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Abstract: For the regime-switching diffusion process with

and without advection term we propose an integro-differential
equation describing the densities of states continuously distributed
over a segment. We demonstrate that there exists a constructive
algorithm for solving the Cauchy problem. We then show

that for some initial distributions of states, the solution can

be found explicitly. We also discuss how a model with a
discrete number of hidden states can be approximated by a
model with continuously distributed states.
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1 Introduction

Regime-switching diffusion stochastic processes have a huge number
of applications in various fields such as physics, economics, biology,
sociology, etc., see, e.g. [13] and references therein. Moreover, they
have independent theoretical interest and have been studied for a long
time, mostly by probability-theoretical methods [15], [14]. For example,
in [19], [2] the authors studied properties of solutions of stochastic
differential equations arising from hybrid switching diffusions. The word
“hybrid” highlights the coexistence of continuous dynamics and discrete
events. The underlying process has two components. One component
describes the continuous dynamics, whereas the other is a switching
process between a finite number of states, representing discrete events.
The generating operator of a random process is associated with deterministic
characteristics such as density and expectation, described by the forward
and backward Kolmogorov equations, respectively. These equations are
related to each other because they correspond to adjoint operators,
but are generally solved differently. The forward equation, written in
the divergent form, is often called the Fokker-Planck equation. The
properties of its solutions are key characteristics of a random process
[17]. They are also the subject of a large modern field of study in partial
differential equations and functional analysis, where the requirements
for smoothness of the coefficients are relaxed [5]. In a model containing
multiple states, the Kolmogorov equations become a coupled system in
which each equation describes the properties of a single state.

The Fokker-Planck equation for two-state switching diffusion with
two states was apparently first written down in a physical context in
[4] and [7]. In [1], various classical problems for such a pair of equations
were considered. The most studied models are those containing two
states, since an increase in the number of states leads to a more complex
system. This system is linear and can, in principle, be solved using the
Fourier transform. However, the inverse Fourier transform can only be
found numerically [13].

The main goal of this paper is to demonstrate that by transitioning
to a continuum of states, one can obtain a model for which the solution
can be obtained explicitly under specific initial conditions and therefore
fully analyzed. A finite-state model can be considered as a special case
of a continuous model.

In addition to standard switching diffusion, we also consider a model
with advection, which can be called the generalized Ornstein-Uhlenbeck
model. This model describes mean reversion, and the density function
has a nontrivial limit as t — oc.
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The relationship between a stochastic switching diffusion process and
its deterministic characteristics, such as the expected values w, can be
derived using the Feynman-Kac formula. It is defined by a system of
partial differential equations corresponding to the Kolmogorov backward
equations [2].

For M states these equations are

1
¢(t, 1) Z gij(x)w(t, x, 7)+b(z, H)w,(t, z)+2<f (¢, ) wee(t, x,4), i=0,1,...,

where () = ¢;;(x) is Borel measurable and uniformly bounded for all
i,7=0,1,..., M, and z € R, and satisfies so called ¢ -property [21]

(4) Qij()>0 rEeR, j#i
(i) quilx) == ¢(z), z€R, i=01,..., M.
JFi

The state corresponding ¢ = 0 is considered as a main state, the
others are called hidden states [13].

The respective Kolmogorov forward equations (the Fokker-Plank equations)
for the densities p(t, z,7) of the main and hidden states are

1
o(t,2,1) Z q” p(t,x, j)+(b(z, 1)w(t, x,i))x+§(02(x, Dp(t,,1))ee, 1=0,1,...

(1)

System (1) is considered together with initial data
p(t,z,i)|i=0 = ¢(x,1), xz€R, i=1,...,M.
If o(x,i) = o(x), b(x,i) = b(z), then

M
x) = Zpi
i=0
is a solution of the heat equation with drift
P, = —(b(2)P)y + = (0*(2) P) -
We consider a continuous analog of system (1) and assume that the

hidden states are distributed continuously over (0, 1], so we can consider
one integro-differential equation

b= [ Ko Oplta. ) (3e, )+ 5 (e, p)as, (2)

M,

, M.
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where p(t,x,s) is a function of x € R, s,€ [0,1], t > 0, R(x,s) is a
positive function and K(z,s,§) € L2(Q), (s,€) € Q = [0,1] x [0, 1] for
any r € R with the following analog of ¢q - property:

(1) K(z,s,8) <0, se€l0,1];
1
(17) /K(m,s,f) ds=0, &e€]l0,1]. (3)
0
and initial data
plt 7, 8)io = B(r,5), xR, s€[0,1] @)

Note that the Fichera theory [10] implies that no boundary conditions
should be prescribed at s =0 and s = 1.

The kernel K and diffusion coefficient R can be chosen quite arbitrary,
nevertheless, if we want to keep the relation with the discrete model,
we have to choose

K(‘r787€>:qy'i7 S€|:i L)? §€|il o )7 i,j:O,l,...,M,

M M M’
' 1
), x e R.

+ =

~.

"M

SE

B(x,s) =b(x,1), R(x,s)=o(x,i), s€ [

For this step-wise K, § and R

3 i+
qj,-:K(m,j#, MQ), i i=0.1,... M,

b@mzﬁcuj;),a@sz(aj;),xeK

but we can keep this rule for the continuous kernels and diffusions,
serving as an approximation of the step-wise kernels and diffusions by
means the Fourier series.

In what follows we consider K = K(s,§), 8 = b(s)z + ¢(s) and
R = R(s). This choice of 5 at b < 0 implies mean reversion and makes
the process similar to the Ornstein-Uhlenbeck process..

In this case the respective backward Kolmogorov equation is similar
to (2) and can also be solved by the method described below.
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2 Construction of a solution

2.1. Formal scheme. We take the Fourier transform with respect
to z and obtain for p(t, i, s)

pt t ,U7 )
1 2 2 . ~ ~
/ K S 5 t /Jﬁ ) é_ <§R (S>M +ZC(5)/JJ) p(t,,LL, S) "‘b(S)MOu(taMa 3)'

1. If b(s) = 0, then we change
. 1 .
Vit p,s) = il €) exp (GRS + ic(s)p)t
and get a first order equation

Vilt, o ) /K V(t . €) de. (5)

2. If b(s) # 0, we make a change

V(t,p,s) =p(t,u, &) exp <_f;((j)) (1 — ) 2 — @% (1 — eble)ty M)

and obtain
Vi(t, p, / K(s,§) V(t, 1, €) d€ + b(s)uVyu(t, pt, ).

Then we introduce a new independent variable fi = +/]b(s)|x and
obtain

L/K V(t, i, €) dé + sign(b(s)) AV, (t, fis).  (6)

Let us choose in the space Ls(0,1) an orthonormal basis X;(s), [ =
0,1,..., such that Xy = 1.
Assume

= Z Anm Xn(8) Xm (), (7)

due to (3) we have Ay, = 0.
We look for the solution of (5) and (6) as

o0

V<t7/178) - CL[(f,/]) Xl(s)'
=0
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Multiply (5) (or (6)) by Xx(s) and integrate over [0, 1], £ € {0} UN.
Thus, for b(s) =0,

(ar(t, ) = ZAklal(ta ), ke {0} UN. (8)

and for b(s) # 0,

(ar(t, 1)) = Y Auan(t, 1) + sign(b(s))ia(t, i)z, k € {0} UN. (9)

Since Ay = 0, then ag(t, 1u) = ao(0, p), as well as ao(t, i) = ao(0, ).
If a;(t, u) (or, respectively, a;(t, fi)) are known, then for b =0

Blt, p, s) = e~ G Fickm Zaztu ) Xa(s
and for b # 0
R2(S) s c(s) s >
Pt 1, 8) = €W (€200 1) pP iy (P =1) Zal (t, /|b(s)|,u> X(s)
1=0

and the inverse Fourier transform with respect to u gives
p(t,z,s) ZBltxle) (10)

where for b =0

1 , ,
Bl(t’x7 3) = % / e*(%RQ(S)MQer(S)M)t a (t, :U’) ethe du (11)

R
and for b # 0
Bl(t; x, 5) = i / 6% (e2b(s)t*1)ﬂ2+i% (eb(s)tfl)ﬂ ( \/—N> inz g
™
R
(12)
Let the data (4) be
=D anl@) Xuls), (13)
k=0

Then .
W)= D Gl Xils), a0 =) (14)

k=0

Therefore ay(t, ) can be found from the linear ODE system (8)
with coefficients depending on p as a parameter for b = 0. For b # 0
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functions ax(t, i) can be found from the linear first order PDE system
(9).

Thus, we find coefficients By(¢, z, s) from initial data by (11) or (12).

If the coefficients gx(z) are such that By(t,x,s) can be calculated
analytically, then p(¢, x, s) can be represented as a finite sum or series.
Below we present such cases, which are interesting both in themselves
for demonstrating the properties of the solution and as reference for
testing numerical results.

2.2. Existence and uniqueness.. The existence of classical solution
to the Cauchy problem for the system of the Kolmogorov backward
equations with C? - smooth coefficients is obtained in [19].

With regard to our problem, based on previously known results, we
can formulate the following statement.

Proposition 1. Let b(s), c(s), R(s) > 0, K(s,&) and ®(x,s) > 0 are
bounded and Lipschitz continuous functions on [0,1], [0,1] x [0,1] and
R x [0,1], respectively. Then there exist a unique classical nonnegative
solution to the problem (2), (4). It is bounded, continuous on [0,T] x

R x [0, 1], uniformly in t Lipschitz continuous with respect to in (x, s)
and, for fived s, C* int and C* in x.

Proof. The result is a particular case of Theorem 2.4 [8], taking into
account arguments of [2|, [14] where it is noticed that the evolution of
the discrete component can be represented as a stochastic integral with
respect to a Poisson random measure. In the new situation, the function
h under the stochastic integral sign in (7), [2], is not integer-valued, but
takes values in [0,1]. The nonnegativity follows from the maximum
principle, e.g.[6]. Note that Theorem 2.4 [8] is proved for the backward
Kolmogorov equation, but due to the independence of the coefficients
from z, the results can be applied to the forward Kolmogorov equation
as well. [

Proposition 1 claims that the regularity in = and s are different. This
reflects the fact that the diffusion component has a smoothing effect
only in the x direction.

In some examples we deal with below, the kernels K (s, €) and initial
data ®(z,s) turn out to be only piecewise smooth in s in & in the
whole [0, 1]. However, we can use the fact that the equation (2) does
not require any boundary condition at s = sg, so = const and consider
in the strip R x (s1,82), 0 < s1 < s9 < 1. Thus we can prove the
existence of a solution to the Cauchy problem for every strip, such
that K(s,&) is smooth in (s1,$2) X (s1,82) and ®(z,s) is smooth in
R x (81, 82).
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3 One hidden state: M =1

Assume that the discrete matrix is
- A ..
4ji = ( )\11 _)2\2 ) , AN >0, 4,5=0,1. (15)

The kernel K (s,£), based on (15), is

_>\17 s € (Oa %)7 5 € (?7%)
A, s€(0,3), € (5,1)
K — ) » 2/ 29 )
BOZY ase i) ge )
_)‘27 s € (57 1)7 f € (%7 1)
3.1. Approximation by two first modes.. Let X,,(s), n € {0}UN,

be an orthonormal basis in Ly[0,1], such that Xy = 1. The kernel
K(s,&) can be expanded into series (7), the truncation at the first step
1s
K(s,8) = Aopo+A10X1(5)+ A0 X1(§)+ A1 X1(s) X1 (), Ao = Aor = 0.
(16)
We consider a distributed generalisation of the system with one
hidden state, based on (16).
The problem (8), (14) reduces to

ao =0, a = Ajpao+ Anar, ao(0) = go(p), a1(0) = g1 (p),

and can be easily solved. For b = 0 we have

A . A N A A
ao = go(p), ar(t,p) = e’ (gh(,u) + 1090(#)) _ 1090(11)

An Ay
for b £ 0

(17)

1(, 1) / 1090 o= n)) e~ M dn + gy ( K €Ut> e,
0 i Eol

where o = sign b(s).

3.2. Examples of orthonormal systems. 1. The most common

variant for an orthonormal system consists of trigonometric functions
Xo(s) =1, X,,(s) = v/2 cosmns, n € N. In this case

2 8
A=A =0, A= ;()\2 - A1), An= _P<)\1 + A2) < 0.
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s
T

However, in this case, both at the stage of approximating the piecewise
constant kernel (16), we lose the accuracy of the calculations, and
to improve it, it is necessary to consider higher-order terms of the
expansion.

Ajp can have any sign or be zero. Note that ‘ﬁ—if‘ <

2. A much more convenient option for the case of simulating discrete
models with continuous ones is the Haar wavelet basis [9], [16]. Recall

151¢ (21318 —j),

that it consists of functions Hy(s) = 1, and functions ¢;;(s) = 2
iEN,j=0,1,...,21,

1, s€l0,3)
¢(s) =4 —1, s€lz]]
0, s¢]10,1]

Functions 1;;(s) can be sequentially ordered as H,(s), s € N to obtain
together with Hy(s) an orthonormal basis in the space Lo (0, 1). Therefore
Hi(s) = ¥10(s) = ¢(s). In this case

1 1
App=A01 =0, A= 5(/\2 -\), An= —50\1 + A2) < 0.

Ao

do| <1,

Ajg can have any sign or be zero,

3.3. Examples of solutions. Below, we consider two types of initial
data and study their dynamics under switching diffusion. In the first
case, we consider a Gaussian initial distribution common to both the
ground and hidden states. In the second case, the initial distribution is
also Gaussian for each state, but characterized by different parameters.
In particular, this may be the limiting case of a Gaussian distribution,
that is, a delta function. We consider both the case with and without
the advective term f.

3.3.1. Uniform Gaussian initial distribution. Let the the initial
distribution be uniform in s and
1 2

O(x,s) = NG e . (19)

This function is normalized such that [, ®(z,s)dz =1, s € [0,1]. It
is casy to calculate that jo(p) = e 1#°, §1(u) = 0. Therefore ag(p) =

Go(i), ar = 42 (e — D)ag(p).
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a. For b =0 (10) and (17) give
p(t,x,s) =
_(z—c(9)t)?

14+ — (e™"—1) Xi(s) ) e 1H2R*()t,
V(L + 2tR(s)) ( T ) Xa(s)

b. For b # 0 (12) and (18) give

p(t,z,s) = Bo(t,x,s) + Bi(t, x,s) Xi(s),

2
1 (x + (1 - eb(s)t)g(—g
By(t,z,s) = exp | —— 4
» Ly (8) (,2b(s)t—1
(s e +1
\/W ( i (€2 = 1)+ 1) o |
The coefficient By (t, x, s) cannot be found explicitly but can be estimated.
Indeed,
p t
Bi(t,z,5) = —= / M I (st a, ) dn, (20)
NZS
0
2
1 (=)
b(s)
Tt 5) = == PN TIEO oy 1 o2t
\/_ pey (1 — €P0)) + em20(10) ~g) (L= e?) +e
Let us denote
b(s)t) <(s)
B 1 <x+(1—e()t)@>
Jl(t7 Z, S) - R2(s) CXp |~ R2(s) 1 2b(s)t 2t |’
\/_W(l_e%(s)t)_'_l — K (1 —e?r) +e
2
1 (-
B b(s)
JQ(t7 xZ, 8) - R2(s) CXp |~ R2(s) 2b(s)t
\/_ = (1 — e2b()t) 4 20t — S (L= e +1

Then for 0 = —1
Jl(t7$7s> < J(n;t>$78) < JQ(t7$7 8)7
and for o0 =1

Jo(t,x,s) < J(m;t,x,s) < Ji(t, z,s).
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Since the integral (20) with the change of J to J; or Jy can be
computed analytically, we get

where

1 1
= Jl(t,i’, ‘9) < Q(t,I’, ‘9) < — J2(t7x78>a 0 = _1a
T

VT VT
1

1
— L(t,z,s) < Q(t,x,s) < —= Ji(t,x,s), o=1.

VT

Note that if b(s) < 0 (¢ = —1) there exists a nontrivial steady state,
a limit p*(x,s) = tlim p(t,z,s). Namely, if Bj(z,s) = tlim By(t, x, s),
—00 —00

Q*(z,s) = tlim Q(t,z,s), then
—00

S

(=+563)°
1 T _R%(s)
Bj(z,s) = e TR
R2
VA ()
cl(s 2 c(s 2
B (=+ bQE; ) _ (“;gs; )
os) = B o sy L B
Q" (z,s) e @ < Q(r,s) QL (r,8) = e O

and therefore

A A

Bj(x,5) = 5Q" (2,5) < p'(x,5) < By(r.5) = Q1(x,5), Aw >0,
An An
A A

Bj(x,s) — A—i?@i(x, s) < p*(x,s) < By(x,s) — A—i)Q*_(:v,s), A < 0.

Note that the exact expression for Q*(x, s) is given through the integral
of the Whittaker function.

c. Let us choose the initial data such that the dynamics in the case
b(s) < 0 can be found explicitly. Namely,

O(x,s) =d(x). (21)

then go(p) = 1, gi(p) = 0. From (9) we find ao(t, p) = 1, ai(t, ) =

ﬁ—i’(eA“t —1).
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Further, from (12) and (18) we have

p<t7$a 3) =

(z+%(l—eb(5>t))2

A _ be, -
(1 + 2710 (eAut 1) X(S)) e 7Rb(i))(1fe2b< )t) '
— 62b(s)t>

1
TR2(s)
\/ et

All

3.3.2. Stepwise Gaussian initial distribution. Let the initial data

be
L misn? my, s € [0, 3]
_ (z—m(s)) _ 1 '3
d(x, s) \/7_Te , m(s) { My, 5 € (%7 i (22)

We can expand (22) the into series (13). To use the results of Sec.3.1
we consider two first member of the expansion only:

®(z,s) = go(x) + g1 () X1 (s).
If Xi(s) = cosms, then

i) = 5=

(7m0 ey gy () = S (e o)

3
(SIS DO

Evidently, ®(z,s) = go(z) + g1(x) cos s # ®(x, s). In this case

Bo(t..5) 1 (RS R
xr,s) = e +2tR2 (s e s
T o /r + 2tR(s)) )

2 _@mmi—ee)n? _ (z=mp—c(s))?
Bl(thu 3) = (e 1+2tR2(s) _— @  1+2tR2%(s) )7

V(1 + 2tRY(s))

If we choose X;(s) = Hi(s), then
1 2 1

gO(m) = Zﬁ )7 gl(l‘) = Qﬁ

end ®(z,s) = go(z) + g1(x)Hi(s) = ®(x, s). In this case

(6—(90—7711)2 + ¢~ (@—m2) (e—(ﬂc—ml)2 _ e—(l’—mz)z)

By ) 1 ( _(a=mi—ee)n? _M)
0 t.r.8) = e 14+2tR2(s) +e 14+2tR4(s)
o 24/m(1 + 2tR2(s)) ’
1 _@omy—een? (@mma—c(9)n?
By (t, X, 3) = (6 1+2tR%(s) — ¢ 1+2tR2(s) )’

2\/m(1+ 2tR(s))
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a. For b = 0 from (10) and (17) we have the two-modes approximation
of density p(t, z, s) as

ﬁ(t7 'CE’ S) -

A
By(t,x,s) + (eA“tBl(t,x, s) + A—lo (e — 1) By(t, , s)) Xi(s).
1

We see that in the case A;; < 0, the limit behavior do not depend on
Blu

szﬁ%v@—§£>&&%$Xﬁﬁ {5 oo
11

b. For b # 0 analogically to the case b, Sec.3.3.1, we get from (12)
and (18)

_ (zfm1+(lfeb(s)t)%)2 (zfm2+(1feb(s)t)%)2

R2(s) ( 2b(s)t—1 R2(s) ( 2b(s)t—1
e b(s) (e26(s) )+1 +e b(s) (e26(s) )+1
By(t,z,s) = ,

2\/7 (S8 (e 1) +1)

and
Ao
Ay

where Qy(t, x,s) can be estimated from both sides as in Sec.3.3.1, we
do not repeat these rather cumbersome estimates.

Bi(t,z,s) = (et — 1)Qy(t, x, 5),

It can be readily shown that if b < 0, A;; < 0, then the limiting
distribution of the density function contains two peaks, and structure
of this distribution is actually determined only by the coefficient go(z).

c. To find explicit solution in the case b(s) < 0 we choose the initial
data

O(z,5) = d(x — m(s)), (23)

where m(s) is given in (22).
If X1(s) = Hi(s), then

o) = 5 (6o — ) + 8 —m2)), gr(w) = 5 (5w —ma) — 6w — ma)).
Further, from (12) and (18) we have
p(t,z,s) = (24)

A
By(t,x,s) + (eA“tBl (t,z,s) + A_10 (eA“t — 1) By(t, z, s)) Xi(s),
11
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2 2

o—mgt L) (1-b()t)
b(s)

(x—m1+c(s) (1_eb(s)t))

5(s)
T _R2(s) 4 _2b(s)t T RZ(s) . an(ere
B ) e 5 (1D Sl (1-e2b()ty
olt,z,8) =
T 9 _7TR2(S)(1 — ()t ’
b(s)
(s=mar g a—eriny)” (s-mat g b))
- R2(s - R2(s
¢ —T;)(l—eZb(S)t) . _W())(l_ezb(s)t)
By(t,x,s) =

mR2(s s
2 \/_ b(s() )(1 — e2b( )t)

Pic.1 and 2 present the behavior of densities for the main and hidden
states for the cases b = 0 for initial data (22) and b < 0 for initial data

1
(23), decomposition is over the Haar basis H,(s), b(s) = bi, s € [9’ 2| :
bQ, S € (5, 1]

. R1,S€[
R(S)_{RQ,SG(
AM=1 =2 R =1 Ry=2, (25)

m1:5 m2:—5,b1:—0.5,b2:—1,c:1.

1
’ 21]] , the parameters are taken as

e R
X X
Fic. 1. The dynamics of densities of main (left) and
hidden (right) states for b = 0, other parameters are
given in (25); ¢ = 0 (thin solid line), ¢t = 1 (dots), ¢t = 10
(thick solid line). The initial data are (22).

As can be seen from (9), the time-independent solution of (2) depends
on go(z), that is, on the initial conditions (4). This is an unusual
result. In particular, in the case of the Gaussian initial data (19), this
equilibrium position cannot be found explicitly; it is expressed through
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1,24 0,6
1 0,5
0,51 0,4
0,6 0.3
0,41 0,21
AN
=10 -5 0 5 10 15 =10 -5 1} 5 10 15
X X

Fi1G. 2. The dynamics of densities of main (left) and
hidden (right) states for b < 0, the parameters are given
in (25); t = 0.1 (thin solid line), ¢ = 0.5 (dots), ¢t = 100
(thick solid line). The initial data are (23).

the Whittaker function. For the delta-function initial data (21), this
solution is found explicitly; it can also be obtained by passing to the
limit as t — oo in (24).

4 A four-state switching diffusion, M =3

To apply our result to higher state switching diffusion based in
the continuous-time multifractal model, see, e.g.[13]. On the level of
hierarchy equal to k, k € N, the states can be enumerated by groups of
k elements consisting of 0 and 1 it allows for a total of 2¥ Markov states.
For k = 1, the states belong to the set s = {0,1}, the coefficients of
diffusion are mg and m; = 2—myg, 0 < mg < 2. Thus, it is the situation
considered in Sec.3. For k = 2 the states can be enumerated as s =
{00, 10,01, 11}. Since the hierarchical components enter multiplicatively,
the state dependent variances are mgymy, (2 — mg)mg, moe(2 —myg), (2 —
mg)(2—my). The system of four partial differential equations governing
the densities u,y,(t,z), m,l € 0,1 is

(ugo)e = %rg (w00)zz — (A1 + A2)ugo + Aruig + Agupr,

(u10); = %7‘0(2 —70) (U10) 2z + AMugo — (A1 + A2)u10 + Aouqp,(26)
(ton)s = %7‘0(2 1) (t01 e -+ Aotigo — (A1 + Ao)tion + Aty
1)y = %(2 —10)? (11 )ae + Astizo + Artior — (g + Ao ),
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with constant \;, 1 =1,2, 0 < Ay < Aq.

Let us show that this system can be explicitly solved in our framework.
Indeed, for the convenience we enumerate states as w(t,0) = wugp,
w(t, 1) = wuy, w(t,2) = wup, w(t,3) = wuyy, and wugy corresponds to
the main state,

—(A 4+ A9) A1 Ao 0
B Ao —(A1+ A2) 0 A1
Gi = Y 0 —(tA) A . (27)
0 A2 A — (A1 4 A2)
1,7 =0,1,2,3,
( T2, S)E [0, %(]1 ,
2—r19),5€ (4,5
RQ _ To 0/, 9
=9 r@-r).se (]
(2—mr)% s e (3,1,
It is convenient to use as a basis X,(s), n = 0,1,..., the Haar

wavelet basis H,(s) as in Sec.3.2. We need only 4 first function of the
orthonormal basis, that is

Ho(s)=1, Hi(s)=o(s). Hals)=v20(23s).
Hs(s) = V2 (2%3 - 1) .

[t can be readily found that the matrix of Fourier coefficients (see (7))
is

0 0 0 0
0 =AY (=X)L Ay)
Anm — \/5 3 1 Y (28)
0 ?()\1 — )\2) —g(/\1 + )\2) g(/\1 + )\2)
0 s(M—X)  s(M+X) 2+ XN)

n,m = 0,1,2,3. We use this matrix to find coefficients a(t,pu), k =
0,1,2,3, from system (8) (or (9))
We choose the initial data as

—

[
2. s) = % ei(%m(S))Q’ m(s) = mg, 5 € E
(

Q0 s = O
s o [ [
—~
DN
Ne)

N—
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Then
( ) o(fB) +o1(x ) 1(8) + g2( )HQ(S) + gs(s)Hs(s),
1 2 2 2 2
—(z—myo) (x—ml) —(z—m2)* _ _—(z—mg3) >
4ﬁ ( e ‘ ’
gal) = = (e - e—w—mlf) ga(e) = = (e o)
V2T 7 V2T
Since b = ¢ = 0, we have to solve (8) subject to ax(0, 1) = gr(p).
The eigenvalues of A,,,, n,m = 1,2, 3, a minor of (28) that determines
the solution, are —3(A; + A2), —3(A1 + A2)(1 £ ). In can be computed
that
1 _ (w=mg)? _ (z=mq)? _ (w=mg)? _ (w=m3)?
Bo(t7$,3) — e 1+2tR2(s) +e 14+2tR2(s) +e 1+2tR2(s) +e 1+2tR2(s)
4/m(1+ 2tR?(s))
V2 i, Ay — A (A= N
Bi(t,z,s) = e ! V2 o cos 1 t) + (a2 + a3) sin t)),
1 1 Ao — A
By(t,x,8) = = (g — ag)e_hy% - —ale_klzwtsin 2Tl +
2 2 4
1 Ay — A
5(042 —Oés)exlzhtcos( 2 1 lt)
1 Ao — A
Bs(t,z,8) = —=(ag — az)e g 50416J11A2 sin ( 2 1 lt) +
Ay — A
—(g —a3)e A11_A2t(:os< 2 1t) ,
4
where
1 (z=mq)? (z—mq)? (z—mg)? (z—m3)?
Oél(t, S) — (6 1+2tR%(s) 4 ¢ T 1+2tR%(s) _ @ 142tR2(s) _ ¢ 1+2tR2(s)>
4y/m(1 + 2tR?(s))
(5 L (o - o)
Q 78 — e 14+2tR4(s) — e 14+2tR4(s) ,
? 2\/27(1 + 2tR2(s))
(1) = Lo ity — ¢ i)
o ,S e 14+2tR°(s) — @ 1+42tR“(s) ),
’ 2,/27(1 + 2tR(s))
Thus,

p(t,x,s) = Bo(t,x,s) + Bi(t,x,s)Hi(s) + Ba(t, z, s)Ha(s) + Bs(t, z, s)Hs(s).

Pic.3 present the behavior of densities for the main and 3 hidden
states for the cases for initial data (29), decomposition is over the Haar

)
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basis H,(s), the parameters are taken as
)\1 = 04, )\2 = 02, o = 17, moy = —1O,m2 = 1,m2 = —5,m3 :<3@)

Recall that all states tend to zero as t — 0.

0,51

0,4

0,3 1

0,21

0,1 L1
—'15 —iO —‘5 1] é lh 115 —iS —Ill] I

-15 -10 -5 0 5 10 15
X X

F1G. 3. The dynamics of densities of main (top left) and
hidden states 1, 2, 3 (top right, bottom left, bottom right,
respectively) for parameters given in (30); ¢ = 0 (thin
solid line), ¢t = 3 (dots), t = 15 (thick solid line).

Remark 1. 1. Note that p(t,z,s) = By(t,x,s) + v(t), v(t) — 0 as
t — oo, but the character of v(t) is oscillatory.

2. The structure if the matrix (27) is quite simple (it contains only
2 free parameters), which determines the relative simplicity of solution
(30). For an arbitrary matrix ¢;;, having ¢ - property, having 12 free
parameters, the eigenvalues of A,,,,, n,m = 1,2, 3, also have a negative
real part. Indeed, the eigenvalues are roots of equation

§3+k252 + k& 4+ ko =0,
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where the coeflicients k; depend on ¢;; in a very complex way (the result
obtained using a computer algebra package). However, all coefficients
are positive, this implies that the real part of all roots are negative. A
similar result should be true for any dimension, this is a consequence
of the maximum principle for equation (2).

3. If we add an advective term £ to the model (26), we obtain for
b < 0 a nonzero structure as t — oo, similar to what we saw in the case
of M =1, Sec.3.3.2. For M = 3 it consists of four spikes.

4. At hierarchy levels £ = 3,4, etc., the dimension of matrix ¢;; is
very high, (2¥ x 2¥), and it seems impossible to conduct any analytical
reasoning. However, this matrix is very sparse, that is, it contains a
large number of zeros, and becomes increasingly sparse with increasing
k. Furthermore, it has a convenient block structure (see its description
in [13], Sec.4.2). At hierarchy level k, there are only k free parameters,
so results can still be obtained.

5 Discussion

We study an integro-differential equation, which is a generalization
of the Fokker-Planck system of equations for each of the states between
which switching occurs, to the case of a continuum of states. We show
that this approach can yield exact solutions to the equation in the
form of a series or a finite sum. In particular, with a certain choice
of kernels, solving the integro-differential equation can yield a solution
for a discrete model. The key is the choice of an orthonormal basis
over which to expand the kernel and initial data. For the transition
to a discrete model, it is convenient to use the Haar basis. Using this
same methodology, one can construct a solution not only to the Fokker-
Planck equation for diffusion with switching, but also to the generalized
Ornstein-Uhlenbeck model. For the latter model, the solution converges
to a nontrivial constant state, which can also be constructed explicitly.
This is a structure consisting of several peaks. Similar structures appeared
as given stationary distributions [18|, but with a special selection of
the switching matrix g;;. The stability of regime-switching diffusions
was studied in [12], the asymptotic properties of solutions of integro-
differential equations for transition densities are considered in [11].

Note that numerical methods for solving stochastic differential equations
are successfully used to study the properties of the forward and backward
Kolmogorov equations (e.g., [15], [3] [18] and references therein).

We also note that our method can be easily generalized to the multivariate
case in . However, obtaining an explicit solution is limited by the type
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of initial data: it must be a delta-function or a Gaussian distribution in
x. Incidentally, such distributions are the most common in applications.

1

2]

3]

4]

[5]
[6]

7]

8]

9]
[10]

[11]

[12]
[13]
[14]
[15]
[16]

[17]

References

E. C. Aifantis, J. M. Hill. On the Theory of Diffusion in Media with Double
Diffusivity I and II. Quarterly Journal of Mechanics and Applied Mathematics
33 (1) 1-21 and 23-41 (1980).

N.A.Baran, G.Yin, C.Zhu.Feynman—Kac formula for switching diffusions:
connections of systems of partial differential equations and stochastic
differential equations, Adv. Differ. Equ. 1-13 (2013)

J. Bao, J.Shao, C. Yuan. Approzimation of invariant measures for regime-
switching diffusions, Potential Anal 44, 707-727 (2016).

G.I. Barenblatt, Iu. P. Zhetlov, .N. Kochina. Basic concepts in the theory of
seepage of homogeneous liquids in fissured roks, Appl. Math. Mechs. 24 1286-
1303 (1960).

V.I.Bogachev, N.V.Krylov, M. Réckner M., Shaposhnikov S.V. Fokker-Planck-
Kolmogorov equations. American Mathematical Society: Providence, 2015.

X. Chen, Z.-Q. Chen, K. Tran, G.Yin. Properties of switching jump diffusions:
Mazimum principles and Harnack inequalities, Bernoulli 25(2) 1045-1075
(2019)

P.J. Chen, M.E. Gurtin. On a theory of heat conduction involving two
temperatures, ZAMP 19 614-627 (1968).

K. Colaneri, R. Frey. Classical solutions of the backward PIDE for Markov
modulated marked point processes and applications to CAT bonds, Insurance:
Mathematics and Economics. 101 (B) 498-507 (2021)

A.Haar. P. Zur Theorie der orthogonalen Funktionensysteme. Math. Ann. 69,
331-371 (1910).

G. Fichera. On a unified theory of boundary value problems for elliptic-parabolic
equations of second order, Matematika. 7 99-122 (1963)

A.M II'in, R.Z Khasminskii, G. Yin, Asymptotic expansions of solutions of
integro- differential equations for transition densities of singularly perturbed
switching diffusions: rapid switchings, J.Math.Anal.Appl., 238(2) 516-539
(1999).

R.Z. Khasminskii, C. Zhu, G. Yin,Stability of regime-switching diffusions,
Stochastic Process. Appl., 117 1037-1051 (2007).

T. Lux,Estimation of regime-switching diffusions via Fourier transforms.
Statistics and Computing (2024) 34:88

H.-D. Nguyen, G. Yin, C. Zhu, Hybrid Switching Diffusions. Properties and
Applications, 2nd Edition, 2025, Springer Cham.

X. Mao, C. Yuan,Stochastic Differential Equations with Markovian Switching.
London: Imperial College Press (2006).

I. Novikov, E. Semenov, Haar Series and Linear Operators. Mathematics and
Its Applications, vol 367. Springer, Dordrecht.

H. Risken, The Fokker-Planck Equation. Methods of Solution and Applications.
Springer: Berlin, Heidelberg, 1996.


https://doi.org/10.1093/qjmam/33.1.23
https://doi.org/10.1093/qjmam/33.1.23
https://doi.org/10.1186/1687-1847-2013-315
https://doi.org/10.1186/1687-1847-2013-315
https://doi.org/10.1186/1687-1847-2013-315
https://doi.org/10.1007/s11118-015-9526-x
https://doi.org/10.1007/s11118-015-9526-x
https://doi.org/10.1016/0021-8928(60)90107-6
https://doi.org/10.1016/0021-8928(60)90107-6
https://doi.org/10.3150/17-BEJ1012
https://doi.org/10.3150/17-BEJ1012
https://doi.org/10.1007/BF01594969
https://doi.org/10.1007/BF01594969
https://doi.org/10.1016/j.insmatheco.2021.09.003
https://doi.org/10.1016/j.insmatheco.2021.09.003
https://doi.org/10.1006/jmaa.1998.6532
https://doi.org/10.1006/jmaa.1998.6532
https://doi.org/10.1006/jmaa.1998.6532
https://doi.org/10.1016/j.spa.2006.12.001
https://doi.org/10.1007/s11222-024-10397-6
https://doi.org/10.1007/978-3-031-93303-5
https://doi.org/10.1007/978-3-031-93303-5
https://doi.org/10.1142/p473
https://doi.org/10.1007/978-94-017-1726-7
https://doi.org/10.1007/978-3-642-61544-3

164 A.S. BRATUS AND O.S. ROZANOVA

[18] M. V. Tretyakov.Sampling from mizture distributions based on regime-
switching diffusions, SIAM Journal on Scientific Computing 47(3):A1681-
A1701 (2025)

[19] G. Yin, C. Zhu,Properties of solutions of stochastic differential equations
with continuous-state-dependent switching, Journal of Differential Equations
249(10):2409-2439 (2010)

[20] G. Yin, X. Mao, C. Yuan, D. Cao,Approximation methods for hybrid diffusion
systems with state-dependent switching processes: Numerical algorithms and
existence and uniqueness of solutions, STAM J. Math. Anal. 41 (2010) 2335-
2352

[21] G. Yin, Q. Zhang, Continuous-Time Markov Chains and Applications: A
Singular Perturbations Approach, Springer-Verlag, New York, NY, 1998.

ALEXANDER SERGEEVICH BRATUS

RUSSIAN UNIVERSITY OF TRANSPORT,
MINAEVSKIY PER., 2,

127055, Moscow, Russia

Email address: alexander.bratus@yandex.ru

OLGA SERGEEVNA ROZANOVA

LoMoNOsSOV MOSCOW STATE UNIVERSITY,
LENINSKIE GORY, 1,

119991, Moscow, Russia

Email address: rozanova@mech.math.msu.su


https://doi.org/10.1137/24M1677113
https://doi.org/10.1137/24M1677113
https://doi.org/10.1016/j.jde.2010.08.008
https://doi.org/10.1016/j.jde.2010.08.008
https://doi.org/10.1137/080727191 
https://doi.org/10.1137/080727191 
https://doi.org/10.1137/080727191 

	Introduction
	Construction of a solution
	Formal scheme
	Existence and uniqueness.

	One hidden state: M=1
	Approximation by two first modes.
	Examples of orthonormal systems
	Examples of solutions

	A four-state switching diffusion, M=3
	Discussion

