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LINEAR DIFFUSION WITH STATIONARY SWITCHING REGIME

XAVIER GUYON!, SERGE IOVLEFF? AND JIAN-FENG YAO?

Abstract. Let Y be a Ornstein-Uhlenbeck diffusion governed by a stationary and ergodic process
X :dY; = a(Xy)Yidt + o(X¢)dWe, Yo = yo. We establish that under the condition o = E,(a(Xo)) < 0
with p the stationary distribution of the regime process X, the diffusion Y is ergodic. We also consider
conditions for the existence of moments for the invariant law of Y when X is a Markov jump process
having a finite number of states. Using results on random difference equations on one hand and the fact
that conditionally to X, Y is Gaussian on the other hand, we give such a condition for the existence of
the moment of order s > 0. Actually we recover in this case a result that Basak et al. [J. Math. Anal.
Appl. 202 (1996) 604-622] have established using the theory of stochastic control of linear systems.
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INTRODUCTION

The discrete time models Y = (Y,,,n € N) governed by a switching process X = (X,,,n € N) fit well to
the situations where an autonomous process X is responsible for the dynamic (or regime) of Y. These models
are parsimonious with regard to the number of parameters, and extend significantly the case of a single regime.
Among them, the Markov switching ARMA models are the most popular. Their use in econometric modeling
is due to Hamilton [7,8]. Their statistical study (¢f. for example [8-10,15]) has preceded their probabilistic
study. The ergodicity has been examined by Francq and Roussignol [6] and Yao and Attali [17]. In this last
work, the authors give:

(i) conditions for the stability of a non-linear AR process Y under the Markovian switching X;

(ii) conditions of existence of a moment of order s > 0 for the law of Y.
These two results, obtained under sub-linearity or Lipschitz conditions for the auto-regression function, are
preliminary tools for any estimation theory.

Our objective is to establish results similar to (i) and (ii) for a Ornstein—Uhlenbeck diffusion (denoted O.U.)
Y = (Yi,t > 0) with switching X = (X3,t > 0). We obtain a stability condition (i) for Y under general switching
X process which is assumed stationary and ergodic. The question (ii) has been studied in Basak et al. [1] in
the case of a Markovian switching X having finite number of states. Their approach relies on the theory of
stochastic control of linear systems (¢f. Mariton [14], Ji and Chizeck [12]). Our approach to these questions

Keywords and phrases. Ornstein—Uhlenbeck diffusion, Markov switching, jump process, random difference equations, ergodicity,
existence of moments.

1 SAMOS, Université Paris 1, France; e-mail: Xavier.Guyon@univ-parisi.fr

2 LMA, Université de Lille 1, France; e-mail: serge.iovleff@univ-lillel.fr

3 IRMAR, Université de Rennes 1, France; e-mail: Jian-Feng.YaoGuniv-rennesl.fr
© EDP Sciences, SMAI 2004



26 X. GUYON ET AL.

is different: we first investigate the ergodicity for the family of discretizations Y (9 = (Yos,n € N) using the
theory of random difference equations (c¢f. e.g. [3]). The ergodicity of the process Y itself is then obtained by
the approximation of Y by the discretizations. Here we also used the conditionally Gaussian character of Y.
For conditions ensuring the existence of moments, the study of the discretizations is also helpful because they
have the same stationary distribution as the original Y. Some simple manipulations show that our result to
Question (ii) is equivalent to the one given by [1].

The linear diffusion model with switching is presented in Section 1. In Section 2, the condition (i) for the
ergodicity of Y is established when the switching X is stationary. Then in Section 3, assuming the particular
case where X is a Markov jump process having a finite number of states, we establish conditions for the existence
of a moment of order s > 0 for the invariant law of Y. Some simulation is given at the end to illustrate the
results.

1. LINEAR DIFFUSION WITH STATIONARY SWITCHING

We will say a continuous time process S = (St)>0 is ergodic if there exists a probability measure v such that
when t — oo, the law of S; converges weakly to v independently of the initial condition Sy. The distribution v
is then the limit law of S. When S is a Markov process, v is its unique invariant law. Note that this definition
of ergodicity is specific to our context for the ease of statements.

We define a diffusion Y with a switching X in two steps. First we take a process X = (X¢);>0, called the
switching process. We will always suppose in the following that X is defined on a probability space (22, 4, @),
real-valued, stationary and ergodic with limit law .

Let W = (Wy)i>0 be a standard Brownian motion defined on a probability space (0,8,Q"), F = (F;) the
filtration of the motion. We will consider the product space (2 x O, A x B,Q ® Q'), P = Q ® Q" and E the
associated expectation. Conditionally to X, ¥ = (Y;):>0 is a real-valued diffusion process, defined, for each
w €, by:

(1) Yo is a random variable defined on (0, B, Q’), Fp-measurable;
(2) Y is solution of the linear SDE

dY; = a(X;)Ydt + o(X,)dW;, ¢ > 0. (1)

Thus (Y;) is a linear diffusion driven by a “exogenous” process (X;). Here a and o are two real valued measurable
functions. The existence and the uniqueness of a strong solution for equation (1) is guaranteed under the
following condition (see [13], Sect. 5.6 or [16]):

[S] Q-as., t — a(X¢(w)) and t — o(Xt(w)) are locally bounded.

This condition will be assumed satisfied throughout the paper.
For 0 < s <, let

O(s,t) = s 4(w) = exp/ a(X,)du.

The process Y has the representation [13]:
t
Y: = Yi(w) = ©(0,¢) [YO +/ @(O,u)lo(Xu)qu]
0
and for 0 < s < ¢, Y satisfies the recursion equation:

Y, = &(s,1) [YS + /:CI)(s,u)la(Xu)qu}

= P(s,0)Ys + /St {exp /ut a(Xy)dv} o(Xy)dW,.
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It is useful to rewrite this recursion as
1/2
Yi(w) = o p(w) Vs (w) + Vip(w) /2 s, (2)

where &, ; is a standard Gaussian variable, function of (Wy,s <u <t) and

Vii(w) = / t exp [2 /u t a(Xy)dv} o?(X,)du. (3)

For 6 > 0, we will call discretization at step size § of Y the discrete time process Y () = (Yns)n where n € N.
Our study of Y is based on the investigations of these discretizations (Y (9)).
Let us mention that under Assumption [S], the regime process has the following property: as § — 0,

5
/ 0?(X,)ds — 0, almost surely
0

as we have a.s. fot 0?(Xs)ds < oo for all t > 0. The claim is then a consequence of Lebesgue’s dominated
convergence theorem.

2. ERGODICITY OF Y AND EXISTENCE OF A STATIONARY SOLUTION

2.1. Ergodicity of the discretized process Y (¥

In this section, we fix § > 0 and consider the discretization Y(®). According to equation (2), for n >0,

Yint1)s(@) = @pp1(w)Vas () + Vg1 (w) /211, (4)
with
(n+1)é
D11 (w) = exp/ a(Xy(w))du,
nd

(n+1)é (n4+1)é
Vg1 (w) = /5 exp [2/ a(Xv(w))dv] 02 ( Xy (w))du,

where (&) is a i.i.d. sequence of standard Gaussian variables defined on (0, B, Q).

The equation (4) defines an AR(1) model with random coefficients. As the coefficients (<I>n,an/2§n) are
stationary, we can then extend (4) on Z by standard construction. Let us define for z > 0, logtz = max(0, log z).
This function has the properties: log+(acy) <logt z+log" y and log™ z® = alog™ x for any positive z,y and a.
Recall that p is the stationary law of X.

Proposition 1. Assume that the measurable functions a and o verify the following conditions:
(1) [la(z)|p(dz) < oo and o := [ p(dz)a(z) < 0;
(2) for some e >0, Ellog™ [; 0?(X,)du] < cc.

Then,

(i) there exists an unique stationary solution (Ys) satisfying on Z the equation (4) and given by

Yné = Z D, P, 1 (I)n—k+1‘/n1£?€ gn—k; ne Z; (5)
k=0
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(ii) for any solution Y'®) of equation (4) starting with a arbitrary condition Yy, we have a.s.

1 -
limsup — log |Yas — Yas| < ad < 0.
n

n—oo

Proof. Part (i). It is a consequence of Theorem 1 of Brandt [3] for which we verify the conditions of application:
(a) Elog™ |®g| < oo; (b) Elog™ |V01/2 &o| < o0; (c) y1 := Elog|®| < 0.
(c) using the theorem of Fubini and the hypothesis (1), we obtain:

B B
71 = Elog |®g| = IE/ a(Xy)du = / Ea(X,)du = da < 0.
0 0

5 5
Elog™® |®g| = Elog™ eXp/ a(X,)du < Elog™ exp/ la(X,,)|du
0 0
5
= IE/ |a(X,)|du = 0 Ela(Xo)| < oo.
0

(b) Elog® |Vy/?&| < Elog™ V' + Elog™ |¢|.
The second term of the upper bound is finite as & is Gaussian. For the first term:

Vo = /06 exp [2 /j a(Xy)dv] o?(X,)du < /06 exp [2 /j |a(Xv)|dvl o?(X,)du

B s B B
S/o exp [2/0 |a(Xv)|dv1 0*(Xy)du = exp [2/0 |a(X7j)|dv]/O o (Xy)du. (6)

5 5
log™ Vp < 2/ la(Xy)|dv +log+/ o?(X,)du.
0 0

The first term is of finite expectation according to the hypothesis (1). So does the second term since
under the hypothesis (2), the stationarity of X implies that for any A > 0, E[log™ fOA 0%(X,)du] < oc.
Part (ii). We have for n > 1,

Thus,

Vs — Yys = @ -+ 1Yo — Yp).

Under the assumptions and by the ergodic theorem, we have a.s.
1
lim = log |®,, - -- ®1] =y < 0.
n on

The conclusions immediately follow. (I

Note that the hypothesis (2) above is automatically satisfied for a bounded function o, e.g. if the state space
of X is finite.

A consequence of this proposition is that under the law P, if we note v the common law of the Y5, for any
solution Y0 = (Yys) of equation (4) with arbitrary Yy, Y;,s converges in law toward v when n — oo: Y©) s
ergodic.
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2.2. Ergodicity of the process Y

From now on, we will choose the step size ¢ in the dyadic set (27™) for integers m > 1. Under the conditions

of Proposition 1, any discretization Y3~ ™) is ergodic. Moreover, as for m’ > m, Y2 ™) is embedded in Y2 ™),
all these discretizations have the same limit law. This limit law, say v, should be the one of Y itself if Y was
proved to be ergodic. We now prove this by approximating Y by its discretizations.

Proposition 2. Under the conditions of Proposition 1, the linear diffusion Y with the switching X defined
by (1) is ergodic.

Proof. Let € > 0 be fixed and choose A, such that v{z : |x| > A} <e. For 6 =27 and ¢t > 0, let n; be the
largest multiple of ¢ lower than ¢. We have n; < t < n; + §. The recursion (2) can be rewritten as

Y =Y, = [®(n, t) — 1]Y,, + e,
with e; = V,llt<f§nt,t. We have:
B(IY; = Yo | > 26) < B([®(ne,t) — 1%, | > £) + Ples] > o]. (7)
(1) Estimation of |e;|:  we have for K >0
{leef = e} = {ler] = &, [6n, el < K} U{[e] > & |6, o] > K}-

As &, + is standard Gaussian, we fix K > 0 such that P(|¢,, | > K) <e. Thus

Plleel 26 < P|Vo/2 = =] +e.

On the other hand we have similarly to equation (6),

ni+9 ne+9
0< Vi, <exp 2/ la(X,)|dv / o?(X,)du.

t t

Thus,

t t

n40 ny+6
P[Vn¢ > (e/K)*] <P (exp [2/ |a(Xv)|dv1 > 2) +P (/ o?(X,)du > (5/K)2/2) .

Set ¢ = E[|a(Xo)|]. By the Markov inequality, the first term is upper bounded by 2¢d/ log(2); the second tends

to 0 when § — 0 as f06 0?(X,)du tends to zero almost surely (see the remark at the end of Sect. 2). Thus, there
exists d; such that for any § < 41, we have

P[les| > €] < 3e. (8)

(2) Estimation of the first term: using the fact that |e® — 1| < el*l — 1, we have, for s > 0,

/n t a(X.,)du

/t a(X,)du
= (cd)/log(s + 1). (9)

P[|®(ns, t) — 1] > 8] < P[

> log(s + 1)}

(n¢+6)
< log(s +1)"! E/ la(X)|du

nt

<log(s+1)'E
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Also, we deduce from the decomposition
{l[®(ne, 1) = 1Yo, [ = e} = {{[®(n,8) = 1]Yn, | Z &, [V, [ < AP U{|[@(ns, 1) = 1)Y5, [ Z &, [Ya, | 2 A},
that
P{l[@(ns,t) = 1]Yn,| > ] <P[|®(ns,1) = 1] > e/A] + P[|Yn, [ > Ac]
< (cd)/log((e/Ac) + 1) + P [V, | = Ac].
Choose a § such that § < §; and ¢d/log((e/A:) + 1) < e. With this §, we have

B([®(ne,t) — 1Y, | 2 ] <PV, | 2 Al + <. (10)

(3) End of the proof: summarizing from the estimations (8-10): we obtain Ve > 0, 3A., 39, V¢ > 0, In,, such
that v{|z| > A} <e,ny <t <ng+0 and

P(|Y; — Yy,| > 2¢) < P[|Y,,| > Al] + 4e.

Now consider a sequence (Y3, ), with ¢ — co. The previous inequality for ¢ = t; gives:

P (‘Y;k Y, | > 25) <P [|Ymk| > AE} +de.
Thus,
limsup P ( Yo, — Yo, | = 25) < vf|z] > A} + 4e < 5e.
k—oo

Let C(v) be the set of continuity points of the distribution function F), of the law v. Let € C(v), and choose
e > 0 such that « &+ 2¢ € C'(v). We have

P(Yy, <o) <P(Yy, <z+2)+P (

Ytk*Y

ntk

> 26) )
and in a similar manner

P(Yntk <z —2) <PV, <z)+P (‘Y;fk — Yo,

225).

Thus
F,(x—2¢) —be < 1imkinf P(Y;, <z) <limsup P(Y;, <z) < F,(z + 2¢) + be.
k

Letting & go to 0 (with £+ 2¢ € C(v), which is possible since C(v) is dense as the complementary of a countable
set), we obtain:

1i1£n P(Y;, <z)=F,(z), z¢€Cv). O

3. LINEAR DIFFUSION WITH FINITE MARKOV SWITCHING

In this section, we examine the particular case where the process X is a Markov jump process with a finite
state space E = {1,2,--- N}, N > 1 (¢f. Feller [5], Coccoza [4], Chap. 8). We assume that the intensity
function A of X is positive and the jump kernel ¢(z,y) on FE is irreducible and satisfies ¢(z,x) = 0, for each
x € E. The process X is then a ergodic Markov process and we denote its invariant probability measure by pu.
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Let (P;) be the associated Markov semi-group. Let us recall the following basic property of X. For small
positive h and every x € E,

Pue.y) = A@)hq(e,y) +o(h),  y# )
ey 1—=X@)h + o(h), Yy =x.

To fix the notations, we consider the canonical version (2, A, (Q)zecr) of X where Q = D([0, 00|) is the space
of the real cadlag functions on [0, 00[ and A the o-algebra associated to the Skohokod metric. The product
probabilities will be denoted P, = @, ® Q’. Particularly, under the probability P, = Q, ® Q’, the process X
is stationary.

The transcription of Proposition 2 in the present case gives:

Corollary 1. Assume that the Markovian switching process X with finite number of states is stationary with
invariant distribution p. Then the diffusion of O.U. Y with Markovian switching X is ergodic as soon as:

a=Ya(z)u(x) <0 (12)

el

Next we search for sufficient conditions that guarantee moments for the stationary distribution of the diffusion
process. We will see in Paragraph 3.2 that we recover the results of Basak et al. [1] for this particular problem.
However our proof is different.

3.1. Existence of moments for the stationary distribution v of Y

We prove the following result.

Proposition 3. Let s > 0. Assume that there is a positive function ¥ on E such that

(Cs) [sa(z) = A@)]p() + M) Y alw,y)v(y) <0, =€ E.
y#FT

Then the stationary distribution v of Y has a moment of order s.

Proof. Under the assumed condition, we claim that we can find a 6 > 0 such that for the associated discretiza-
tion Y9, the series representing the stationary solution Y, in equation (5) converges absolutely in L®. The
main step is to prove that for some constants C' and 0 < p < 1,

E.[(®1---®x)°] < CpP. (13)

Assume for the moment that (13) is true. First let us prove that Y is ergodic via Corollary 1. Indeed we have
then
1
k
Letting k — oo and by noticing that $E, log[(®1 - - - ®4)®] = dsa proves that a < 0 and that the diffusion Y is
ergodic.
Secondly, for any function f on E define || f||oc = sup, |f(z)|. Starting from (5), we have for s > 1

s> 1/s

) 1 ) 1
Ey log[(®1-- @)°] < 7 log Eu[(®1 -+ 8k)°] < - log O + log p.

I SRR S 7l S

(EullZnsl D> < Y (B
k=0
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and for 0 < s <1,

e
Eu[|Yn6|S] § ZEM H(I)nq)nfl e (I)nkaernliifnfk
k=0

T

By Independence of the Gaussian variable &,_; and noticing that the V;’s are bounded by

Vil < 80| ocel el =,

these series are upper-bounded by a converging geometric series following the claim (13). So the stationary
distribution v of the diffusion Y, which is also the law of Y,,s has the moment of order s.

We now prove the main claim (13). First fix an arbitrary 6 > 0 and defined the operator A by
Ap(z) = Eo[|1°0(X5)], z€E,

for any function ¢ on E. In particular A1 = E,[|®1]°] where 1 is the function taking the constant value 1. Let
be the sigma-algebra Fi, = o(X¢,t < kd). Then by Markov property and successive conditioning,

Ey [[@1- - @&l*] = Eg [|P1 -+ - Pr—1|*Ea (|Pk|*|Fr—1)]
=E, [|®1- Ppo1|*AL(X (1))
= Akll(x).

It follows that E,, [|®1--- ®x|*] = >, A¥1(z)u(x). The claim will be proved if we can choose § such that the
spectral radius of the operator A is smaller than 1.
We now compute precisely A. Let N, be the number of jumps on the interval [0,4]. We have for small 4,

E,ln,—0=1—Xz)d + 0o(d), E,ln,=1 = A(x)d + o(d), E.1n,>1 = 0(d).
Therefore,

Eo[|®1°0(Xs)In.>1] = 0(d),

Eu[|21]°p(Xs5) Ly —o] = [1 = Mx)8]e”*p(x) + 0(8) = {1+ d[sa(z) — A(@)]} w(x) + of5).

To compute the remaining term, note that the probability density that there is exactly one jump at time
u € [0,0] and from z to y # z is

)\(x)e—k(x)uq(x, y)e—k(y)[é—u].

Consequently

5
B, (|81 0(X5) Ly, =] = / > { @)@l e W jesleteraE=0lo ) | qu 4 o(9)
y#

eSlsa(@)—A@)] _ odlsa(y)-AWw)]
Ay) = A=) + sla(z) — a(y)]

= M@z, v)e(y)

yFz

= 0A(2) Y alz,y)e(y) + o(6).

YyF#T

+ 0(9)
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Summarizing we have proved that

Ap(x) = {1+ 8[sa(z) — A@)]} o) + 6A(2) Y q(@,9)p(y) + 0(d).
y#z

Under the condition (Cs), we can then take a sufficient small § such that for the positive function ¢ on E, we
have 0 < Av < 9. Note that here A is nonnegative and irreducible. Therefore according to the theorem of
Perron—Frobenus (see for example [11], p. 492), the existence of such a ¥ > 0 is equivalent to the fact that the
spectral radius of A is lower than 1.

The proof of the proposition is complete. O

We conclude this subsection by pointing out that the condition (Cs) above is equivalent to the following two
conditions:

(el) Vz € E: sa(z) — Mzx) < 0;

A

(e2) the spectral radius of the matrix M = (q(ac, y)ﬁ
Indeed, when (Cs) is satisfied, necessarily Condition (el) is verified. Moreover as, for each x sa(z) — A(x) # 0,
the inequalities in (Cs) can be written in matrix form as 0 < My < ). Therefore the spectral radius of Mj is
lower than 1.

Conversely, conditions (el) and (e2) imply Condition (Cs) according to these same reasons.

) , x,y € E is smaller than 1.

3.2. Comparison with the results of [1]

As mentioned we compare our result on the moments to the one given in [1]. Let A be the infinitesimal
generator of X:

O e

The authors of [1] consider a vector-valued diffusion Y € R? solution of (1), with matrix-valued coefficients
(a(i),o0(i)), i =1,...,N. They use the following condition
(A2) There exist N symmetric positive definite d x d matrices B;, v > 0, s > 0 such that:

/ .
u' Bju

s/2
— < —ylul?, VueRY w#0,i=1,...,N.
u' B;u

N
. 1
u' Bia(i)u + gu’Biu z; Aij (
J:

Then the authors proved that (see their Th. 3.1 and Lem. 3.2), under the condition (A2), the process (X3, Y})
is ergodic and the limit law of Y; has a moment of order s.

Let us show that (A2), when particularized to the univariate case d = 1, is equivalent to our Condition (Cs)
given in Proposition 3. Substituting A and ¢ for A in (A2) gives

(sa(i) — A@)BF + > A@)a(i, ))B} < —syB7 ', i=1,...,N.
J#i

Clearly this implies (Cg). On the other hand, under (Cs), there is a A > 0 such that

(sa(i) = A@)ws + > A@)q(i, )y < —h,  i=1,...N.

JigF

Set B; = wi_%. If we take a ~ such that for all i, —h < foyBi%_l, the above inequality is nothing else but (A2).
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FIGURE 1. Linear diffusion with two Markov regimes (o« = 1, 8 = 2): the ergodicity area (E)
is under the line of equation y = —2z; the second-order stability area (E2) is hashed.

3.3. Example: A linear diffusion with two regimes

We conclude the paper with an illustrative example where X is a Markov jump process with two states
E = {1,2}, an intensity function o = A(1) > 0, § = A(2) > 0. Then the switching transition matrix is

q= ((1) é) and the invariant law of X is u = (8, a)/(a + ). We then obtain:

e ergodicity of Y when:
(E):  «aa(2)+ Ba(l) <0

e ergodicity and existence of a moment of order s for Y:

(E2) { (i)  sa(l)—a<0, sa(2)—p3<0
(15)  a(1)B+a2)a —sa(l)a(2) < 0.

Figure 1 displays these regions (E) and (E2) in the case @ = 1, § = 2 (the axes are named (z, y) for (a(1), a(2)).
In Figure 2, we display a simulated path of such a diffusion Y with the following parameters: a = 1, 8 = 2,
a(l) = —1, a(2) = 1 and o(1) = 0(2) = 1. In this case we have shown that the diffusion is ergodic and has
moments for any s < 1. The diffusion switches between the explosive regime 2 (a(2) = 1 with probability %) and
the stable regime 1 (a(1) = —1 with probability %) Note that the variance of the stationary Ornstein—Uhlenbeck

process with drift a = E(a(Xy)) = f% is 02, = %

Acknowledgements. The authors thank the referees for their important comments, particularly for a major improvement
in Section 3.
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Histogramme pour 50000 valeurs de Y Diffusion de Omnstein-Uhlenbeck avec deux régimes
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FIGURE 2. (a) Simulation of a diffusion with two regimes and parameters o = 1, § = 2,
a(l)=—-1,a(2) =1, 0(1) = 0(2) = 1. (b) Histogram of the diffusion for 50000 values regularly
sampled.

REFERENCES
[1] G.K. Basak, A. Bisi and M.K. Ghosh, Stability of random diffusion with linear drift. J. Math. Anal. Appl. 202 (1996) 604-622.

[2] P. Bougerol and N. Picard, Strict stationarity of generalized autoregressive processe. Ann. Probab. 20 (1992) 1714-1730.
[3] A. Brandt, The stochastic equation Y11 = AnY, + By with stationnary coefficients. Adv. Appl. Probab. 18 (1986) 211-220.

C. Cocozza—Thivent, Processus stochastiques et fiabilité des systémes. Springer (1997).
[5] W. Feller, An Introduction to Probability Theory, Vol. II. Wiley (1966).
[6] C. Francq and M. Roussignol, Ergodicity of autoregressive processes with Markov switching and consistency of maximum-

likelihood estimator. Statistics 32 (1998) 151-173.
[7] J.D. Hamilton, A new approach to the economic analysis of nonstationary time series and the business cycle. Econometrica
57 (1989) 151-173.
[8] J.D. Hamilton, Analysis of time series subject to changes in regime. J. Econometrics 45 (1990) 39-70.
[9] J.D. Hamilton, Specification testing in Markov-switching time series models. J. Econometrics 70 (1996) 127-157.
[10] B. Hansen, The likelihood ratio test under nonstandard conditions: Testing the Markov switching model of GNP. J. Appl.
Econometrics 7 (1996) 61-82.
[11] R.A. Horn and C.R. Johnson, Matriz Analysis. Cambridge University Press (1985).
[12] Y. Ji and H.J. Chizeck, Controllability, stabilizability and continuous-time Markovian jump linear quadratic control. IEEE
Trans. Automat. Control 35 (1990) 777-788.
[13] I. Karatzas and S.E. Shreve, Brownian Motion and Stochastic calculus, 2nd Ed. Springer, New York (1991).
[14] M. Mariton, Jump linear systems in Automatic Control. Dekker (1990).
[15] R.E. McCullogh and R.S. Tsay, Statistical analysis of econometric times series via Markov switching models, J. Time Ser.
Anal. 15 (1994) 523-539.
[16] B. Qksendal, Stochastic Differential Equations, 5th Ed. Springer-Verlag, Berlin (1998).
[17] J.F. Yao and J.G. Attali, On stability of nonlinear AR processes with Markov switching. Adv. Appl. Probab. 32 (2000) 394-407.



