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EULER-MARUYAMA METHOD FOR REGIME SWITCHING
STOCHASTIC DIFFERENTIAL EQUATIONS WITH HOLDER
COEFFICIENTS

DUNG T. NGUYEN* AND SON L. NGUYEN

ABSTRACT. In this paper, we develop Euler-Maruyama scheme for a wide-
ranging class of stochastic differential equations with regime switching under
such conditions that allow drift and diffusion coefficients being Hélder con-
tinuous. The strong convergence of the numerical method is proved. In
addition, the rate of convergence is obtained under similar conditions to the
case of usual diffusions. Some numerical examples are provided to illustrate
the results.

1. Introduction

This article is devoted to Euler-Maruyama scheme for a broad class of hybrid
stochastic differential equations (SDEs) known as regime switching diffusions that
may not satisfy common Lipschitz conditions. Because of their ability to demon-
strate both continuous dynamics and discrete events, regime switching diffusions
have gained a great deal of attention during the past three decades. They have
been used to model a wide variety of uncertain complex systems arising from real
world applications such as automatic control and differential games, economics,
financial engineering, manufacturing systems, mathematical biology, among oth-
ers. For complete lists of references, applications, together with comprehensive
and systematic treatments for switching diffusion systems we refer the interested
readers to the monographs [18,29,30].

Due to the nonlinearity and complexity of these equations, finding their analytic
solutions is a virtually impossible task, and developing approximation methods
for these solutions turns into a natural alternative [14,20]. Numerical schemes for
regime switching SDEs therefore have become an active area since the pioneer work
by Yuan and Mao [31] with numerous results on various aspects [11,12,15,16,19,22,
23,24,25,27,28,32,33]. See, for instance, [31] for Euler-Maruyama method, [24] for
weak Euler-Maruyama method, [22] for tamed-Euler method, [23] for Milstein-type
algorithm, [11,32] for stability of numerical approximations, [33] for stabilization
of numerical solutions, [15] for approximation of invariant measures, [25,27] for
numerical scheme for state-dependent switching systems, [28] for scheme for hybrid
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systems with jumps, [16] for approximation of delayed hybrid systems (see also
[12]). However, most of the aforementioned works (except [19], to the best of
our knowledge, which focuses on somewhat specific models) require the global
or local Lipschitz conditions for the drift and diffusion coefficients despite of a
vital fact that many models in reality violate these conditions. To illustrate this
and motivate our study, we present below three examples arising in applications,
including the constant elasticity of variance model, the Cox-Ingersoll-Ross model,
and the Longstaff interest rate model with regime-switchings, in which the common
assumptions of linear growth and Lipschitz continuity are violated.

Example 1.1. The first model we want to discuss is constant elasticity of variance
(CEV) model with Markov switching [6]. Suppose that the price process S(t) of
the risky asset S evolves over time according to the following stochastic differential
equation with regime-switching

dS(t) = u(B()S(t)dt + o (B(t)S?(t)dW (t), S(0) =s >0, (1.1)

where W (-) is a standard Brownian motion, 5(-) is a Markov chain with finite
state space M, u(ip) and o(ig) > 0, iy € M, are the appreciation rate and the
volatility of the risky asset S at time ¢, respectively, and 0 < 6 < 1 is the constant
elasticity parameter.

This regime switching CEV process generalizes the standard CEV process by
replacing the constant market parameters with the corresponding market parame-
ters depending on a finite-state continuous-time Markov chain known as the regime
switching process. In [26], the authors mentioned that it is of practical importance
to allow the market parameters to respond to the movements of the general market
levels since the trend of general market levels is a key factor which governs the
price movements of individual risky assets. Regime switching models provide a
more realistic way to model the situation where the market parameters depend on
a market mode which switches among a finite number of states and reflects the
state of the underlying economy, the macro-economic condition, the general mood
of the investors in the market, business cycles and other economic factors.

Example 1.2. In this second example, we consider the Cox-Ingersoll-Ross (CIR)
model with regime switching [4,5]. The regime switching CIR model specifies that
the instantaneous interest rate follows the Markov-switching stochastic differential
equation

dr(t) = a(B(1))[b(B(t)) — r(t)]dt + o (B(2))/r(t)dW (1), (1.2)
where W (+) is a Brownian motion modelling the random market risk factor, the
regime-switching process 3(-) is Markov chain with finite state space M modelling
a random environment, and a(ip),b(ip), and o(ig), i0 € M, are the parameters.
The parameter a(ig) corresponds to the speed of adjustment, b(ig) to the mean
and o(ip) to the volatility.

It should be noted that the standard Cox-Ingersoll-Ross model does not contain
the changes in regime. However, after the pioneer work in [7,10] using regime-
switching models in economics, regime-switching behavior of interest rate models
have been widely used in interest rates modelling. Empirical evidence provided in
the finance literatures Aug and Bekaert [1,2] suggests that the switching of regimes
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in interest rates matches well with business cycles. In addition to the statistical
evidence, there are economic reasons as well to believe that the regime shifts are
important to understand the behavior of entire process. As shown in [3], based on
the empirical data of US. treasure yields, the poor empirical performance of the
standard CIR model without switching may well suggest the existence of regime
shifts. Furthermore, a generalisation of the CIR model, in which /7 (¢) is replaced
by [r(t)]” with v > 0, was investigated in [8].

While the drift terms of the CEV model and CIR model are still Lipschitz
continuous, this property is no longer valid in the following Longstaff model.

Example 1.3. In this example, let us consider the Longstaff interest rate model
with regime-switching [17], which is also known as the double square root model
of stochastic interest rate, described by the following equation

dr(t) = s(8())|0(B®) = V(D] dt + o (BW)VrBAW (@), (1.3)

where W(+) is a Brownian motion, §(-) is a continuous time Markov chain, and
k(10),0(ip), and o(ig), ig € M, are constant parameters.

This interest rate process is similar to the CIR model with regime switching
since the interest rate is elastically drawn toward central value. However, the
restoring force in (1.3) is proportional to 6(8(t)) — \/r(t), rather than 6(5(t)) —
r(t). This nonlinear restoring force has many implications in the behavior of
the interest rate. Longstaff reported in [17] that this so-called nonlinear term
structure outperforms the CIR model in describing actual Treasury Bill yields
for the period of 1964-1986. In that paper, he used the GMM to estimate the
parameter. Adopting his double square root process to specify the interest rates,
we obtain the risk-neutral process described by equation (1.3).

As seen from the above examples, Lipschitz and local Lipchitz conditions are not
satisfied in many applications. Nevertheless, relaxing these conditions in approxi-
mating solutions of regime-switching SDEs brings a lot of challenges. In existing
literature, these conditions play an important role in proving key estimates for
the differences of the drift and diffusion coefficients to establish the convergence
as well as obtain the rate of convergence of numerical methods. Lacking of these
properties naturally requires new approaches. However, different from the cases
of usual diffusions, many powerful tools have not been well-studied for hybrid sys-
tems such as Malliavin calculus and heat kernel estimates. In this paper, in order
to overcome these difficulties, we shall use the Yamada-Watanabe approximation
to approximate the function ¢(x) = |x| by differentiable functions (see [9,21]) and
then study Euler-Maruyama scheme for regime-switching SDEs without assuming
Lipchitz conditions. Under reasonable conditions on Holder continuity of the co-
efficients, the convergence for this scheme is proved and the convergence rate is
asserted. The appearance of the switching process modulated in our present sys-
tem on one hand makes the problem more complicated since continuous dynamics
and discrete events coexist and are intertwined. On the other hand, it leads to
several additional terms which require substantial improvements to estimate.

The rest of the paper is organized as follows. In the next section, we will
formulate the problem and introduce the assumptions. The numerical method and
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some preliminary estimates are also included in this part. The rates of convergence
of the numerical method are provided and proved in Section 3. Section 4 is devoted
to the simulation results. Finally, Section 5 includes some further discussions. In
order to keep the presentation more transparent, proofs of some technical lemmas
are relegated in an appendix at the end of the paper.

2. Numerical Methods and Main Results

2.1. Formulation. Let (Q2, 7, P) be a complete probability space. On this prob-
ability space, let W(-) be a real-valued, standard Brownian motion, {5(¢),t > 0}
be a Markov chain that takes values in the finite set M = {1,2,...,mq}, and Yj be
an R-valued random variable. We assume that W(-), 8(+), and X; are independent
throughout the paper. We consider the following SDEs
dX(t) = b(t, X (1), B(t))dt + o(t, X (t), B(t)dW(t), t€[0,T],
X(0) = Yo,
for some T' > 0, where b(+,+,-) : [0, T]xRxM — Rand o(-,-,-) : [0, T]xRxM — R
are given functions and E | X|P < oc.

(2.1)

Assumption A. We assume that b = u + v where v is monotone decreasing, and
there exists constants K > 0,y € (0,1], and 6 € [0,1/2] such that for any ¢ € [0, T,
reR, yeR, and ig € M,

Al. |’U/(t, €z, ZO) - U’(t7 Y, ZO)‘ < le - y‘

A2. |’U(t,$,io) U(tayai0)| < K|.13 - y|’Y

A3. |U(f7$,i0) U(t7 y710)| < K‘l’ - y|0+1/2'

A4, fu(t, 0, i) + [v(t,0,0) |+ |o (2, 0,0)] < .

Combining Assumptions A1, A2 and A4, we derive that for all ¢ € [0, T], for all
x € R, and for all ¢ > p > 0,

b(t, z,i0)|” < K(1+ [x]?). (2.2)

Also, it follows from Assumptions A3 and A4 that for all ¢ € [0, 7], for all x € R,
and for all p > 0 and ¢ > (6 + 1/2)p,

lo(t, z,i0)|P < K(1+|z|?). (2.3)

In the next remark we will point out that Assumption (A) is valid for all examples
mentioned in Section 1.

Remark 2.1. i) In Example 1.1, b(t, z,i9) = u(ig)r and o(t,x,ig) = o(ip)x?. Tt
is easily seen that the drift coefficient is Lipschitz continuous and the diffusion
coefficient is #-Holder continuous.

ii) Similarly, in Example 1.2, the drift b(t, z,i0) = a(ig)(b(ip) — ) is Lipschitz
continuous and the diffusion o (¢, z,i9) = o(ip)y/2 is Holder continuous of order
1/2.

iii) In Example 1.3, the drift coefficient can be decomposed into two terms:
u(t,x,i9) = k(i9)B(ip) is Lipschitz continuous and v(t,z,i0) = k(ig)y/T is 1/2-
Holder continuous. The diffusion coefficient o (¢, z,i9) = o(ig)+/x is Holder con-
tinuous of order 1/2.
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To proceed, we present a result concerning the existence and uniqueness of
solutions of the hybrid SDEs under Assumption (A). For convenience, a proof of
the following proposition is provided in the Appendix.

Proposition 2.2. Under Assumption (A), equation (2.1) has a unique solution.

2.2. Numerical Methods. Let A > 0 be the step size. Put Ny = [t/h]. For
any k > 1, we define ¢" : [0,T] — [0, 7] by

CM(t) =kh =t} if tekh,(k+1)h).

Construction of the Markov chain S(t). To generate a continuous-time
Markov chain with a given generator Q = (gi,;,) € R™°*™°, we quote the method
of constructing the Markov chain from [29], Section 2.4. Constructing the sample
paths of 8(t) requires determining its sojourn time at each state and its subsequent
moves. The chain sojourns in any given state i, ig € M, for a random length
of time, (;,, which has an exponential distribution with parameter —g;,;,. Subse-
quently, the process will enter another state. Each state jo (with jo € M, jo # ip)
has a probability g;,;,/(—¢ii,) of being the chain’s next residence. The post-
jump location is determined by a discrete random variable Z;, taking values in
{1,2,...,i0 — Lyig + 1,...,mo}. Its value is specified by

1 it Z < gi1/(~digi

o)
2 it Gig1/(—qigio) < Z < (¢ig1 + Qiv2)/ (—Gigio) (2.4)

mo if Zjoiio,jo<mo qiojo/(fqioio) <Z

where Z is a random variable uniformly distributed in (0,1). Thus, the sample
path of §(t) is constructed by sampling from exponential and uniform random
variables alternately. With the 3(t) generated above, set (¢"(t)) = B(kh) = B(t})
ift € [kh, (k4+1)h) for h > 0and k = 0, 1, ..., which is the h-skeleton of the Markov
chain.

Euler-Maruyama scheme. We consider the following Euler-Maruyama scheme
for the solution of equation (2.1)

Y& = Xo,
Vi =Y hb(te, Y BE) 4+ o (6, Y3 B ARW  for all k > 0,

where gl = (') and APW = W (tr, ) — W(th). If b(-,-,-) and o(-,-,-) satisfy
Assumption (A), we define the continuous-time interpolation of the approximation
as
t ¢
5(8,Yh(Ch(S)%ﬁ(Ch(S)))dSJr/ a(s, Y"(C" (1)), BC" (1)) AW (s).
0

(2.5)
It is clear that Y"(t}') = Y. In the next section, for convenience, we will use
Y"(t) to approximate solution X (t) of (2.1).

Yh(t) = X0+/0
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2.3. Preliminary Estimates. Denote
Yht) =Y"() = Y"(C"(), Y = X() - Y"(@). (2.6)

We have the following estimate on the bound of the moment of Y"(t). (See Ap-
pendix A.2 for the proof)

Lemma 2.3. Suppose that Assumptions Al to Ad hold andp > 0. IfE|Xo|" < oo
then there exists a constant C such that

supE l sup ‘Yh(t)‘p < C. (2.7)

h>0 te[0,T]

The bound of the moment of Y"*(¢) can be estimated as follow. (See Appendix A.3
for the proof).

Lemma 2.4. Let p > 0. If E|Xo|™ex{P1420} < oo then under Assumptions Al
to A4 there exists a constant C such that

sup E|Y"()|]P < ChP/?, (2.8)
t€[0,T]

As a result, for any o > 0,

t tgsp_ op/ = .
E(/O ?h()|d> < Cher/? (2.9)

where C' > 0 is a constant only depending on p and E|Xo|max{e.er 1420} < o

In the proofs of the main theorems and the Theorem 2.7 below, we will use the
Yamada-Watanabe method to approximate the function ¢(z) = |z|. Let 6 > 1
and € > 0. Then f:/ s df = Ind and therefore there is a continuous nonnegative

function ¥ (z),z € [0,00), which is zero outside [¢/J, €], has integral 1 and satisfies
¥(z) < 2= (see [13, p. 168]). Define

lz|  ry
o(x) :/ / Y(z)dzdy, = €R. (2.10)
o Jo
We have the following remark on the properties of ¢(z).

Remark 2.5. For any = € R, the following properties hold true:
(a) |z < e+ o(a).

(b) ¢'(z) = (579 (Jx]).

(©) 0<¢(al) < min {1,221},

(d) ¢"(z) = ¥(2]) < s Liessallal)-
More details on these properties can be found in [13, p. 168].

Denote
U(s) = |b(s, Y"(¢"(s)), B(s)) = b(s, Y"(¢"(5)), B ()], (2.11)
Vi(s) = |o(s, Y(¢"(5)), B(s)) — s, Y(C"(9)), B ()] (2.12)
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and
LMt) = /o/¢’(57h(8)) [0(s, X (s), B(s)) — (s, Y(¢"(s)), B(C" (5)))] dW ().
(2.13)

To proceed, we need the following estimates for U (¢) and V"(¢). (See Appen-
dix A.4 for the proof)

Lemma 2.6. Suppose that Assumptions Al to A4 hold and let o be a positive
constant. If E|Xo|? < oo, then there exists a constant C such that

E/Ot [U"(s)]? ds < Ch. (2.14)

Similarly, if E|Xo|(7129)¢ < oo, then there exists a constant C' such that
E/Ot [Vh(s)]®ds < Ch. (2.15)
By using the properties of the function ¢ introduced in Theorem 2.5 and Itd’s

formula, the next theorem allows us to estimate [Y"(¢)| and provides a key step
to prove the main theorems. (See Appendix A.5 for the proof)

Proposition 2.7. Suppose that Assumptions Al to A3 hold. Then

N 20 to t
Yh(t)| < [e+ cie }—FK/ |Yh(s)|ds+K/ [
Iné 0 0

eifa ot U?h(s)‘lm

(s)| + ’17’1(3)‘W +U"(s)] ds

+

+ Vh(s)] ds + L"(t).
(2.16)

It is worth mentioning that, different from the case of common diffusion, the
estimate in Theorem 2.7 is not enough to prove the convergence or convergence
rate when p > 2. Therefore, in order to deal with this case, we need another result.
To proceed, for each ¢ € [0, 7], we define

Z"(t) = sup
s€0,t]

)A/h(s)‘ . (2.17)

We have the following proposition.

Proposition 2.8. Suppose that Assumptions Al to A3 hold. IfE|Xy|P < oo then
forallp > 2,

E|zM1)| < CE/Ot ‘?h(s)’p_me

ds+C [hm/2 + h 4 ple—1+20)/2]
In particular, if 6 = 1/2 then

E[Z"0) <C (h/2+n).
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3. Rates of Convergence

In order to prove Theorem 3.4, we need the following theorem whose proof is
put in Appendix A.7.

-~

Lemma 3.1. Let (Y (t))i>0 be a nonnegative stochastic process and put Z(t) =

SUpg<s<¢ Y (8). Assume that for somep > 0,q > 1,p € [1,q] and constants Ky, K>
and 6 >0

r/q

E[Z(t)] < K1 E /0 (Z(s)Pds + Ko B { /O t Y”(s)ds} th<oe,  (3)

for allt € [0,T). Then the following statements hold

(1) If p = q then there exists a constant C' depending on K1, Ka, p,q and p, such
that for all t € [0,T7,

E[Z(t)]" < dexp (Ct + Ctmax{p/q,l}) .
In particular, there is a constant C such that
E[Z(T)P < C14. (3.2)

The constant Cy depends only on C,p,q and p, and increases in T'.
(2) If p € [1,q) and, in addition, if p > q or p > q+ 1 — p, then there exists a
constant C, depending on Ki, Ka, p,q and p, such that for all t € [0,T],

ot (p—1) max{p—gq,0} t ~
E[Z(t)]P <e¥' |Ct pa=p) E[Y (s)]ds+ 0| . (3.3)
0
In particular, there exist constants Cq and Cs such that

E[Z(T)]P < C16 + Cs /0 TE[?(S)]ds. (3.4)

The constants C and Cy depend only on C,p,q and p, and increases in T .
The same results can also be achieved if inequality (3.1) is replaced by

E[Z(t)]? < K\ E [/Ot Z(s)dsr + KK [/Ot[?(s)]pds} " +6 < oo, (3.5)

The main results of this section are presented in the following theorems and
corollaries.

Theorem 3.2. Suppose that Assumption (A) holds. If E|X,|**2? < oo then there
exists a constant C' such that for all h,

sup E|X(r) - Y ()| < { TR0 ifo=0,
reT — | Cormint0/2E 0 < 9 < 1/2,

where T is the set of all stopping times T < T.

Proof. Let U"(s),V"(s), and M"(s) be the notations introduced in Theorem 2.7.
We can derive from Theorem 2.6 that

! h
E /O Uh(s)ds < Ch, (3.6)
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and .
E / Vi (s)ds < Ch. (3.7)
0
Besides, owing to Theorems 2.4 and 2.6, it follows from Theorem 2.7 that
E V(1)
Cte?? LN t ~
< le+ +K/ E|Yh(s)\ds+K/ IE‘,HYh(s)
In (S 0 0
t

6(1/;165 OtE “?h(s)‘

+ ‘?h(s)

A/] ds

1+20 (3.8)

+1E/0 U"(s)ds + +Vh(s)] ds

Ce?? Co [, 941
9 /2
Inéd +eln6(h +h)'

t
< K/ E\Yh(s)\ds—i—e—i—C(hl/Q +m/2) +
0

Let Vh(t) = ’}A’h(t/\T)‘ for any stopping time 7 < T. Then inequality (3.8)
becomes

E[Y"(t)] < K/tE[Yh(s)]ds
0

+C e+h1/2+h”/2+£+i(h9+1/2+h) :
In§d  €elno

By Gronwall’s inequality

EY"(1)] < C 6_HAL1/2+;L7/2+£+ d (h9+1/2+h)
B Ind  elnd ’

If 0 < @ < 1/2 then, by choosing € = h'/? and § = 2, we obtain
E[Y" (¢)] < Chmin{®:7/2},
Letting t — oo yields
sup E | X () — Y"(7)| < Cpmint00/2},

TET
If & = 0 then, by choosing € = \lni%h)l and 6 = h~1/3, we arrive at
—h C
E[Y (t)] < .
[ In(h)|
Letting t — oo yields
C
sup E| X (7) — Y"(7)| < .
S BIXE) =Y < gy

O

Corollary 3.3. Under Assumption (A), if E|Xo|'*2? < oo, then there exists a
constant C' such that for all h > 0,

¢ if =0,
E | sup |X(t)th(t)| < { V)]

0<t<T Chmin{29279’y} Zf 0<6 < 1/2.

(3.9)
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Proof. Recall that Z"(t) = SUPefo,4] ‘f/h(s)‘ In order to estimate Z"(t), we can
use Theorem 2.7, in light of Theorems 2.4 and 2.6, to derive

0629

Ind

E[Z"t)] < K/tE [Z"(s)] ds + [e-i-

cé
+ —— (V2L )+ E sup |L"(s
€1n5( ) sE[O,t]’ ( )

] + C(h'? + /% + h)
(3.10)

)

where L"(s) is defined by equation (2.13). It remains to estimate L"(s). To do
so, put

Ly(t)

: EVCRRNERTY
:CE( [ 1ot Y60 86D = ot Y (). 5L 9) ds) .
0

An application of Burkholder-Davis-Gundy inequality, by virtue of Assumption A3,
leads to

E sup ‘Mh(s)‘
s€0,t]

con( [

ST Tols, X(s), 5(s)

1/2
- a(s,Yh<<h<s>>,/3<<h<s>>>|2ds)

¢ ) 1/2 (3.12)
<CE ( | ot X509 = (5,451, 666) ds)

t 1/2
+CE (/0 lo(s,Y"(s), B(s)) — U(Svyh(Ch(S)),B(s))|2 ds) T

t R 1420 1/2 t
gcu«:(/ ‘Yh(s)‘ ds) +C]E(/
0 0

where L (t) is defined by equation (3.11). It follows from Theorem 2.4 that

t 1/2
E { / |Yh(s)]1+20ds} < Ch+20)/4, (3.13)
0

‘1+20

B 1/2
Yh(s) ds) + L (1),

Observe that for all s € (t}, tZ_H) and ig € M the following inequality holds

P (B(s) # o, B(t4) = io|Fyy ) =P (B(s) # 0| BUE) = i0) Wpan)io)
< Ch.

(3.14)

Besides, L (t) can be written as
Li(t) =

h
ty AL

X ) 1/2
CLZO A E|o(s, Y"(t1), B(s)) — o (s, Y™ (1), B(t1))] ]1{6(5);6ﬁ(t2)}d5:| .
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Thus, we can estimate L (¢), in view of inequality (2.3), as follows
0

- C{ )3 / R [ (ot . 60 - o e 00
1/2
x l{ﬁ(s)#ﬁ(%)}‘ftﬁ)}d‘g}
{Z/%M 3 [E(yo(s,yh(tg),ﬁ(s)) — o (s, Y™ (t), o)
1/2
}'tg)]ds}
< c{ %/f“M > E {|J(3,Yh(tﬁ),j0) — (s, Y1), i0)|”

k=0""k 1<io#jo<mo
1/2
th):| ds}

X ﬂ{ﬁ(s)?fio-ﬂ(tﬁ):io}

( {5() =jo.B(t})= 10}

Nt o ptp AL ,
= Z/ > E[|0(87Yh(t2),jo)—a(s,Yh(tZ),i0)|

k=0 "t 1<io#jo<mo

1/2
x IP’(ﬂ(s) = jo, B(t}) = io’]:tz)]ds]
1/2
th, 1/\1‘ )

=C hZ/ 1+E!Yh(t2)\ )ds] < Ch'/2,

(3.15)

Note that we have used the estimate (3.14) in the last line of inequality (3.15).

As a result, substituting inequalities (3.12), (3.13) and (3.15) into inequal-
ity (3.10) leads to

(20

2Ino

E [Z"(1)] <K/ E [Z2"( )]ds+[e+ }+C(h1/2+h7/2)

Co gi1)2 /t
E
* %lns 5(h +h)+C ;

which can be simplified as follows

1/2
?h(s)‘1+29 ds) 4 CROF0/4 L opl/2,

020
2Ind

E[Zh( <K/ Zh )} ds + {H_ ] +C(h1/2+h7/2+h(1+29)/4)

t 1420\ /2
C(s(h"“/2+h)+CIE(/ ‘Yh(s) ds> .
0

+ 2¢lnd

(3.16)
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o 1420\ /2
In order to estimate the first integral E (/ ‘Yh(s)‘ ds) on the right-hand
0

side of inequality (3.16), we consider two cases:
Case 1: # = 0. By using Jensen’s inequality and Theorem 3.2, we get

t 1/2 t 1/2 C
E(/ ’?h(s)‘ds> < (/ E‘}/}h(s)’ds) < —,
0 0 V[ In(h)|
which, in view of inequality (3.16) with e = m and § = h~1/3, implies that

E[2"(t)] < C/O E[2"(s)] d“lli(h)l’

This inequality, in light of Gronwall’s inequality, verifies inequality (3.9) for 6 = 0.
Case 2: 6 € (0,1/2]. By using Jensen’s inequality, Cauchy’s inequality, and Theo-
rem 3.2, we deduce that for any ¢; > 0,

E (/Ot ?h(s)‘lm ds>1/2 <E (Zh(t) /Ot ‘f/h(s)f‘g ds)

1/2

which, taking into account inequality (3.16) with e = h'/2, § = 2, and ¢; =
implies that

B[2/0)] £ [ E[2(s)] ds + Onnl0)
0

This inequality together with Gronwall’s inequality verifies inequality (3.9) for
6 € (0,1/2]. O

The above corollary gives an estimate for the 1st moment of the error. Regard-

ing to an estimate for its p-th moment, we have the following theorem.

Theorem 3.4. Under Assumption (A), if p > 2 and E|Xo| 2907 < oo, then
there exists a constant C' such that for all h > 0,

TTZET if 0 =0
) [T (R)] ;
E| sup |X(t)—Y"®)["| << cuminten/2h irg e (0,1/2), (3.17)

ot Chminion/2) g =12,
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Proof. Bearing in mind Theorem 2.7, similar arguments used in the proof of The-

orem 3.5 show that
p
o] |74 ] as)

|?h<t>|psc[€+§€2§} +c(/[
e <61n5> </’ 1% )p+(/0tvh(s)ds>p] (3.18)
o[ o) +C(/O vtgas) el

We will evaluate all terms on the right side of inequality (3.18) and then use
Theorem 3.1 to get the desired estimate as follows. Taking into consideration
Theorem 2.6, we obtain

E (/Ot Uh(s)ds>p < C/OtIE [U"(s5)]" ds < Ch,

</Vh s) <c/ E [V(s)]" ds < Ch.
0

Likewise, Theorem 2.4 implies

E (/Ot ‘f/h(s)‘ ds)p <2, E (/Ot ’f/h(s)‘7 ds)p < p/2,
5(f)

Consequently, inequality (3.18) leads to

and

and

P
}7}"(3)’1”0 ds) < p0+1/2)p,

20

E[z"t)]" < CE [/Ot Zh(S)dS} +C [6 - 16] O+ (3.19)

) p
+Ch+< ™ 5) c(h<0+1/2>P+h)+E sup [L"(s)|.
€ s€[0,t]

It is remaining to estimate L"(¢). We first put

t p/2
= hich —a(s, Y (s h(s g s .
—E(/O lo(s, Y"(¢"(s)), B(s)) — a(s,Y"(C"(s)), B (5)))] d)

We will estimate L5(t) first.
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On one hand, Holder’s inequality, Theorem 2.3, and inequality (2.3) in that
order yield

L3(t) < t”/H]E/ |o(s, Y (¢"(5)). B(5)) = o5, Y (¢"(5)), B(¢" (5))]" ds

tho At ™o

< Ot/ IZ/ ZE|‘7 s, YR, B(s)) — (s, Y™ (th),d0)|”

201

X Lt g s)stio, B(t])=io } 45

th At

< o 12 / E [|o—<s,Yh<tz>,jo> (s, YD), i0) !

1<ig 7'5]0 <mg

x}P’(ﬁ( ) = jo, BN Zo’fth)}ds

Ne o pth At

(1 +E |Yh(t§g)\p) ds < Ch.

(3.20)
On the other hand, applying Burkholder-Davis-Gundy inequality to

t
") = [ ) ol X(5). A8)) = (s, Y (). B ()W (s,
and taking note of Assumption A3, one can arrive at the following inequality

E sup ‘Lh |
s€[0,t]

cox(

t p/2
< CIE( ; lo(s, X (s),B8(s)) — o(s, Yh(s), s))| ds)

p/2
ST fols, X, 5(6)) = oo Y00 B o) s

t p/2
ros / o Y61, 8(9) = ol V(G ). BN s )+ €L

1+29 p/2 t
<CIE(/ ‘ s> +C’E</
0

Besides, Theorem 2.4 yields

«(f

It follows from inequalities (3.20) to (3.22) that

p/2
(s)‘me ds> oL,
(3.21)

- 1420 p/2
Yh(s)‘ ds) < ChI+200p/4, (3.22)

1+2 p/2
E sup |L"(s)| <CIE</ ‘ s> + ChAF20/ Lo (3.23)
s€[0,t]
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Combining inequalities (3.19) and (3.23), we get

20

t P p
E[Z"1)]" <CE U Z”(S)ds} +C [e + fna} +C (hW2 +h+ h““")l’/‘*)
0

5 p t Sh 1420 p/2
+ (ema) Ch+CIEJ(/O ‘y (s)’ ds) .
(3.24)

In (3.24), the term (el‘f“;)p Chl9F1/2)P is eliminated because (6 +1/2)p > 1. Since

Theorem 2.8 showed that

E [Zh(t)]p < Chmin{l,p’y/Q}

when 6 = 1/2, it is sufficient to prove this theorem for 6 € [0,1/2). We consider
two cases: )
Case 1: # = 0. Choosing § = h™ 7T and ¢ = m, we derive from inequal-

ity (3.24) that
[ In(h)[P-

E[z"t)]" <CE Uot Zh(s)ds]p +CE (/Ot
(3.25)

By virtue of Theorem 3.2 and Theorem 3.1 with p > ¢ = 2 and p = 1, inequal-
ity (3.25) yields

Y"(s)

p/2
ds> + ¢

C Eo c
h p<7 h < —.
E 20" < i +c/0 B[ V4(5)] ds < i

Case 2: 6 € (0,1/2). We choose § =2 and € = hs. Inequality (3.24) becomes
t P
E[z"t)]" < CE [/ Zh(s)ds} +C (hP’Y/Q + h‘))
0

t 1120\ P/?
+CE(/ ‘Yh(s)’ ds> .
0

It can be derived from inequality (3.26) and Theorem 3.1 (with p > ¢ = 2 and
p=1+420<2) that

(3.26)

t
E[2"(#)]" < C (h/2 4+ 1) +/ E ‘Yh(s)’ ds.
0
According to Theorem 3.2,
t
/ E ’Yh(s)‘ ds < CRpmn{6:7/2},
0

Therefore,
E [Zh(t)]p < Chmin{@,'y/Q}.
These completes the proof of the theorem. O
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Corollary 3.5. Under Assumption (A), if 0 < p < 2 and E|Xo|?(*29) < oo, then
there exists a constant C' such that for all h > 0,

C - —
OIRE if =0,
E { sup | X(t) — Yh(t)]p} < Cpmin{pt/207/4} i € (0,1/2),
st Chii/2 ifo=1/2.

Proof. If 0 < p < 2 then Lyapunov inequality implies that

p/2
E( sup |Y"(t) —X(t)|p> < [E( sup |Y"(t) —X(t)fﬂ : (3.27)

te[0,T] €[0T

For our purpose here, we also consider three cases: 6 =0, § =1/2, and 6 € (0,1).
Using inequality (3.27) and the corresponding results obtained in Theorem 3.4,
we can get the desired estimates. For instance, if § = 0 then we deduce from
inequality (3.27) that

c 1" C
h P
; (ﬁ?é%] = xol ) <] < o

Similar arguments can be used for other cases. This completes the proof of the
theorem. (]

Remark 3.6. Theorems 3.2 and 3.5 extend the results in [9] for the case Markovian
switching diffusions. In fact, we obtain the same rates of convergence. Regarding
to the strong convergence in LP sense for the Euler-Maruyama approximation with
and without Markovian switching, we also achieve the same rate of convergence
provided that 6 # 1/2.

If 6 = 1/2, that is o is Lipchitz continuous, then it follows from Theorem 3.4
and Theorem 3.5 that

1/

P
E|sup |X(t)-Y"@)|"| <opmnti/ea/2
0<t<T

In particular, the rate of convergence of EM algorithm in LP sense is 7/2 for
0 < p < 2. This actually generalizes the standard L' and L? convergence rate
of 1/2 for Euler-Maruyama method for SDE with Markovian switching under
Lipschitz condition (i.e., 4 = 1). Under certain non-Lipschitz conditions, only L!
and L2-convergence (without convergence rate) are discussed in [19]. Note that
different from numerical methods for common SDEs, the LP convergence rates for
methods of regime switching SDEs would reduce for p > 2 because of the effect of
estimations relating the switching process. All the existing results on numerical
methods for SDE with Markovian switching therefore mainly focus on L' and L?
convergences (see [18,19,22,23,24,30,31]). To the best of our knowledge, there are
no results with better rates of convergence in L? (0 < p < 2) sense for numerical
method for regime switching diffusions when the diffusion coefficients are Lipschitz
continuous and the drift coefficients are Holder continuous.
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4. Simulation Results

In this section, we consider several examples to demonstrate the theoretical
findings.

Example 4.1. In the first example, we consider the following equation
dX () = b(X(t), 5(t))dt + o (X(t), B(t))dW (t), 0<t<1,
X(0) =5,

where W (+) is a Brownian motion, §(+) is a two-state Markov chain with the state
space M = {1,2} and the generator @ given by

Q- (‘5 _;) . (4.2)

Furthermore, we suppose that the drift b(-,-) and the diffusion o(-,-) are given as
follows

(4.1)

b(z,1) =2+ x — 2y/x, b(z,2) =1+ 2x —x
o(xz,1) =0.1z, o(x,2) =0.3x.

That is equation (4.1) becomes
dX (t) = (2 FX(1) - 2\/X(t))dt F0.1X(H)dW (1)

provided that the Markov chain 8(t) resides at the state 1; otherwise, if it resides
at the state 2, equation (4.1) becomes

ax(t) = (1+2X(t) - VX(0))dt + 03X ()W ().
It is easy to verify that Assumption (A) holds for equation (4.1) with
0 =0.5, u(z,1) =2+ =z, v(z, 1) = —2y/x, o(z,1) = 0.1z,
~v = 0.5, u(z,2) =1+ 2z, v(z,2) = -/, o(z,2) = 0.3z.

We use the Euler scheme with h = § = 27!% to be a good approximation of
the exact solution and compare this with the Euler approximations using h =
274 h =275 h =275 and h = 277. The resulting log-log error plots are shown

log(error) verus log(step size) log(error) verus log(step size)

08[ 2=0999426 16 r=0s99148

°

£ H
£ 2
X o4 x
3 =
g ;oa
T 02 i3
g étsas
20 iw
E g

&

&

< Euler (slope =0.328) 02 —— Euler (slope =0.642)
+- Slope 0.25 +-- Slope 05

4852 4159 3465 2773 4852 4159 3466 2173
log(at) log(a1)

FIGURE 1. log-log plot for Theorem 4.1

with a dashed reference line of slope 0.25 and 0.5 in Fig. 1. The empirical rates of
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convergence of the Euler schemes, which are the slope of the first regression line
and 1/2 the slope of the second regression line, can be estimated by 0.328 and
% = 0.321 respectively. In this example, the empirical convergence rates are
close to the verified rates.

Example 4.2. This example concerns a CEV model with Markov switching.

dS(t) = p(B()S(t)dt + o (B(1)[SH)]dW (1), 0<t<1,
S(0) =0.1,
where W (+) is a Brownian motion modeling the random market risk factor; p(-)

and o(-) are the parameters of the model; 5(-) is a two-state Markov chain with
the state space M = {1,2} and the generator @) given by

—4 4
o= (" o)
Assume further that

p(1)=5, p2) =3, o(1)=03, o(2)=04.

It is easy to verify that Assumption (A) holds for this equation with § = 0.3, g = 0.
We take the Euler scheme with A = 271% to be a good approximation of the exact
solution and compare this with the Euler approximations using h = 273, h = 274,
and h = 27°. The resulting log-log error plots are shown with a dashed reference

log(error) verus log(step size)

2 =0797809

Log sample average of supyg X "} X(0)]

—=— Euler (slope =0.188)|
-+~ Siope 0.18

3486 21 2078
log(s)

FIGURE 2. log-log plot for Theorem 4.2

line of slope 0.18 in Fig. 2. The empirical rates of convergence of the Euler schemes,
which is the slope of the regression line, can be estimated by 0.188. In this example,
the empirical convergence rate is close to 0.18.

Example 4.3. In Theorem 1.2, we introduced the regime switching Cox-Ingersoll-
Ross (CIR) model for the instantaneous interest rate that follows the Markov-
switching stochastic differential equation:

dr(t) = a(B(t)) [p(B(t)) — r(®)]dt + o (B(t))V/r(t)dW(t) 0<t <1,

7(0) = 0.05, (4:3)
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where W(-) is a Brownian motion modeling the random market risk factor; a(-),
b(-), and o(-) are the parameters of the model; 5(-) is a two-state Markov chain
with the state space M = {1,2} and the generator Q given by

o-(7 ).

a(1) =038, a(2) =10,
b(1) = 0.05, b(2) = 0.03,
o(1) =0.05, o(2)=0.10.

Assume further that

It is easy to verify that Assumption (A) holds for this equation with § = 0, g = 0.
We take the Euler scheme with h = § = 275 to be a good approximation of the
exact solution and compare this with the Euler approximations using h = 273 h =
274 and h = 27°. The resulting log-log error plots are shown with a dashed

log(error) verus log(-log(step size)) log(error) verus log(-log(step size))
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-log(-log(A 1)) -log(-log(A 1))

FI1GURE 3. log-log plot for Theorem 4.3

reference line of slope 0.5 and 1.0 in Fig. 3. The empirical rates of convergence of
the Euler schemes (as powers of m), which are the slope of the first regression
line and 1/2 the slope of the second regression line, can be estimated by 0.805 and

% = 0.863 respectively.

5. Further discussion

In this paper, we study Euler-Maruyama approximation for one-dimensional
stochastic differential equations with Holder coefficients using the method of Ya-
mada and Watanabe approximating the function ¢(z) = |z| for € R, which
is discussed at the beginning of Section 2.3. Extending the results for multi-
dimensional stochastic differential equations is a natural and interesting problem.
Dealing with multi-dimensional stochastic differential equations would require a
totally different approach. This open problem will be one of our future work.
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Appendix A. Appendix

A.1. Proof of Theorem 2.2. We first verify the existence of equation (2.1)
under Assumption (A). In fact, let 70 = 0 and 0 < 74 < 7o < ... be all the
jump times of the switching process such that S(t) is a constant in each interval
[7i, Tit1) for each ¢ > 0. Since equation (2.1) always has a unique solution within
[Ti, Tix1) under Assumption (A), the existence of solution of equation (2.1) is then
confirmed.

Next, we will prove the uniqueness of equation (2.1) under Assumption (A).
Suppose that Y;(t) and Ya(t) are two solutions of equation (2.1). Put Y(t) =
Yi(t) — Ya(t). Fix T'> 0. Then

AV (1) = [b(t, Ya(0), (1)) — b(t, Ya(t), B(1)) |t

+ ot Y1), B1)) — o8, Ya(t). B(1) |dW (1), ¢ € [0.T],
Y (0) =0.

Applying 1t6’s formula for qS()A/h(t)) and using property (a) of ¢ in Theorem 2.5,
we obtain

()| <e+o(Y(1))

. +/ ¢ (V(s)) [uls, Yi(s), B(s)) — £ (s, Ya(s), B(s))] ds

0
+/0 525/(?(5)) [U(S,Yl(s)aﬂ(s)) *9(573/2(5)75(5))] ds (A1)

2

+3 /0 0" (V(5)) [o(s,Y1(5), B(s)) — o (s, Ya(s), B(s))] " ds

+/0 ¢'(Y(5) [o(s,Y1(5), B(s)) — (s, Ya(s), B(s))] dW (s).

We are going to estimate the integrals on the right hand side of inequality (A.1).
First of all, using properties (b) and (c), and Assumption Al yields

/0 ¢ (Y(s)) [u(s, Yi(s),B(s)) — f(s, Ya(s), B(s))] ds
= /O |6/ (Y(5))| |uls, Yi(5), B(s)) — f(s,Ya(s), B(s)) | ds (A.2)

< K/Ot Y (s)]| ds.

Since g is monotone decreasing, we can use properties (b) and (c) to obtain

¢' (Y (s)) [v(s,Yi(s), B(s)) — g(s.Ya(s), B(s))] ds
0 (A.3)

7|)?(s) [v(s,Y1(s), B(s)) — g(s,Ya(s), B(s))] ds < 0.
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Thanks to property (d) and Assumption A3, the third integral in inequality (A.1)
can be estimated as follows

[ (760 o 3060 86)) — (5 Y3050 56)) ) s
2 1 2 —
/ TP sV s (A4)
2 2T629
S/0 291n5d8§ Ing *

As a result, inequalities (A.1) to (A.4) imply

2T 2!

t
E|Y(t)| < e—l—K/O E |V (s)|ds + =

from which, by using Gronwall’s inequality, we can derive that

26
E|Y(t)| < <e+ 2T€> eit,

Ind
If we choose § = 2 and let ¢ — 0, then this inequality leads to E ’Y | = 0; it
means that Y (¢) = 0 almost surely for all ¢ € [0,T]. Hence, equation (2.1) has a
unique solution. O

A.2. Proof of Theorem 2.3. For each £ =1,2,..., put
o =inf {t > 0: [Y"(t)] > k}.

We first note that

p

Yh (AP < ClXol + C / (s, YR (s)), B(CH(5)))ds

(A.5)

P

Lo / o5, YR(C(s)), B (5)))dW (s)

Using inequality (2.2) and the elementary inequality (a; + b1)? < C(a} + bY) for
positive numbers a; and by (constant C only depends on p), we have the following
estimate for the first integral on the right hand side of inequality (A.5)

p tATE P
<[ asrreenal
0
tATEL ‘ N p
SC’—FC’(/O TZ%I’)SHY (7‘)|d8>

t
<C+C / sup ‘YhT‘/\Tk|d8
0 r€l0,s]

/0* Tk b(s’Yh(ch(s))aﬁ(ch(s)))ds

P

(A.6)
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We can also estimate the second integral on the right hand side of inequality (A.5)
using inequality (2.3) and Burkholder-Davis-Gundy inequality as follows

T

p/2

E [ sup / T (s YR (9)), B () ATV (5)

rel0,t]

<oz (| (s YR (5), B is)

<CE (/OM (1+ P eF) ds)p/2

t ) p/2
SC—i—CE(/ ‘Yh(s/\Tkﬂ ds) .
0

As a result, a combination of inequalities (A.5) to (A.7) gives

(A7)

re(0,t] r€[0,s]

t ) p/2
+CE</ |Yh(s/\7'k)| ds) ,
0

and thus an application of Theorem 3.1 with p = ¢ = 2 yields that

E sup |Yh(7’/\7'k)|p <C,
rel0,7]

. p
E sup |Yh(r/\7'k)|p <C+CE (/ sup ’Yh(r/\Tk)| ds)
0

where C' is a constant depending only on T,h,\, K,p and E|Xy[?. Therefore,
limg oo 7 > T a.s. By letting £k — oo and using Fatou’s lemma we obtain the
desired estimate Esup,.c(o 7 [Y"(r)[? < C. O

A.3. Proof of Theorem 2.4. For any p > 0,
p
E[Yh(t)|P < 2P 'E

/ b(s, Y™(C(5)), B(C"(s)))ds
¢h(t)

(A.8)

P

1 LE /< o5, Y (¢ (s)), B(C"()))dWV ()

h(t)

First of all, we want to estimate the first integral on the right-hand side of
inequality (A.8) by considering two cases: p > 1 or 0 < p < 1. If p > 1 then
Hélder’s inequality, inequality (2.2) and Theorem 2.3 imply

p

E / b(s, Y(C"()), BC"(s)))ds
¢

" (t)

< W 'E / (s, Y (5)), B(C(s))) [ ds (A.9)
¢h(t)

< Chp—lE/

[1 + |Yh(<h(s))|”] ds < ChP.
20
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If 0 < p < 1, Jensen’s inequality, inequality (2.2) and Theorem 2.3 also imply

BI [ b6 B )i
¢h(t)
<|E |b(57Yh(Ch(S))”B(Ch(s)))\ds] (A10)
¢h(t)
= E/t (1+|Y"(¢M(s)|) ds| < ChP.
¢ (t)

Thus, it follows from inequalities (A.9) and (A.10) that for all p > 0,

P

= < ChP. (A.11)

[ s Y 6B )as
ch(t)

Now we will estimate the second integral on the right-hand side of inequal-
ity (A.8) by considering three cases: p > 2, 1 <p <2, or0<p <1 Ifp>2
then the Burkholder-Davis-Gundy inequality, inequality (2.3), Holder’s inequality,
Theorem 2.3 in that order derive that
P
E

/@,(t) o(s,Y"(¢M(s)), B(¢"(s)))dW (s)

<CE

t /2
/@ " ‘U(SaYh(Ch(S)),ﬁ(Ch(s)))fds]

! 5 p/2
/gh,(t) (1 * |Yh(ch(5))| ) ds]

t
< ChP/*'E /
IJ0)

<CE

(1 + |Yh(<h(s))|”) ds < ChP/?,
If 1 < p < 2 then Burkholder-Davis-Gundy inequality, Jensen’s inequality, in-

equality (2.3) and Theorem 2.3 in that order yield

p
E

/C;(t) o (s, Y™ (s)), B(C(5)))dW ()

<CE
" (t)

t p/2
/< Ia(s,Y’L(Ch(s)),ﬁ(ch(s)))|2ds]

<C

t ) p/2
B[ Jols Y¢85 (o)) ds]
IJ0)

t p/2
=¢ E/ (1 + |Yh(€h(s))|1+26) ds] < Chvl?,
¢

" (t)
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If 0 < p < 1, then Jensen’s inequality, Burkholder-Davis-Gundy inequality, and
inequality (2.3) give

p

E

Ly YO B AW s

< |E / U(S,Yh(Ch(S)),ﬂ(Ch(S)))dW(S)]
¢h(t)

r . , 1/27°P
<cl|E / o (s, Y (¢ (5)), B(C" ()" ds

i ¢h(t)

r . 1/27P
<c E/ (1+ et ™) as| |

¢h(t)

while Jensen’s inequality and Theorem 2.3 imply

¢ 1426 t 1426 1z
/@(t)<1+|yh(<h(s))‘ ) ds <[]E/Ch(t)(1+|Yh(Ch(s))| )ds]

S h1/2.

1/2
E

Thus,

t
Bl [ ol Y AN )| < .
¢h(t)
for all 0 < p < 1. Hence for all p > 0,

p

E/ o (s, Y"(C"(5)), B (5))dW (s)| < ChP/. (A.12)
Q0]

Combining inequalities (A.8), (A.11) and (A.12), we obtain inequality (2.8). Next,
we will verify inequality (2.9). In fact, if 0 < p < 1 then we can use Jensen’s
inequality and inequality (2.8) to deduce

E (/Ot |17h(t)|9ds>p < (/OtIE|}~’h(t)9ds>p < o),

Besides, if p > 1 then Holder’s inequality and inequality (2.8) yield

t p t
E (/ |Yh(t)9ds) < CE/ VR 1)\ ds < Cher/2.
0 0

Therefore, inequality (2.9) is valid for all o > 0 and p > 0. O
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A.4. Proof of Theorem 2.6. By Assumptions A1, A2 and A4, it follows that
t
IE/ [U"(s)]* ds
0

E [b(s, Y (t}), B(s)) — b(s, Y (t}), B(t1)|* ds

k=0 th
N ptp AL , .

< Z/ > E {|b(s7Yh(t,§),jO)—b(s,Yh(tZ),io)‘ (A.13)
k=0 """k 1<ig#jo<mo

x P (B(s) = o, B(tE) = io

ftﬁ;) }ds
t t
< ChZ/ ’ (1 +E[Yh ()] +E |Yh(t;;)]”") ds < Ch.
th

The last inequality is valid due to Theorem 2.3 with p = p and p = =y respectively.
A similar computation as for the estimation of E fot [U h (5)]9 ds above, on ac-
count of Assumptions A3 and A4, also gives

E/Ot VA (s)]° ds

Nt o ptp At %
<3 / E o (s, Y" (1), B(s)) — o(s, Y (tl), B[ ds

k=0 th
Ne ot At 9

< / S Elo(s Y () jo) —ols YR 0)[* (A14)
k=0 "tk 1<io#jo<mo

X P (B(s) = jo, B(tE) = io

< OhZ/ (1+E [y ] "*") ds < oh.
h

ft;:) } ds

This completes the proof. ([
A.5. Proof of Theorem 2.7. Notice that
V() = /0 " [b06, X (01, B9) — bls, ¥ (5)), BC5)))] ds
+ /0 t [o(t, X (1), B(t) — (s, Y"(S" (1)), B (1)))] dW (s).

Using property (a) of ¢ in Theorem 2.5 and applying 1td’s formula for ¢(}/}h(t)),
we obtain

h Chopyy thsslthssh
Ph)| < e+ oF (t))—e—i-/o Ul (s)d +2/0 VI(s)ds + L(1),  (A.15)
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where L"(t) is defined as in equation (2.13) and

Uf'(s) = ¢/ (Y"(9)) [b(s, X (5). B(5)) = b(5,Y"(¢"(5)), B (5)))]
V() = ¢ (V"(s)) [o(s, X (5), B(5)) — o (5, Y (" (5)), B ()]

For our purposes here, we need to estimate U} (s) and V}*(s). Let U"(s) be defined
as in equation (2.11). Then,

Up'(s) = ¢/ (Y"(s)) [uls, X (), B(s)) = uls, Y"(s), B(s))]

(8)) — u(s, Y*(C" (), A(5))] (4.16)

5 7ﬁ
5)) [v(s,Y"(5), B(s)) = v(s,Y"(¢"(5)), B(5))]
h

On the right-hand side of equation (A.16), the first and the third term can be
estimated by using Theorem 2.5 and Assumption A1, the second term is negative
due to the decreasing monotonicity of function g, the fourth term can be estimated
by using Theorem 2.5 and Assumption A2. Therefore,

N ~ ~ gl
Uh(s) < KIY"(s)| + K ’Yh(s)‘ K ’Yh(s)‘ +UMs). (A.17)
It remains to estimate V{*(s). Let V"(s) be defined as in equation (2.12). Then,

Vi'(s) < 26" (V"(5)) [[o(s, X (s), B(s)) = o, Y (" (), Bs)|” +V"(5)] -

On the other hand, Assumption A3 implies

1426

(s, X(5), B(s)) = o5, Y"(("(5)), B(s))|” < C | X(5) = Y"(¢"(5))]

<C “f/h(s)‘me + ‘f/h(s)]”ze] .

As a result, Property (d) of ¢ in Theorem 2.5 gives

1420
)

1+20
Ve C 7|
[Y"(s)|Ind
Cce?  C§

< - ~h
~ Ind + elno “Y ()
(A.18)

The combination of inequalities (A.15) and (A.17) and equation (A.18) yields
inequality (2.16). O

s (7)) |70 V)

\1“9 + V%)} .
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~ P
A.6. Proof of Theorem 2.8. An application of It6’s formula for ‘Yh (t)‘ gives

7 e)

= /Otp’f/h(S)

+3 /0 plo—D[T6)| (o5, X(5),8(5)) — (5, V(¢ (), B ()] ds

‘ p

PPN () [bls, X(5),B(5)) — b(s, Y(C(s)), B (5)))] d

[P T (e X5 8(5) = o5, Y ) B )] AV )
(A.19)

Recall that Z"(t) = SUP4c0,4 ’?h(s)‘ We will estimate all integrals on the right-

hand side of inequality (A.19) in three corresponding steps.
Step 1: For the first integral, we observe that

B [ [P0 T0) Bs. X (). 89) = e Y (9) A (5))] s
<B [ [P T fuls, X9, Bs) — ulo Y (5), 5(s))] ds
! vh s
+E [ 97

"
t o~
+ E/ P ‘Yh(s)
0

‘p_

2}A/h(s) [U(S,X(s),ﬁ(s)) — U(S,Yh(s),ﬁ(s))] ds

") [b(s, Y"(5), B(5)) = b(s, Y"(¢"(5)), B(s))] ds

REO [6(s, Y"(¢"(5)), B(5)) = bls, Y"(¢"(5)), B ()))] ds.

(A.20)
The first term on the right-hand side of inequality (A.20) can be estimated by

using Assumption Al, while the second term is negative due to the decreasing
monotonicity of function g and the third term can be estimated by using Assump-
tions Al and A2. That is, inequality (A.20) becomes

t
+E/ P ‘Yh(s)
0

B[ [P T (0 [ X (0).Ble)) bl Y(E (), B (5)] s

t
< cm/ p[77(s)
0

"ds + C]E/tp ‘f/h(s) o H?h(s)
0

+ ’?h(s)

¥
+ Uh(s)] ds
NN Monal? o lohg o [P h(oy]P
SCE/ [77(s)| ds+C]E/ [P )|+ 7 + [0 )" as.
0 0
On the other hand, applications of Theorem 2.4 and Theorem 2.6 give

E /0 [P+ [7* )| + [0 ds < & (/2 4+ 1772 10
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Therefore,

E / p [PV 6) [bls, X(5), B(5)) — bls, Y (5)), B (5)))] s
0 (A.21)

t
< CJE/ |Z"(s)|" ds + C (h”/2 + hP/2 +h) ,
0

Step 2: The second integral on the right hand side of inequality (A.19) can also be
estimated by using Assumptions Al and A2 as follows

E / t P [a(s,X(s),ﬁ(S)) — (s, Y"(¢"(5)), B (5))] ds
< CE/ ‘Yh
+CE/ ‘Yh (s ’ - [U(S,Yh(s),ﬁ(s)) —U(S,Y}L(Ch(s)),ﬁ(s))]st
+ OB [ PR o6, 60, Bls) = o5, Y€1) BC o)) ds
p—1+20 ~ p—2 [~ 1426
< CE/O [P7(s)| ds+C]E/O [7(s)] Uyh(s)‘ —&-Vh(s)} ds

KPS - 0 t ~ - 6 p—14+26
SCE/ ‘Yh(s)’p s ds+C]E/ Uyh(s)‘p e i [Vh(s)] o }ds.
0 0

(5, X (), B(s)) — o s, Y"(s), B(5))] " ds

Thanks to Theorem 2.4 and Theorem 2.6, we can verify that

oA

Hence,

p—1+426 p—1+260

s o) T s < o (e )

/ [P o5, X(5),8(3)) — o5, YA (5)). B ()] ds
o (A.22)

< CIE/ ‘Yh(s) ds+C (h@*l”@)/? + h) .
0

Step 3:
Finally, we will estimate the third integral on the right hand side of inequal-
ity (A.19) using Burkholder-Davis-Gundy inequality as follows

E sup
re[0,t]

<CE K/O 74 (s)

/ [Pr)[ PRl (s, X (5), B(s) — o, YH(CH(3)), BICH )W (s)

2(p—-1)

1/2
|a<s,X<s>,ﬂ<s>>o(s,Yh<<h<s>>,ﬂ<<h<s>>>|2ds) ]
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which is bounded by
t
os[( [
+CE K/ ‘

+COE [(
- a(s,Y'%ch(s)),ﬂ(@h(s»n?ds)1/2}.

Similar arguments as in Step 1 and 2 yield

e|([ ol <s>>—o(smh(s),ﬁ(s))!%s)”zl
<C’E[</ 77(s)] 2,, 1+29ds>1/2]
|Zh p/2 </ ‘ p 1+29 ) ]

p—1+26
gCE/ ‘Y’Ls‘ ds+6]E}th\ :
0

1 ) 1/2
1™ o (s, X (), B(s)) — (5, Y (5), B(s))| ds) }

p— 5 1/2
W7 |o(s, (), 8(5)) — o5, (¢ (5)). B(s))| ds) }

2(p—1)

Y (s)

o (s, Y"(¢"(5)), B(s))

0

Likewise,

e|([ el ﬁ(s))—o(s,Yh<<h<s>>,5<s>>!2ds)m]

<CE l(/ ’ 2(p 1) 1+29ds)1/2
|Zh(t)|P*1 </0 ’?h(s) 1+29 ds) 1/2]
([

<CE
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[ e

t
< CIE/ ’Yh(s)
0

([row)”

whence we can use Theorem 2.4 and Theorem 2.6 to derive
E sup

|7
rel0,t] | JO

t
< CIE/ 77 (s)
0

Thus,

"I )o(s, X (), B(s)) — o5, Y (¢ (), BC (5))]dW (s)

([l )]

E sup
rel0,t]

p—14260 1
ds+ S E |Z"#)|" + CE

+CE

)

p—2

Y(5)[o(s, X (s), B(s)) = o(s,Y"(¢"(5)), B(¢" (5)))dW (5)

p—1420 1
| ds+ S E[Z" 0"+ C [h 2002 1 p]

(A.23)
In consequence, a combination of inequalities (A.19) and (A.21) to (A.23) leads

to
p—1+426
ds

E|z"¢)| < CIE/t ]Zh(t)]pds+OIE/t (?h(s)
0 0

+C [hm/Z +h4+ h(p—1+29)/2} ]

Hence, using Gronwall’s inequality, we get

prieRo ds+ C [hm/2 +h+ h(p*1+29)/2} _

t
E|Z")[" < CE/ 74 (s)
0
In particular, if 6 = 1/2 then

t
E|zh )" < CE/ ‘?h(s)‘pds +C [th/z Y hot hW]
0

< CE/t |28 (s)|" ds + C [hm/Q n h] .
Again, an application of Gronwzll’s inequality also yields
E|Z"®)|" < C [/ 4 1],
[

A.7. Proof of Theorem 3.1. Let p > 0. We claim that: For any Cy > 0, there
exists a constant Cy > 0 such that

< /0 t?(s)dsy < C1[Z(1)]P + Cotmax{p=1.0} /O t[?(s)]pd& (A.24)

for all t € [0,T], where Cy depends only on p,Cy, and T. Indeed, if p > 1 then
Holder’s inequality implies that

( /0 t ?(s)ds)p <! /0 P (s)pds,
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and if 0 < p < 1 then Young’s inequality implies that

(/ot?(S)ds>p < [z(ptr (/Ot[?(S)]PdSY

< CLZWO)P + Cq /O [V (s)]Pds.

Thus inequality (A.24) holds for all p > 0 and ¢ € [0,T]. Using inequality (A.24)
with V' in place of Y and Cy = 1/2, we obtain

(/Ot Z(s)ds)p < %[Z(t)]zj 4 Oy rme{p-1.0} /Ot[Z(s)]pds

for all t € [0,T]. As a result, inequality (3.1) can be derived from inequality (3.5).
Therefore, it it only necessary to prove this theorem under assumption (3.1) instead
of (3.5). Now we assume that inequality (3.1) holds. We consider the following
cases.

i. If p = ¢ then using inequality (A.24) with Y'? in place of Y, p/q in place of p,
and Cy = g5 gives

( / tms)}%zs)p/q < i 20 + Copmextoavaot [ P s)ds.

Thus, by inequality (3.1),

t
E[Z(t)]P < (C + Ctmax{@*q)/q@}) E /0 [Z(s)]Pds + 6,

and hence, for any r € [0, ]

E[Z(n)]? < (O + Crmxle-0/s0)) g /0 Z(s)]Pds + 0,

which, in view of Gronwall’s inequality, leads to
E[Z(t)]" < dexp (Ct + Ctmax{p/qyl}) _

By choosing ¢t = T in this estimate, we obtain inequality (3.2).
iil. If p > ¢ with ¢ > 1 and p € [1,q) then Holder’s inequality and Young’s
inequality imply
t r/q B t
( / [Y(s)}pds) < / [V (s))"/9ds (A.25)
0 0

Pp

<t /Ot[?(s)];ﬂ(li)[z(s)],f’l(q1)d5

—q)(p—1 ~ t
< ot T / Y(s)ds +C / [Z(s)]Pds. (A.26)
0 0

Here inequality (A.25) is valid due to Holder’s inequality and inequality (A.26) is
valid due to Young’s inequality. In view of inequality (3.1),

~

t ) (p—1 t
E[Z() < CE / Z(s)Pds + Ot / V(s)ds + 5,
0 0
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which, in view of Gronwall’s inequality, leads to

(p—a)(p—1)

E[Z(t)]P < [Ctmﬂ) /O tE[f’(s)]ds + 5] .

Thus inequality (3.3) holds if p > ¢. Then choosing ¢ = T in inequality (3.3)
verifies inequality (3.4).
iii. fg+1—p<p<gqgwithg>1and p € [1,q) then Young’s inequality implies

(/(Jt[?(S)]pd8>p/q < [Z(t)]w (/Ot[?(s)]p_(q_p)ds>p/q

1 P "5 p—(q—p
< s lzOr+C [ T

A

and

Again, by inequality (3.1),
¢

E[Z(t)] < C /0 "E(Z(s)Pds + C B s+ 6

which, in view of Gronwall’s inequality, leads to
t
E[Z()] < C* [o / B[V (s)]ds + 5] .
0

Thus inequality (3.3) holds if p > g+ 1—p. Then choosing ¢ = T' in inequality (3.3)
verifies inequality (3.4).

The proof is complete. O
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