1
0

<2KTpA sup E|za(0))?,

0<t<T
which is the required assertion (44). m]
We are now in a position to establish Condition 8.

Theorem 10 Under (2) and Assumption 5 the stochastic theta method defined by (35)
with continuous extension (36) satisfies Condition 8. Since this method also has the
flow property, Theorem 9 applies.
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Proof The bound (33) is given by Lemma 8. Hence, it remains to show (34).
It follows from (1) and (36) that forany 0 <t < T,

t
X)) —x@) = / (1= f(z1(s),7(s)) — f(x(s), r(s))]
0
+0[f(z2(s5), 7 (s)) — f(x(s), r(s))] ds
t
+/(g(z1(S),f(S)) —g(x(s),7(s))) dB(s).
0

We hence compute that

t

EIX (1) —x(1)|* < 2TE / (1716 7)) = £, re)P

0

1 228, F6) = fx(0),r6)IP) ds

t
+2E/ 18(z1(5), 7(5)) — g(x(s), r(s))*ds
0

t

<4TKE [ (116) = 2P + [2266) = x(5)) ds
0

t
+4KE/ 1z1(s) — x(s)|>ds + J(T)
0
t
< J(T)+8K(QT + 1)/IE|X(s) — x(s)|%ds
0
t
+8K (T + 1)/ (EIX(S) — 21 +E|X(s) — zz(S)lz) ds
0

t
< J(T) +8K(Q2T + 1)/]E|X(s) — x(s)|*ds
0
+32K(K + )(T + )T A sup E|X ()%,
0<t<T

where Lemma 10 has been used in the last step while

T
J(T) := 4TE / (17 G16), 759 = F 1), PP
0
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1 (220, F(9) = £ z2(6), 1)) ds

T
+4E/ 1g(z1(5), 7(5)) — g(z1(s), r(5))|*ds.
0
But, by Lemma 11

J(T) < 4T + 1>ﬂTA( sup E|Z1(f)|2)+4TﬂTA( sup E|zz(r>|2).

0<t<T 0<t<T
However, clearly

sup Elz1(0]* < sup E[X ()]
OSTST OSZST

while, by Lemma 9,

sup Elza()?> <2 sup Elz1(1)]%
OSIST OSIST

So
J(T) < 43T + 1),BTA( sup E|X(t)|2).
0<t<T

We therefore have

0<t<T

EIX (1) — x(1)]* < CTA( sup 1E|X(t)|2)

t
+8K (2T + 1)/E|X(s) — x(s)|ds,
0

where C7 = 4(3T + 1)Br 4+ 32K (K + 1)(T + 1)T. An application of the continuous
Gronwall inequality gives a bound of the form

E|X (1) —x(1)]* < ( sup EIX(t)|2) CrA,

0<t<T

8KQT+1)T

where Cr = C_’Te . Since this is true for any ¢ € [0, T'], the result follows.

]
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7 Discussion

Our aim in this work was to give some rigorous justification for the numerical simu-
lation of regime switching SDE models. We have added to the existing literature [20]
by (a) showing that nonlinear exponential mean square stability can be preserved for
small step sizes and (b) showing that stable, convergent implicit methods exist. The
numerical analysis of this important problem class is still in its infancy, and hence
many open equations remain regarding issues such as: quantifying the benefits of
implicitness, searching for analogues of A-stability and deriving customized methods
for particular applications.

A Appendix: Proofs of Lemmas 5 and 6

Proof of Lemma 5 Set T = [int(4log M/(AA)) + 1]A, so that 4logM /A < T <
4logM /1 + 1 and

MeT Se*%”. (51)
For any o > 0,
EIX()]* < 1+ a)E|X (1) — x()* + (1 + 1/a)Elx(1)]*. (52)
So, using Lemma 4,

sup EIX(O* <1 +a) sup EIX(O*CarA+ (14 1/a)ME|xo|*.
0<r<2T 0<t<2T

For A sufficiently small, this rearranges to

1+ 1/a)ME|xo|?

. (53)
0<r<2T I-(+4+a)CrA

Now, taking the supremum over [T, 27'] in (52), using Lemma 4 and the bound (53),
and also the stability condition (17), gives

sup E[X(1)* < sup E[X(0)]* < R(A)E|xo)%, (54)
T<t<2T T<t<2T

where

I+ +1/a)

R = vt

CorAM + (1 + 1/a)Me™T.

Taking @ = 1/+/A and using (51) we see that for sufficiently small A
R(A) < 2V ACor M + (1 + N Aye™ 1T
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By taking A sufficiently small we may ensure that
R(A) < e 2T, (55)
which, in (54), gives

1 1
sup E|X(D))? < e M TE|xo)?> < e 2T sup E|X ()|
T<t<2T 0<t<T

Now, let x(¢) be the solution to the SDE (1) for r € [T, co) with the initial value
x(T) = X (T) and with the Markov chain starting from r(T) at t = T (so no change
in the Markov chain); that is,

t

t
dx(t) = X(T) + / fx(s), r(s))ds +/g()?(s), r(s))dB(s), t>T. (56)
T

T
This is the same as the SDE (1) except the time is switched by 7', so shifting (17) we

obtain
ElZ@)> < ME|X(T)|?e D vi>T. (57)

On the other hand, (16) gives

t

13
X)) =X(T)+ / F(X(s), 7(s))ds +/g()_((s), r(s))dB(s), t>T. (58)
T

T

Since T is amultiple of A, we seethat X (#) ont > T is the continuous EM approximate
solution to equation (56). Hence, applying Lemma 4 and the time shift, we have that

sup E|X(1) —i@)> < sup E|IX0)|* )Cora, Ve>T. (59)
T<t<3T 0<r<T

Then, analogously to (54), we have

sup  E|X (1) < R(AEIX (1)
2T <t<3T

Continuing this approach and using (55) gives

sup EIX(1)? < e 2 TEIXGT))?, fori >0,
(+DT<t<(i+2)T
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and hence

1 1
sup EX®O)]> <e 2 Te 2?7 sup  E|X(1)]?
(+DT<t<(i+2)T (—-DT<t<iT

< e TEHD o BIX (1) (60)
0<t<T

Witha =1/ VA in (53), for sufficiently small A we see that

sup E|X(1)]> < 2ME|xo|%. 61)
0<t<T

From (60) and (61) we have

IA

sup E|IX (1)) < e~ T+ MR x 2

(+1)T<t<(i+2)T
1 1 .
— 2M€7}\T]E|)C()|2€_EAT(1+2)

< 2M6%AT1E|XO|267%AT(1'+2)’
where 71 = 1 + (4log M)/x > T, and the result follows. O
Proof of Lemma 6 Using Lemma 4 and (18) we have, for any o > 0,

sup Elx())> < sup (1+a)EX(1®) —x®))? + (1 + 1/a)E|X ()] (62)
T<t<2T T<t<2T

<(U+4a) sup EIX©®) —x)>+ A+ 1/a) sup E|X ()]

T<t<2T T<t<2T
<(14a)CrA sup EXOP+A+1/a) sup EIX(@)P
0<r<2T T<t<2T

< (1 +a)Cor AHE|xo* + (1 + 1/a) HE|xo|?e 7T
< [(1 +a)Corae’T + (1 + 1/a)] HE|xoe 7T (63)

Taking « = 1/+/A gives

sup Elx(n)? < [CZTe”T(A VA 1+ «/Z] HE|xo2e T, (64)
T<t=<2T

. 3 _1 .
Since e 1VTH < ¢ 27T, using (32) we then have

3 1 1
sup Elx(1)|* < e " THE|xo|* < e 27 TE|xo|* <7277 sup Elx(r)]>. (65)
T=<t=2T 0<t<T
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Now let X (t) fort € [T, oo) denote the continuous EM approximation that arises
from applying the EM method with initial data x(7") and r(T) at time ¢t = T. Then,
analogously to (65),

1
sup Elx(0)> <e 2T sup Elx(1))>.
2T <t<3T T<t=<2T

Continuing these arguments we may show that

sip Ex@P<e 2’ sup  Ex@mP i1,

iT<t<(i+1)T (i—1)T<t<iT
and so,
2 —Lyit 2
sup Elx()| <e 2 sup E|x(1)|". (66)
iT<t<@i+1)T 0<t<T

Now, using (32),

sup Elx()> < sup E|X(1) — x>+ sup E|X(0)

0<t<T 0<t<T 0<t<T
< (CrA+ 1)HE|xo|?
< 2HE|xo|*.
In (66) this gives

1 . 1
sup  Elx(@)|> < e 270 DT o2v T g |xg|?,
iT<t<@(i+1)T

which completes the proof. O
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