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To obtain strong convergence rates of numerical schemes, an overwhelming majority of existing works
impose a global monotonicity condition on coefficients of stochastic differential equations (SDEs).
Nevertheless, there are still many SDEs from applications that do not have globally monotone coefficients.
As arecent breakthrough, the authors of (Hutzenthaler and Jentzen 2020, Ann. Prob., 48, 53-93) originally
presented a perturbation theory for SDEs, which is crucial to recovering strong convergence rates of
numerical schemes in a non-globally monotone setting. However, only a convergence rate of order 1/2
was obtained there for time-stepping schemes such as a stopped increment-tamed Euler—-Maruyama
(SITEM) method. An interesting question arises, also raised by the aforementioned work, as to whether
a higher convergence rate than 1/2 can be obtained when higher order schemes are used. The present
work attempts to give a positive answer to this question. To this end, we develop some new perturbation
estimates that are able to reveal the order-one strong convergence of numerical methods. As the first
application of the newly developed estimates, we identify the expected order-one pathwise uniformly
strong convergence of the SITEM method for additive noise driven SDEs and multiplicative noise driven
second-order SDEs with non-globally monotone coefficients. As the other application, we propose and
analyze a positivity preserving explicit Milstein-type method for Lotka—Volterra competition model driven
by multi-dimensional noise, with a pathwise uniformly strong convergence rate of order one recovered
under mild assumptions. These obtained results are completely new and significantly improve the existing
theory. Numerical experiments are also provided to confirm the theoretical findings.

Keywords: SDEs with non-globally monotone coefficients; explicit method; exponential integrability
properties; pathwise uniformly strong convergence; order-one strong convergence; stochastic Lotka—
Volterra competition model.

1. Introduction

In order to describe the time evolution of many dynamical processes under random environmental effects,
stochastic differential equations (SDEs)

t 1
xt=X0+/f(XS)ds+/ g(X,)dW,, 1 € [0, T] (1.1)
0 0

are widely used in various science and engineering fields such as finance, chemistry, physics and
biology. In practice, the closed-form solutions of non-linear SDEs are rarely available and one usually
falls back on their numerical approximations. For SDEs possessing globally Lipschitz coefficients,
the monographs Kloeden & Platen (1992); Milstein & Tretyakov (2004) established a fundamental
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2 L. DAI AND X. WANG

framework to analyze a batch of numerical schemes including typical methods such as the explicit Euler—
Maruyama (EM) method and explicit Milstein method. Nevertheless, a majority of SDEs arising from
applications have superlinearly growing coefficients and the globally Lipschitz condition is violated. A
natural question thus arises as to whether the traditional numerical methods designed in the globally
Lipschitz setting are still able to perform well when used to solve SDEs with superlinearly growing
coefficients. Unfortunately, the authors of Hutzenthaler et al. (2011) gave a negative answer, by showing
that the popularly used EM method is divergent in the sense of both strong and weak convergence,
when used to solve a large class of SDEs with superlinearly growing coefficients. Therefore, special care
must be taken to construct and analyze convergent numerical schemes in the absence of the Lipschitz
regularity of coefficients. In recent years, a prospering growth of relevant works is devoted to numerical
approximations of SDEs with non-globally Lipschitz coefficients. Roughly speaking, people either rely
on implicit Euler/Milstein schemes Higham (2000); Higham er al. (2002); Alfonsi (2013); Mao &
Szpruch (2013); Neuenkirch & Szpruch (2014); Andersson & Kruse (2017); Zong et al. (2018); Wang
et al. (2020); Wang (2023) or some explicit schemes based on modifications of the traditional explicit
EM/Milstein methods Li et al. (2019); Hutzenthaler ez al. (2012); Liu & Mao (2013); Tretyakov & Zhang
(2013); Wang & Gan (2013); Hutzenthaler & Jentzen (2015); Mao (2015); Sabanis (2016); Beyn et al.
(2017); Kumar & Sabanis (2019); Fang & Giles (2020); Brehier (2023); Kelly et al. (2023) for SDEs
with superlinearly growing coefficients. To get the desired convergence rates of numerical schemes, a
frequently used argument is based on Gronwall’s lemma together with the popular global monotonicity
condition, for all x,y € R¢,

(x = y.f () —fO)) + Lllgx) — gWII* < Klx — yl%, (1.2)

where f and g are the drift and diffusion coefficients of SDEs (1.1), respectively, and K is a positive
constant independent of x, y. Indeed, an overwhelming majority of existing works on convergence rates
carry out the error analysis under the global monotonicity condition (1.2).

However, such a condition is still restrictive and many momentous SDEs from applications fail to
obey (1.2). Examples include stochastic van der Pol oscillator, stochastic Lorenz equation, stochastic
Langevin dynamics and stochastic Lotka—Volterra (LV) competition model (see, e.g., Mao (2007);
Hutzenthaler & Jentzen (2015)). What if we did not have the condition (1.2) available? In fact, the
analysis of the convergence rates of numerical schemes without the global monotonicity condition
turns out to be highly non-trivial (see Hutzenthaler & Jentzen (2015, 2020)). As a recent breakthrough,
Hutzenthaler and Jentzen in Hutzenthaler & Jentzen (2020) made significant progress in this direction
and originally developed a framework known as perturbation theory for SDEs beyond the global
monotonicity assumption (1.2). This theory, combined with exponential integrability properties of both
numerical solutions and exact solutions (see Hutzenthaler et al. (2018); Cox et al. (2024)) enables one
to reveal strong convergence rates of numerical schemes in a non-globally monotone setting. Following
this argument, the authors of Hutzenthaler & Jentzen (2020) analyzed the pointwise strong error

sup ||X, -7,
1€[0.T]

Lr(Q;Rd) (13)

of an explicit stopped increment-tamed EM (SITEM) method {Y,},. (o 71 proposed by Hutzenthaler ez al.
(2018) (cf. (4.1) in Section 4), which was shown there to inherit exponential integrability properties
of SDEs. Successfully, the authors identified the pointwise strong convergence rate of order % for the

SITEM method. An interesting question arises as to whether a higher convergence rate than order %
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ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 3

can be obtained when the considered SDEs are driven by additive noise or when high-order (Milstein-
type) schemes are used, which is also expected by Hutzenthaler & Jentzen (2020) (see Remark 3.1
therein). Unfortunately, following (Hutzenthaler & Jentzen, 2020, Theorem 1.2), the convergence rates
of any schemes would not exceed order %, which is nothing but the order of the Holder regularity of the
approximation process.

In the present article, we attempt to present some new perturbation estimates that can be used to reveal
the order-one pathwise uniformly strong convergence of numerical methods for several SDEs with non-
globally monotone coefficients (see Theorem 3.2). Different from Hutzenthaler & Jentzen (2020), we
use the Itd formula to expand the difference for the drift term, i.e., f(¥,) — a(s) in Lemma 3.1 and rely
on Burkholder-Davis—-Gundy type inequalities to carefully treat the related terms (see estimates of S,
and T, in Theorem 3.2). This approach essentially enables one to attain order-one strong convergence
for the error analysis of numerical schemes.

As the first application of the newly developed estimates, we identify the expected order-one pathwise
uniformly strong convergence of the SITEM method for some SDEs with nonglobally monotone
coefficients (see Theorem 4.2 and subsequent example models), including the additive noise driven SDEs
(e.g., the stochastic Lorenz equation with additive noise, Brownian dynamics and Langevin dynamics)
and multiplicative noise driven second-order SDEs (i.e., second-order ordinary differential equations
perturbed by multiplicative white noise) such as the stochastic van der Pol oscillator and stochastic
Duffing—van der Pol oscillator:

sup |X;, — Y|
t€[0,7T]

< Ch. (1.4)
L' (2;R)

Here {Y,},cj0,7y is produced by the SITEM method (4.1), r > 0 is an arbitrary constant and h > 0
is the uniform stepsize. These findings thus fill the gap left by Hutzenthaler & Jentzen (2020) and also
significantly improve relevant convergence results in Hutzenthaler & Jentzen (2020), where the pointwise
strong convergence rate of only order % was obtained for the SITEM method applied to these models.

As the other application, we propose and analyze a positivity preserving explicit Milstein-type
method (5.4) for stochastic LV competition model driven by multi-dimensional noises, with a pathwise
uniformly strong convergence rate of order one recovered (Theorem 5.6). To the best of our knowledge,
this is the first paper to obtain the order-one pathwise uniformly strong convergence of an explicit
positivity preserving scheme for the general LV competition model.

The paper is structured as follows. In the next section, we introduce some notations and inequalities
that may be used later. In Section 3, we present new perturbation estimates for SDEs beyond the global
monotonicity assumption. Equipped with these estimates, we derive the order-one strong convergence of
the SITEM method for some additive noise driven or second-order SDE models. In Section 5, we propose
and analyze an explicit Milstein method for the LV competition model with multi-dimensional noise.
Some numerical experiments are provided to confirm the theoretical findings and a short conclusion is
made in Section 6.

2. Preliminaries

2.1 Notations

Throughout this paper, unless otherwise specified, the following notations are used. Let (£2,F,
{Fi}i=0,P) be a complete probability space with a filtration {F,},. fulfilling the usual conditions,
that is, the filtration is right continuous and increasing, and F, contains all P-null sets. Let {Wt}tzo be an
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4 L. DAI AND X. WANG

m-dimensional standard Brownian motion defined on (£2, 7, {F},>, P). For a € R, we define % =0
and for a € R\{0}, § := oo. For a fixed integer number d > 1 and a vector x € R xD i =1,..d
denotes the ith component of x and |x| denotes the Euclidean norm induced by the vector inner
product (-, -). For a matrix A € ]Rdxm,d,m e N,AD i = 1,...,m denotes the ith column of A and
AW =1, ..»d,j = 1,...,m represents the element at ith row and jth column of A. Let A* be the
transpose of A and ||A|| := +/trace(A*A) be the Hilbert—Schmidt norm induced by Hilbert—Schmidt
inner product (-, -) ys. For arandom variable £ : £2 — H, where H is a separable Banach space endowed
with norm || - [y, E[€] denotes its expectation and for any r > 0, [I§ |- = (IE[||§||H’H])1/’. For
f =D, . . f Dy e C2(RY,RY), we use f(x) to denote the Jacobian matrix of f(x), in which the ith
row is f&' (x) 1= (Vf @ (x))* : R — R!*4 The notation Hess, (f (x)) is a generalized Hessian matrix
including d components where the ith is the Hessian matrix Hess, (f(x)) : R? — R of O (x).
Further, for f : R? — R4, g : RY - R and U € C*(R?,R), we denote

(A U)(@) = U'(0f (x) + } trace ((x)g(x)* Hess, (U(x))) . @.1)
Let T € (0,00),N € Z1, let a uniform mesh
O=ty<t) <---<ty=T 2.2)

be constructed with the time step 2 = T/N, and for s € [0, T], define

sy == sup {z,:1, <s}.
N

Moreover, we introduce a class of functions C3D (R4, R) as follows:

Every element of Hess, (A (x)) is locally Lipschitz
continuous and for i € {1,2, 3}, a.s. (Lebesgue

3 md o 2 (od .
CD(R R)y=14eC (R ’R) * measure) x € R, there exist p,c > 3 such that (2.3)
. 1—i
AW @) | gy < e(1+ 1A' 7
Here fori = 1,2, 3, we denote
; AP @) vy, s v
1AM i ey == sup L (2.4)
V1, vi€RA\ {0} [vil--- vl
where
d .
] ! l l I;
AW = D (ax,?‘f‘ax,[_)(x) R (2.5)

Note that C’3D (R, R) forms a linear space containing a batch of functions such as

d
r
Alx) = (Zx?ci) ,>1,r>1
i=1
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ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 5

For a metric space (E, p), wesay A € C71j (R4, E) with constants Ky, cypifA e C(Rd, E) and there exist
constants K 4, ¢, > 0 such that

p(AM), AY) < K, (1+ x|+ 1yD x =yl (2.6)

holds for all x,y € R4. One can easily see that if A : RY — R is differentiable and A € C713 (Rd, R) with
constants K 4, ¢ 4, then there exists some constant K such that for all x € R4,

|A@] < Ky (14 D 1A' )] < Ky (1 + [x]).

Finally, we use C (resp. C with some subscripts) to denote a generic positive constant independent of the
time step (resp. dependent on the subscripts), which may differ from one place to another.

2.2 Burkholder—Davis—Gundy type inequalities

In what follows we recall two Burkholder—Davis—Gundy type inequalities, which are frequently used in
the subsequent analysis.

LemMa 2.1. Let S : [0,T] x 2 — R be a predictable stochastic process satisfying IP’(fOT ||S,||2
dr < 00) = 1 and let {W,},- be a m-dimensional standard Brownian motion. Then for any p > 2,

i ‘/ S, dw, 517(/ ISO12, . dr) . 2.7
etory ! Jo " LP(2:R) 0 ; r p(2;rY)

.....

<ooandforanyi € {1,..,M—1}, E[S;, ]S}, ...,S;] = 0. Then for any p > 2, there exists some positive
constant Cp such that

1/2
IS+ + Syllpem <C, (||Sl IZrm) + -+ ||SM||§p(Q;R)) : (2.8)

The first lemma can be found in (Wang & Gan, 2013, Lemma 2.7) and the other one is quoted from
(Hutzenthaler & Jentzen, 2011, Lemma 4.1).

3. New perturbation estimates for SDEs

In this section, let us focus on the following SDEs of 1t6 type:

[ X, — Xy = [y f(X,)ds + [3 g(X,) dW,, 1 € [0,T], )

Xo = &x
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6 L. DAI AND X. WANG

where f : R? — R4 stands for the drift coefficient, g : R? — R4*” the diffusion coefficient and

Ey 1 2 — R? the initial data. Also, we consider an approximation process given by

[ Y, — Yy = [ya(s)ds+ [y b(s)dW,, t € [0, T], (32)
YO = gY,

wherea : 2 x[0,T] — R and b : 2 x [0,T] — R?*™ are two stochastic processes that are integrable
in the sense of Lebesgue integral and It6 stochastic integral, respectively. This can be regarded as a
perturbation of the solution process of the original SDE (3.1). For example, when the Euler—-Maruyama
method is used to approximate (3.1) on a uniform grid {7, = nh},_, -y with stepsize h = %,, one can get

a continuous version of the approximation as

t t
Y, - Y, = /0 f(YLSJN)ds+/O g(¥,,,,) dW,, 1 € [0,T], Yy = &y, (3.3)

where in the notation of (3.2) we have a(s) =f(YmN), b(s) = 8(Yy5,) and &, = &y.

The following lemma provides two estimates, which will be essentially used later to obtain the desired
perturbation estimates. The first assertion can be regarded as a modification of (Hutzenthaler & Jentzen,
2020, Proposition 2.9) and the second one is new.

Lemma 3.1. Letf : RY — Rd,g : R4 — RY*™M pe measurable functions. Let a : [0,T] x 2 — RY b -
[0,T] x 2 — R4 be predictable stochastic processes and let 7 : £2 — [0, T] be a stopping time.
Let {X }sep0.77 and {¥Y}¢j0,y be defined by (3.1) and (3.2) with continuous sample paths, respectively.
Assume that [ la(s)| + 6612 + [FX)] + lgX)I? + F(Ypl + lg(¥pl*>ds < oo P-as. and for
g € (0,00),p > 2 with P-a.s.

- _ 400D 1) evo2 1T
Xs—Ysf Xs)—f Ys))+ > llg(Xs)—g(¥y)ll ds < oo. (34)
) X—Y12

Then for any u € [0, T7 it holds

_ | Xine=Yinel

su
exp(fo"" §p,rdr)

te[0,u]

LP(2:R)

INT
e PIX—YslP2 1y _
= teSEEA] I:”EX sY”Lp(Q;]Rd) + IE|:/0 exp(jg Np,r dr) (Xs Ys’ (g(Xs) b(s)) dWr)]

=:5;

P XY P X Y f (YO —ats
LR / DX VP2 XY () —a(s) ds}
0

eXp(f(f Np,r dr)

=S,

[ [T iy _y -2 G=DAEU) oy o2 Hp
+E / PIX, =) U g(r) b ds“ . (3.5)
0

exp(f(f Np,r dr)

=:S3
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Furthermore, we have

up —Xine=Yindl
IAT |
te[0,u] eXp(fO 372, dr)

1P(2;R)

sup / T 20X~ (8 (XD () dW,)
0 exp(Jg n2,r dr)

< [nsx — &1} umay +

te[0,u] LP/2(2;R)
=T,
INT
+f sup / 2N, f(F)—als) ds”
1€[0,u] JO exp(fo 1. dr) LPI2(2;R)
=T,
Nt Ll o 12
] sup / 1+ D) -b) ds‘ } . (3.6)
t€[0,u] /O exp(fo n2,rdr) U’/z(Q;R)
=:T3
Here for z > 2, we denote
XY, f () —F (V) + E200E o) —g (v, 2 TF
M 5=lergr(w)[< S X)) —f( )|>X,—Y,<|22 lg(Xr)—g (Yl . (3.7)

Proof. For fixed p > 2, it is easy to validate that Npr [0,T] x £2 defined by (3.7) is well-defined due
to (3.4). The It6 formula, the Itd product rule and the inequality (a +b)*> < (1 +¢&)a®>+ (1 + %)b2 yield

INT
Xine=YinelP e gop pIX—YslP—2 _ _
gl o~ o+ [ 2 — Yo 0 — b)) Wy

4 e per*Yx|p72<Xv*Y.ﬁf(Xv)7a(S))*lxsfyxlprlp,s ds
0 exp(f(; Np,r dr)

4 AT 2O22) 1,y P4 (X — V) (g(Xy) —b(5)) 242 X — Y 1P~ 2 ]| (Xy) —b(s) |12 ds
0 CXP(]S Npr dr)

INT
_ 14 plxx_yxlp72 _ _
<lec—erl + [ 2RI Y (k) — b)) 4

/W Pl (P g —gH0) |+ = Vo ()~ (1)) Ko YelP s
S
0

eXP(fUS Np,r dr)

AT pIX,— Y, P2 (LRI o vy —b(s) |2+ (X~ Y f (V) —als))
/ (4 ) . (3.8)
0

eXp(f(; Np,r dr)

Then we arrive at (3.5) by taking expectation of both sides of (3.8). Similarly, to show (3.6), letting p = 2
in (3.8) deduces that

one Yine P e g2 4 / T XY (g (X —b(s) dW)

exp(Jo " mardr) — exp( [y n2,-dr)

INT DXy Yy f (V) —a()+(1+ D) g (V) —b(s) |2
+ /0 (S 13 ds. (3.9)

This clearly implies (3.6), after taking supremum and || - || [p/2(§2:Rd)-NOIM of both sides of (3.9). (I
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8 L. DAI AND X. WANG

As a consequence of Lemma 3.1, we state the main results of this section.

THEOREM 3.2. Let f : RY — R4, g RY — R*™M pe measurable functions with f e Cz(Rd, Rd),
let f € C%;(Rd, Rd) with constants Kf, ¢y and g € C%D(Rd,Rdxm) with constants Kg,cg and let a :
[0,T] x 2 — R9,b:[0,T] x 2 — RI*M pe predictable stochastic processes. Let Ty, : £2 — [0, T]
be a stopping time which may depend on N, let {X } ;[0 7} and {¥}sc(0. 7y be defined by (3.1) and (3.2)
with continuous sample paths, respectively, and let the uniform mesh be constructed by (2.2). Assume
that [ la(s)| + 612 + [FX)] + 18X 12 + [F(¥))] + 18(Y)]|> ds < oo P-as. and for & € (0,00)
with P-a.s.

™ (48)(p—1) 2a+
(XS_YSzf(XS)_f(Y.T))JFf lg(Xs)—g (Yl
/o [ X~ Y12 ] ds < oo. (3.10)

Moreover, let K, > 0be some constant that is independent of N, let §; := (§y — &y) € LP(82; RY),p >

4, and suppose that
(@ {s<ty}e€ ]:LSJN;

<K

— Dsup»

(b)  supseo.7] L3 (2:R)
P 5

(o +
1 (Xs= Y5 f () —f (Vo)) + =D o () — g (v 12
SSTV X, — |2

(c) foranyi=1,...d,supsor ||HeSSx(f(i)(Ys))||L3p(Q;Rd><d) =Ky, and

Sup ”X ” 6ng\/3pL‘f\/3p({2 Rd)v Sup ”Y ” 6p6g\/3p0f(9 Rd)\/

s€[0,T]
(3.11)
sup ||a(s)||L3p(_Q :R) V Sup ”b(S)”LSp(_Q JRdxmy = < K
se€[0,T
1. Thenforanyu € [0,T],v € (0,00), g € (0, 00] with l é = %, there exists some positive constant
C that might depend on p, &,d,m, T, Kf, Cps K 1 Cy Ksup, but do not depend on £, such that

sup [ Xenry — Yinoy lpv:rey < |:”$0”U’(Q-Rd)
te[0,u] ’

u s 1
+ C(hp + E[/ Ly<oy g(Ys) — b(s)|1? ds] hE! / / (E[1r<oy o) = )" ])* dras
0 Lsln

+IE|:/0 Ls<oyf (Y[s)y) — a()P ds:| +h7_1E|:/ /L Lr<oyf (Y| rpy) — a(dP drds]):|p
sIn

™ _ _ d+e)(p=1 _ 294
exp( / [<Xs Yoo (X)) —f (V) + T2 o (x) g (v | ] ds)
0

X

X7 (3.12)

L4(2:R)
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ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 9

2. In addition to the same settings as 1, if g is Lipschitz, then it holds

< | g1 ~<+¢#+/
@R |: L7 (2:R4) 0 )
1
2
Lr<oy llg(Yr) — b H[p(.rz R) dr)

1 u S
-Hﬁ/ / ‘
LP(£2;R) 0 sl

™ l+e 27t
(eryrzf(xr)ff(yr))‘i’T Hg(xr)fg(yv)”
exp ( /0 [ X712 ] ds)

Proof. In the following exposition, we write 7 to represent 7, ; for short. For any u € [0, 1], by the
Holder inequality one infers that

sup [Xiazy — Yiaoyl
te[0,u]

o /0" (o]

]ls<‘L’N lf(Y[SJN) a(s)| H

]].v<‘[N lg(Ys) — b(s)ll H[j(ﬂ ;R) ds

1
2
Lr<oyf (Yrpy) — a0l HU’(Q-R) drds)]

+
0

(3.13)

X

L‘I(Q;R).

—-Y

t/\‘[Nl

sup || | X,

NTIN
te[0,u]

L'(2:R)

[Xinry —Yinry |
N N

< sup | —LN__IAN
= sup exp(fy N Lu,dr)

te[0,u]

(3.14)

exp (/OTN %”r dr)

1LP(2:R) LI($2;R)

and

sup | INTN Yt/\‘L'N|

rel0u] L/(@R)

[Xincy —Yinzy |

sup — N 3.15
rei0. &Py N Snrdr) (-15)

exp (/OTN 3, dr)

Therefore, it suffices to estimate terms S,, S,,S; in (3.5) and T, T,, T5 in (3.6). Observe that the term
S, vanishes, due to the condition (c) in Theorem 3.2 and the growth of g. For S5, by Young’s inequality,

LP($2;R) L1($2;R)

S; < ]E|:/ Cpa]ls<er|;((:f—1;Y|zr) + Cpﬂser”g(Ys) —b(s)|P dsi|

t X _y I t
< C/ E[“NA—NW] ds + CE[/ 1, lg(Yy) — b ds]. (3.16)
0 0 -

exp( dr)

Concerning S,, one can expand f(Y,) — f(Y ), ) by It6’s formula and then use the Young inequality and
condition (c¢) in Theorem 3.2 to infer

NN pIX Y, P2 (XY [y (V).a(r)+} trace(b(r)* Hess. (£ (Y,)b(r)) dr)
S2 = E N x dS
0 CXP(fO nr dr)

t - S !
i E / ATV pIXs—Ys|P 2<X‘Y7Y‘V’{LSJN(]C (¥r).b(r) dW’>) ds
0 exp(fy n-dr)
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10 L. DAI AND X. WANG

INTN -2
PIX =Y P2 (X, — Y, f (Y )—a(s))
+ ]E[ /0 exp(Jg 7 dr) ds]

E NN X=Xy | [ (60).a0) 4 race(b()* Hess, (F(Y,)b(r) dr | q
=5, exp(Jg 7y dr) s

ININ pI X~ Y, P2 (X =Yy, [ (F(Yr).b(r) dW,)
+E / z ( {HN ) ds
0 eXp(f() nydr)

t _
+]E[ / AN pIX Y P (Y5 —a(s)] ds]
0

exp(fy nrdr)

t X % P t
SATN T LsATy
S C/O E[andr)} dS + CEI:/O JISSTNV‘(YI_SJN) - a(s)|p dS:I

exp( [,

+ E[ /’“N PIX—YsP (XY [y (V) b(r) AW,
0

)
D
P (G nrd) ds:| + ChP. (3.17)

To estimate the last but one term for p > 4, we expand the left item of the inner product by Ito’s
formula and It6’s product rule to obtain

PIXs—YslP2 (X —Yy)
exp(fy nrdr)

— S
_ Py Yy P Ky —Yisly) +/ PIX =Y P2 (F (XD —a(r) dr
LsIn

exp(fy" ™ nr dr) exp([g m 4o

s N
X, =Y, P2 X =Y ) PIX =Y P2 (X =b(r) gy
+ /I_SJN exp(fy ned) dr+ /LSJN exp(f m. de) r

s

—2)Xr—Yr -

o vty
SIN

A

=2)(X—Yr —4

+ /L J BT X = VP X, = Y, (2(X,) — b() dW,)
SIN

S

—2)(p—4) (X, —Y,; —6 2

" /L | HREIX, O, Y, (%) ) dr
sIn

s

(P_z)(Xr_Yr) —4 2

+/LJ ety man Xr = VP () = b dr
sIn

+ /L J ‘%(g(m = () (8(X,) = b(M) "X, — ¥,) dr. (3.18)

Collecting some terms in (3.18) one can deduce

R 0 O At 0 A
B [ (et [ . beaw)as

Lsln

LsIn

t ) :
5 ]E[/ Aty <p|XmeymN‘p z(stJnymN)’ s {f'(Y,),b(r) dWr)>dS}
o CXP(J() nydr) sIn
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ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 11

s

(f'(¥,),b(r) dW,)

[ e DX, —Y, P2 |f(X,
4R / / =D~V P2 ) a0 g,
LJo Isln CxP(jg 1, de)

’ N
Lslnv

— INTN N _ |X _y IP_2(X —Y) s ,
+E /0 <‘/L PlXr—1r r—=Yr)nr dr, (f(Yr),b(r)dWr)>ds]

sy PUoned) Lsw

+E / WN</ § ek b gy [ {f/(Y,),b(r) AW, ) ds
0 sy XPUomd) "y '

INTN s —4 s
E K=YV y (g(X) — b(r)) AW "(Y.),b(r)dW,)}d
* / <~/\_SJN e exp(Jo m d‘)( P~ Y (X0 (”)) r>, LSJN(f( 0 r)> '
ds]

+E

LJO
r INTN K

plp—D)(p—=2)|X,—Y, P23 )b 2d
/0 /MN Gen i 18X = b dr

/ ). b(r) dW,)
LsIn

S

Next we estimate B;,i = 1,2, ...,6 term by term. First, it is trivial to see B; = 0 by the condition (a) and
(c) in Theorem 3.2. For B,, using the fact f € C71) (R, RY), Holder’s inequality, Young’s inequality and
condition (c) in Theorem 3.2, we have

t N 1 o
B < C ]E 1 \X,—Y,V’ (I;HXrH"YrD
2= /0 /Lst |: S exp(fo mdo)

t s p—2
|Xr_Yr|I V(Yr)_f(Y[rJ )l
El1l - a
+C/O /LSJN [ S<TN exp(fy n.dv)

t s _y.p-2 _
+c / E[ILMN Xe =Y P21 (Y ) —a(r)]
0 Jlsln B
t

/S (f/(Yt),b(t) dWL) i|drds
Lsln

. (), b() dw,)

/S (F (), b dWl)H drds
L

sln

i| drds

CXP(fOr n, di)

|X77Yr|p
< C/(; sup E[HSSTNW] ds

rells]n,s]

t Xy ) 14
+C/ (/ Lo, (141X, +1Y,0)7 / (F(v), b aw,) dr) ds
0 Lsin LsInv L’ (2;R)
: s s p/2
+C/ (/ llserlf(Yr) —f(YmN)| . ‘/ (f'(r), b dw,) H dr) ds
0 Lsin LsIn LP/2(2;R)
t s s p/2
+c/ (/ Lo [F(Y)py) —a(n)] - ‘/ (' (), b() dw,) dr) ds
0 LsIn LsIn LP/2(2;R)

t t s
[Xraey —Yrnt |[7 2_q
<C sup Ef ==X N (ds+ Ch2™'E // 1 Y —arpdrdsi|+Chp.
/Ore[OI,)s] |:exp(fo N"Ld‘)} [ 0 Jisly rsanl/ Frgy) = a0l
(3.20)
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12 L. DAI AND X. WANG

With the aid of Holder’s inequality, Young’s inequality and condition (c) in Theorem 3.2, we estimate

Bj as follows:
pIXr =Y P " n, Y P~
B3 </ /LsJN |:]ls =™ exp(fg m d‘)
<C sup E| 1< M} ds
- /0 re[szljv,s] |: S=TN exp(fo 1.do)
§ /
/ THCANIOTA]
LsIn

t K P
+C / ( / ‘ dr) ds
0 LsIn LP(§2;R)

! Xr T _Yr T i
=< C/ sup E[%] ds + cn3p/?, (3.21)
0 rel0,s] eXP(fo n.do)

/ (' (YD), b() W)

]drds

]lsng nr

Using the property of stochastic integral, Holder’s inequality, Young’s inequality and condition (c) in
Theorem 3.2 shows the estimate of By:

t rs —2
By= / / E[lsgm<”"“‘yf‘" SEIZDED, 11v, (1)) ]drds
0 Jlsly HS

eXP(fO n, de)

t s 5
El1. pIX—Y, P |V|rg(Xr)fg(Yr)” " s drd
S/ /Lst [ SSIN exp(fy n du) Hf( r) (V)H rds

t K}
PIX =Y P28 (Y =b(|l |
+/0 /LxJN E[lsﬁm exp( [y mdo) Ir (Y’)b(’)”] drds
t
=C sup E|1,< M] ds
B /Ore[uﬁw [ SN exp(fy e de)
t s
+C/ (/
0 Ls]v
t s
e / ( /
0 Lslv
t u
= C/ sup E[W] ds
0 rel0,s] eXP(fO n, di)

o gt s 172
p
+cn™ /0 /u (E[ﬂrsm le(¥n) — ()| ]) drds + CHP. (3.22)
SIN

P
Losoy (1 + 11+ 1) S @b, o dr) as

p/2
Ly<ty [8(¥r) — b | |f ¥)b(@)]| Hmzmm d’) ®

In a similar way, one can handle Bs as follows:
X,—Y, P2
Bs = / ~/LSJN |: s<ty }elxp(f ,L ) g(Xr) - b(l’)) ” ”f/(Yr)b(r) ”] drds
< C/ sup E[M} ds
0 refoys] Loy N mdo)

tops 1/2
+ Chl’/z”/o /U (E[ﬂrw le¥,) — b@r) ||”]) drds + Ch. (3.23)
sIn
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ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 13

Thanks to the Holder inequality, the Young inequality and condition (c) in Theorem 3.2, we treat B in
the following way:

B¢ < C/ /LJ |: s<ty !XXr:(er,lpdt)(l + X, + |Yr|)20g / (f/(Yt)’b(L) dWL) ]drds
+C/ /U [ KrNe'fp(fodl) lg¥) — b ‘/ [f (v, b(L)dw>:|drds
sIn

[XrAz Yinoyl p ?
<c [ sup B|Ereoy Yo o op // ( e — b ]) drds + CHP.
[ sup ] et (e[l ||
(3.24)

Gathering (3.17), (3.20), (3.21), (3.22), (3.23) and (3.24) yields

t
|Xr/\r 7Yr/\1' |p
S, <C su E%ds—i—Ch // - LfY ar‘drds + CHW
2 = /Ore[OF,)s] |:exp(f de[):| |: sl s<ty (LSJN (r)

van'? [ (51l -l ])2drds+CE|:/tJl rer0 - o
Lslv r<uw I8 o =W = '

(3.25)

Then, combining (3.16) with (3.25) and by Gronwall’s inequality we arrive at the first assertion (3.12).
Now it remains to validate (3.13). With regard to T, by Lemma 2.1, the inner product inequality, the
Holder inequality and the elementary inequality, one deduces

eo([3
scpz(/;’

i=1

2 1/2
XY_YSsg(l)EXs)_b(l)(s» H dS
3<TN exp( [y nrdr
p(f() ny dr) P2(2:R)

2
|Xs—Ys]

18 (X)) =56 (5)|
SSIV exp(fy 3 dr)

SSWV exp(Jy 5 dr)

LP($2;R) H

o3(/[]:
LP(2;R)
2
‘Xt/\rN _Yt/\rN I

e
CXP(fO v %nr dr)

5 172
ds)
LP(2;R)

2 1/2
ds)
LP(2;R)

[Xiney —Yinoy |

T
exp(fy" N Ly, dr)

ssw eXp(fO 20r dr)

te[0,u]

< 7 sup

t€[0,u]

cz(/\

IS

LP(2;R)

lg? Xy)—gD (¥p)+8? (¥) —b? (s)|
exp(fy 3n-dr)

SSTN

2
ds) s (3.26)
LP(2;R)
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14 L. DAI AND X. WANG

where
u ) . ) ) 2
1 1800+ () b0 s)] ds
o | =™ exp(Jy 37-dn) (@R
1 x, Ysney| 2 “ 0) o |2
<2C / A ds+2 / 1., EEm Gl ds. (3.27)
o leets™ 3mdn ) om) o = ey 2 dn ]y o)
Combining (3.26) with (3.27) yields
1X; Yiney | ?
T] < 1 MrNr_ IATN
* rer0a | ox0o” ™ 30rd0) || o)
+C/" sup | Py —Yorl ’ dt+C/u 1 (g(Y)—b(s))H2 ds. (3.28)
SAT, . .
0 sefon llexeo ™ 3mrdn |, o gy o 7SS L2 (82;Rdxm)
When it comes to T;, one can easily show
u 2
T, <C /0 1, (2(Y,) — b(s)) Hm(g;wxm) ds. (3.29)

Note that the term T, needs to be treated carefully. First, using the same arguments as S, shows

INTN Ky
2(X;—Yy) / 1 *
Ty, < | sup / 37/ (f'(Yr),a(r)) + 5 trace (b(r)* Hessx(f(Y,r))b(r)) dr)ds
€101 /0 <e"p(f0 )’ Jigy 7 trace < (X)b()) > L5 @m)
INTN N
X, —Ys /
+ | sup / 2 7/ (' (Yy), b(r) dW,) ) ds
ret0.0 o (ot sl ) DR2R)
INTN
+ | su 2 % Y —a(s))ds
te[OI,)u]/O <exp(f0 nedr) S LsIn) ( )> R
2
“ [ Xsanty —Ysary | /u 2
< C/ su B dr + 1 Y514) — a(s) ds
0 setor | esoCy™™ Sn-dn) (@R 0 ‘ s=an [ Visy |HU(.Q;]R)
INTN s
+| sup / 2<i / (f'(Y,), b(r) dW,>>ds + Ch?. (3.30)
€l0,u] /0 expCfo 1 A0 J i)y P22

To estimate the last but one term for p > 4, we expand the left item in the inner product by Ito’s
formula and It6’s product rule to acquire

X¥y Xy —Violy / T f0)—at) g,
exp(‘/cf nydr) exp(fOLSJN nydr) Lsly CXP(]Or 1, di)

N s
8(Xr)=b(r) X =Yr)(=nr)
+ /LSJN T AW, + /LSJN s dr. (3.31)
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ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 15
As a consequence,
INTN )
0 2 ¥,), b(r) dW,) ) ds
ze[ol,)u]/o <exp(f0 nrdr)’ / {f'(¥r).b(r) ,)>

INTN XLYJ YLYJ S ,
sup / 2<#, (f'(¥r), b(r) dW,)> ds
t€[0,u] JO exp(fo N nrdr) Jis|y

12(2:R)

<

LPI2(2;R)

INTN s FX)—a(r) s ,
+ || sup / 2</ B s LS dr,/ (Y, b(r) dW, >ds
te[0,u] /O Lsin exp(fo ) Lsln <f " i‘)

P/2(2;R)
INTN S N
+ | sup / 2< / SELG gy, (), b dW,)>ds
1€[0,u] /0 Ls]y €XPCo med) Lslw 1P/2(2:R)
IATN s s
+ sup / 2< / KT gy, / (f' (Y0, b(r) dW,)>ds
1€[0,u] 0 sy SXPCo md) LsIn LP2(2;R)
=: El + Ez +§3 + §4. (3.32)

Let us estimate these four items in (3.32) separately. We first split El into two parts:

~ m—l Tiet1 XLJJ Y[AJ s ,
By<| swp | > / 21s5w<#, {f' (¥, b(r) dWr)>ds
1€[0,u] i p(Jo N nedr) Jisiy 1P/2(2:R)
! KXisiy—Yis) —
+ | sup / 21 g<1y #, (f' (Y, b(r) dW;))ds
te[0,u] J LN exp(fy " nrdr) Jis|y LPI2(2;R)
=: Bll + 312, (3.33)

where we denote 7, := [¢],/h. By the condition (c) in Theorem 3.2, it follows that

tn = Z/W s<t <M ' {f' v b(r)dW,)>ds
M exp(e N 0, dn” Jisin '

is a discrete martingale. The Doob discrete martingale inequality, Lemma 2.2, Holder’s inequality and
the condition (c) in Theorem 3.2 imply that

n,—1

tk“ Xisiy—Yisly .
Bll < Cp Z S<'[N — TN (f (Yr),b(r)dwr> ds
exp(fo N nrdr) J sy LP/2(2;R)
12
ny—1 tht1 Xisjn—Yis) s , 2 /
<>/ nsm(W, 100y ) o
= exp(fo" N nrdn)”Js)y L2(@R)
12
Luln | 1 v 2 2
<G, (h / A L ‘ (' (¥,). b(r) dW,) ds
0 exp(fy 2140 llpp iRy N Ls)w 17(2:R)
5 172
Koney —Yoney | coln 1" v bonaw q
= Tld p (f (Yr), b(r) r) 3
sef0u1 1 expCfo ™ 2140 [l 1p .y 0 Lslv LP(2:R)
<l w + 2. (3.34)
sef0u) IlexpCfo ™ 3140 |l 1p 0. Ry
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16 L. DAI AND X. WANG

With the help of Holder’s inequality, an elementary inequality and the condition (¢) in Theorem 3.2, for

p > 4 one can estimate B, as
t X Y N p/2 2/p
B, < IE[ sup / 21 <M '(Y,), b(r) dW, >ds }
12 ( ref0.u] Ul S<TN exp(foL IN e dr) LSJN<f r r)
p/2 2/p
ds:|)

u
5Ch1—2/ﬂ(E[/ Ly,
) s

<& b dWr>>

exp(fy N ,-dr) Lsly

.y “ i, Yy | p/2 s p/2 2/p
<Ch~ p(/ NN TN / "(Y.), b(r) dW, ds)
0 |l exp(fy NN L, dn) D(2R) LsJN<f ' ! P(2;R)
Xopr Yo | 2 u s p/2 4/p
< g osup [N + Ch*=/P / H‘ (f'(v,).b(r) dw,) ds
s€[0,u] exp(fo 27 dr) LP(2:R) 0 LsIn LP(2;R)
<L osup | rm Dol + .
sef0u [l expCo ™ 2md0 |1 oy
(3.35)
Hence, one concludes that
X Y, :
By< ) sup | Dochen +CR2. (3.36)
sel0. [l expCo ™ 2mrdr) 1P (2:R)
Similar to the estimate of B,, one treat B, as follows:
= o X, — Yl (X 1Y, DT
B, <C r A "(Y),b() dW drds
2= /0 /LSJN = exp(Jo 140 LSJN(f( ol L) 12(2:R)
YR )—f Y irp)l /
+C/ / Sl SN (Y),b() dW drds
Lsln by "oy LSJN(f ’ ! @QR)
[f (Y1) —a)| /
+C/ / L (Y),b(t) dAW drds
Lsln boson “epman LsJN<f ‘ ! D@QR)
S C/ sup M ds_lr_ Ch2
0 refost |2Us” ™ 3ndd | o)
1/2 u A
+Ch /0 /LSJN‘ﬂSfTNWYWN)_a(r)|HLm;R> drds. (3.37)

GZ0Z 8unp O} Uo Jasn AlISIaAIUN YINog [enuad) AQ LEL6S L 8/rE0eIp/wnuBwI/S60 L 01 /10p/3lo1e-aoueApe/eulewi/wod dno olwapese//:sdiy Wol) papeojumo(]



ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 17

With regard to §3, we employ Holder’s inequality, Young’s inequality and Lemma 2.1 to derive
— u
B3 < C/

0
u
+C /
0
u
<C / ds + Ch?
0 LP(2;RY)
pl/2 / / 20 =b().
e [sIn =W exp(Jo mdo) awr
u N
=<, (/
0 LsIn
u N
+Chl/? / ( /
0 LsIn
u
<C / sup
0 rel0,s]
u N
+Ch!/? / ( /
0 LsIn

Similar to the estimate of B3, we bound §4 in the following way:

/ / | X — leﬂr
Isly Nexp(fo n, do)

<C/l/
LsIn

u
<C / sup
0 rel0,s]

Putting (3.30), (3.36), (3.37), (3.38) and (3.39) together yields

u
T, < C/ sup
0 se[0,]

+ % sup
se€[0,u]

+Ch1/2/M (/S
0 \Jisly

Then the proof is thus completed by combining (3.28), (3.29), (3.40) and Gronwall’s inequality. (]

ds

(F' (), b(r) W, )

/S JISSTN §Xr) rig(Yr) r H ‘
LsIn exp(fo 1 do 1P ($2:R9) LP(2;R4)
N
1 g(yr)r*b(r) dw,
/LsJN =W exp(fymdy " 1P(2;R9)

* X)—g(¥,) 3
1 8 Ay 78 ) AW,
/LSJN S exp(fymed

Ls]nv

ds
1P ($2;RY)

P .b0) aw, )

Lsln

ds
LP(2:R9)

|Xr_Yr|

2/3 )
ﬂsf‘EN exp(for m ) dr) ds —+ Ch

1/2
dr) ds

LP(§2;R)
2
Ly<zy (8(¥r) — b(1))

LP(£2 ;Rdxm)
2
|Xr/\rN _YrArN |

Sy ray L ds + Ch?
exp(Jy ™ Lo, do st

LP(2;R)

2 172
dr) ds. (3.38)
U’(Q;Rdxm)

Ly<oy (8(Yr) = b(1)) ‘

(f (Y),b(1) dW,)| drds

sy

12/2(2:R)

_X=r|

Ls<ov oo Tn o drds

(' (¥, b(o) dW,)
Lsln

Nr

LP(§2;R) 'LP(-Q;]R)

RON YxAr |
N N

_osny_TsAy L ds + Ch>. 3.39
CXP(JO 2 1, dv) g ( )

LP($2;R)

RON Ys/\z |
N N

— e ds
CXP(fO 2 nydr)

dr +
LP($2;R)

2 u N
+ Chl/z/ /
LP(§2;R) 0 Jlisln

2

‘ 2

Ly<oy [ (Ys)y) — a(s)|

LP($2;R)

[Xsary —Ysaryl
N N

(N Ty dr) 1 Yy —
exp(.fijWN $nrdr) r<oy F (Y r)y) — a@)l

drds
LP(§2;R)

12
Lr<zy (8(Yy) — b(r) dr) ds + Ch?. (3.40)

LP(.Q;Rdxm)
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18 L. DAI AND X. WANG

In the rest of this article, we concentrate on applications of the previously obtained perturbation
estimates to identify the order-one strong convergence of numerical methods for SDEs with non-globally
monotone coefficients.

4. Order-one pathwise uniformly strong convergence of the SITEM scheme

In order to numerically solve SDEs (3.1) on a uniform grid {z,, = nh},_, -y with stepsize h = 1%, aclass
of stopped increment-tamed EM (SITEM) method was proposed in Hutzenthaler et al. (2018):

— f(an)(t_t”)+g(ytrz)(wt_wtn) —
Yt = Yl‘n + ]llY,n|<exp(|1n(h)|]/2) [1+lf(Yz,,)(t—tn)+g(an)(Wz—th)|5 ) YO = X(), 1) 2 2, te [tn,[n+]], (41)

which was shown to inherit exponential integrability properties of original SDEs. Combining the
perturbation theory obtained in Hutzenthaler & Jentzen (2020) with exponential integrability properties
of both numerical solution and exact solution, the authors of Hutzenthaler & Jentzen (2020) successfully
identified the order % strong convergence of the SITEM method. An interesting question arises as to
whether higher convergence rate than order % can be obtained when high-order (e.g., Milstein-type)
schemes are used. This is also expected by Hutzenthaler & Jentzen (2020) (see Remark 3.1 therein).
Unfortunately, following (Hutzenthaler & Jentzen, 2020, Theorem 1.2), the convergence rates of any
schemes would not exceed order %, which is nothing but the order of the Holder regularity of the
approximation process. In the present section, we aim to fill this gap and reveal order-one strong
convergence of the SITEM method for some particular SDEs with non-globally monotone coefficients,
for which the Euler type method coincides with the Milstein method and thus the order-one convergence
is expected. To begin with, we define a stopping time Ty : £2 — {ty, 1, ..., ty} as

¢ = inf {{T} Ut €ty ooty : 1Y, = exp(lIn(h)| 1/2)}} . (4.2)

Equipped with the stopping time, we can introduce the continuous version of (4.1) as

t

t
Y, =X, + /0 I, ea(s)ds + /0 Ly ¢ b(s) AW, (4.3)

Here, for s € [#;,#;,1), a(s) and b(s) are given by

a(s) .= yM@Z)ry,) + 1>y (zg)(g(Ytk)ej,g(Ytk>ej), b(s) == yM(Z)g(v,). (4.4)
j=1
where e; = (1,...,0)*,...,¢,, = (0, ..., 1)* are the Euclidean orthonormal basis of R,
Zy:=f(Y,)(s — 1) + gV, ) (W, — W,) 4.5)

and for a fixed § > 2,

v =x(1+ x> xeRL (4.6)
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By (Hutzenthaler ef al., 2018, Theorem 2.9) and in the notation of (2.5), for any z,u € RY we have

0] u 1z=0,
Yyl (u = P - T2 £0 4.7)
14z (1+z19H2  ° ’
and
0 :2=0,
2] 26212202z 2 81212 [2ufzu) +2lul?]
YD) (u,u) = A+1zP)3 (+1zP)2 4.8)
_86=2)[zl® Yzl )
(11292 2 #0.

Moreover, one can show the following properties of !, /21, which are needed in the error analysis.

LemMa 4.1. Let § > 2 and let i be defined by (4.6). Then for all x € R4,

Il @arey < T+ § 1@ = Ty @agas < [+ A G+ DIRP],

sup [P w < [(352 +8) A (38% + 5)|x|5*1] . (4.9)

ueR9 ju|<1

Proof . By (4.7) and (4.8), it is clear that

1 1 § 8 5
||w[ ](X)HL(Rd,Rd) <lv (w + %) <1+ T

8 s 8
W1 ~ ygags, < (P + i) < [0+5 A G+ DI, (4.10)

21,(26—1 2 -1 _
sup [y, w)| = B 4 GBS < 1387 4 8) A 36+ )]
ueR9 |u|<1

Now we are ready to state the main convergence result of this section.

TheorREM 4.2. Let f : RY — R?, g : RY — R4 be measurable functions and let f € C?(R?,RY).
Letf € CH(RY,RY) and let g € C*(R?, R¥*™) be Lipschitz satisfying, for all k;. k, € {1,....d}.j}.j, €
{1,...m},

ko .
882 gthajn) — o, @.11)

Xy 1

Let U, € C3D (Rd, [0,00)) and U, € C719 (Rd, [0, 00)). Let a class of SITEM methods be defined by (4.3)
with 6 > 3 and let c,v,T € (0,00),4,91,9, € (0,00], ¢ € [0,00),p > 4. Forall x,y € Rd, assume
additionally that

(1) there exist constants L,k > O such that forany i = 1,....,d,j = 1,...,m,

| Hess, (FP o) V| Hess, (6P (o) < L(1 + [x])*;
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20 L. DAI AND X. WANG

) [x"/¢ < e(1 + Uy(x)) and E [eP0E0] < oo;
3 (AU + Fg)* (VU () * + Uy (x) < ¢+ alUyx);

U U U Ui (y
@) (=0 f0) = f0)) < [o+ DO DOERO g2,

1_ 14,1 1_ 1,1 imati i
Then for oty =rTg the approximation (4.3) used to solve (3.1) admits

sup |X, — Y,
1€[0,T]

< Ch, h— 0. 4.12)
LV($2;R)

If the condition (4) in Theorem 4.2 is replaced by the following one:

(4’) for any n > 0, there exists a constant K, such that

(x = y.f@) = fO) < [K, + n(Up(®) + Uy ) + Uy 0 + Uy ) [ 1x — yI7, (4.13)

then for any v > 0 we have

<Ch, h— 0. (4.14)
L'(2;R)

sup |X, — Y|
1€[0,T)

Before we come to the proof, let us give some comments on functions Uy, U; and some parameters
used in the above theorem. We first mention that, similar conditions have been used in Hutzenthaler &
Jentzen (2020). Here the non-negative function U, plays a role of Lyapunov function for (stochastic)
differential equations (see conditions (2), (3)). From conditions (4) or (4’), one observes that U, is
also used to control the growth of the derivative of the drift f. For some models such as the Brownian
dynamics, stochastic van der Pol oscillator and stochastic Duffing—van der Pol oscillator, U, alone is,
however, not able to control the growth and an additional non-negative function U, is introduced in
conditions (3), (4). As shown later, different models require different choices of functions U, U; such
that conditions (2), (3), (4) or (4’) in Theorem 4.2 are all satisfied. In view of Lemma 4.1, we require the
method parameter § > 3 to guarantee the convergence order 1 A % > 1. In addition, the parameters
q.91,9, and v, p, g are two sets of conjugate numbers for the use of Holder’s inequality. Now we start
the proof.

Proof of Theorem 4.2. The proof relies on the use of Theorem 3.2 and in what follows we check all the
conditions there. First, let Ty = r]f, and it is obvious that for s € [0, T']

{lsly < tyh Lsly =
s<wy)= (4.15)
{Lsly < b Lsly < s,
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which implies {s < t3} € F|), . By the virtue of the condition (4), Holder’s inequality, Jensen’s
inequality (see (Cox et al., 2024, Lemma 2.22) and the fact that Uy(x), U; (x) > 0 one derives that

5 _ _ 1+e _ 27+
exp( / N [<XS Yo (Xs) f(ﬁi))jyfz llg(Xs)—g(¥s) ] ds)
0 ST LI(2;R)

YoX+UoFy) 4 U1K+ ()
xp ( /0 [ 2q T * 2q2eT ] ds)

= CoacqrqnT

L1($2;R)

Uotty)+Un() Van U0+ U1 1) Ve
0 oty 1 1y
< (el (7 g a) ) (e o ([ zp02.0)

=¢ g (Lo (S)) - o (ew (“22))

1 1
SATS by SATY 205
- sup (E[exp(/ N %du)]) . sup (E[exp(/ N %du)]) o
5€[0,T] 0 5€[0,T] 0

1

1
s 2 2q1
e i, (o (1 5 Sgp (oo [0)
5€[0,7T] 0 s€[0,7]
s % SA
- sup (E[exp(UO(X) +/ Ulegif”) du)]) G sup (E[exp (UO(Y) +/ om )])
5€[0,T] 0 5€[0,7T] 0

1

1
$ 2q SATE 2%
=C sup |E|exp UO(X) + Y1k gy ‘. sup | E| exp UO(Y) + ! U gy !
e ¢
se[0,T] 0 se[0,T] 0

< Q.

51
-

(4.16)

Here the last inequality stands due to the exponential integrability property for both exact solution
{X;}sej0,r) and numerical solution {Y};c(o 7} (see (Cox er al., 2024, Corollary 2.4) and (Hutzenthaler
et al., 2018, Corollary 2.10)). For any p > 4, by (4.16) and noting U; € C5,(R?,[0,00)) and |x|'/¢ <
c(1 4+ Uy(x)), we get

+
wp |11 (Xs— Y5 f (X)) —f (X)) + 122 g (X)) —g (¥) 112
o XY,
s€[0,T] S L3 (2R)
Uo(X5)+Up(Yy) Ui X)+U (Ys)
= sup [C+ 2q; Te®T + 2gpeT ]
s€[0,T] L3 (2;R)

<C+ C|: sup ||U()(X )||L3p(_(2 :R) + SUP [ U1 (X )||1ﬁp(_(2 ‘R)
s€[0,T]

+ sup 1Ug(Yll@m) + sup ||U1(Y)||L3P(QR£| < 00, (4.17)
s€[0,T] s€[0,T]
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22 L. DAI AND X. WANG

which confirms condition (b) in Theorem 3.2. By (4.16) and condition (1) in Theorem 4.2,

sup ||X ” 6pcg\V3pcrV3p d \/ Sup “Y ” 6pcgV3pc o < 00
se[0.7] §YIPLYIP (2 RA) 8VPS (2:RD) (4.18)

and for any i = 1, ...d, sup¢o 7 |l Hessx(f(i)(Ys))||L3p(9;Rd><d) < 0o. By Lemma 4.1,

sup ||]].Y<.[L CZ(S)||L3[:(Q Rd)\/ Sup ||ﬂ€<reb(s)”L3p(_Q JRdxm) < OQ. (419)
s€[0,T]

This verifies condition (c) in Theorem 3.2, which in turn implies

1 T ps
sup |er,f, — 7Y, e < C|:h2 + h2 / / lrsrﬁ (Y — ]lr<r;,a(r)| ‘ drds
t€[0,71] LV(2:R) 0 Jisln LP($2:R)
T 2 T 2
+/ ]]'siflf, ”g(Ys) - ]ls<rlf}b(s)” ds +/ ]lsfflil V(YI_SJN) - 1S<T§]a(s)| ds
0 1P(2;R) 0 LP(2;R)
T s 2 % %
+h7/ (/ ]lrfrﬁng(Yr) - ]1r<r§/b(r)|| dr) ds:| . (4.20)
0 LsIn LP($2;R)
By the property of Lebesgue integral and Lemma 4.1, one can show
T
/0 ‘ Ly [ (Vigp0) = Bycrga)| HM(Q R)
T
2/0 ’ Lot lf(YUJN als )|”U’(.Q R)
T m 2
< / Y0 = w2 ) = 3 D 0 PEZ) (805 80 0¢ )| ds
0 =1 (2R
<l 4.21)
Moreover,
T
T PR [
/0 H S<T g( s) () (2 R)
! 2 (1]
= CA ‘ ]]‘S<‘t s/ g(YLsJN) ”U’(Q;R) + ‘ 1s<t1f, g(YI_sJN) -V (Zs)g(YI_SJN) HU’(Q;R) ds
! 3
< c/o H Hg(Ys) — (¥, HU(Q;R) ds + CI. (4.22)
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. (k2.2) i .
Fori=1,...,d,j = 1,...,m, by the It6 formula and recalling %g(kl J1) = 0, we arrive at
1

T i, .
/0 H ”g(lj)(ys) _ g(U)(YLSJN)

e @
LP(82;R)
T s 2
<C / ‘ / (9" (¥,), 1r<r§a(r)) + 3 trace (lr<r§b(r)*Hessx(g(”)(Yr))b(r)) dr ds
0 LsIn (2:R)
T s N | 2
+C / ’ / (g7 ). 1, w2 (Y ) AW,) ds
0 LsIn (2R
<C / ‘ / (67" () = 8P (¥, ) L W28 (Y, ) AW, ds
0 [sIn LP($2;R)
T s N | 2 )
+C / ’ / (67 (V) L v Z g (Y, ) AW,) ds+ Ch
0 LsIn (2R
/ /
< C/ ‘/ (g(lj) (YLrJN)*ILr<r§,w[ ](Zr)g(YLrJN) _ g(lj) (YLrJN)*ILV<Tﬁ,g(Y\JJN)) dw. ds
0 Lslv LP($2;R)
+ Ch?
< CH>. (4.23)
Therefore, one obtains
! 2 2 4.24
/0 [tzeg |2 @0 = 1ocp@) ||, o, 0 = O (4.24)

The same arguments used in (4.21) and (4.24) can be applied to estimate the second and fifth terms on
the right-hand side of (4.20). Hence, we deduce that for any % = 117 + é and§ > 3

su Xoie — Y, e < Ch.
ze[o,pTll e~ Yineg | QR (4.25)
Observe that
sup |X, — Y|
te[0,T] L'(2:R)
= | sup Loe X, =Yl + | sup Lo IX, — )|
tE[O,T] LV(Q;R) tE[O,T] LV(.Q;]R)
= ]1-[9 <T sup |X[ - Yt| + sup |X[A‘L’1f, — Yt/\.[el (426)
L2 (2:R) | 1€10.7] r@r) |l €l0T] LY(2:R)
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24 L. DAI AND X. WANG

Using Lemma 2.1 ensures

sup |X, — Y|
t€[0,T] L2(2:R)
t t
(4.27)
= sup / (f(Xs) - ]]'s<r1f,a(s)) ds| + sup / (g(Xs) - ]]‘s<‘[1€/b(s)) dWy
te[0,7] 1 J0 t€[0,T] 0 L2(2;R)
S C’

and by the condition (2) in Theorem 4.2, the Markov inequality and —%x“ > —¢*, x > 0 one infers

Plt$ < T1 < P[|¥7] = exp(/In(i)|'/%)]

IA

P[0 > L exp(L iG] )]

= ceoT

< B[ exp (“U2) [exp (- L7 exp(L (i) /2)

< Cpexp (— Ll (4.28)

24T

For any C, > O and & < 1 being small enough, one knows |In(h) |2 > —CLZ(ZV In(4)) and hence one gets
for small 4 < 1,

In(h) |2 2
o (~ ) <

which validates (4.12). Finally, note that if (4.13) holds, then for any y > 0,

Ty B B 14¢ _ P
exp ( / [m Yof () f(:;;))j;’ : lgX) =¥l ] ds) oo 4.29)
0 s LY ($2;R)
The assertion (4.14) can be acquired by repeating the above arguments, which finishes the proof. g

In what follows we employ Theorem 4.2 to obtain the first-order strong convergence of the time-
stepping scheme (4.1) for SDE models without globally monotone coefficients, taken from Hutzenthaler
et al. (2018); Hutzenthaler & Jentzen (2020). In the recent publication Hutzenthaler & Jentzen (2020),
the authors derived only a convergence rate of order % of the same scheme (4.1), even for the following
additive noise driven SDE models and multiplicative noise driven second-order SDE models. Since the
conditions of Theorem 4.2 are the same as those in (Hutzenthaler & Jentzen, 2020, Proposition 3.3), we
just give the convergence results here and do not repeat the verification of the conditions. Indeed, one can
refer to (Hutzenthaler & Jentzen, 2020, 3.1.2, 3.1.6,3.1.7, 3.1.3, 3.1.4) and (Cox et al., 2024, Chapter 4)
for details on the verification of the conditions for the following different models. The initial value X,
of the following models is assumed to be deterministic for simplicity.
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Stochastic Lorenz equation with additive noise. Let d = m = 3 and o, a,, 05 € [0,00). For x =
(X], X0, %) € R3, we let

SO = (o (xp = xp), @px) — Xy — X X3, XX — Q3%3) (4.30)

and let g(-) be a constant matrix. Moreover, we take U (x) = |x|2 and U 1(x) = 0. Then all conditions
in Theorem 4.2 are fulfilled. Therefore, using the SITEM method (4.3) with § > 3 to solve the above
stochastic Lorenz equation with additive noise yields that for any r > 0, there exists a constant C, > 0
such that

sup |X, — Y|
1€[0,T]

< C,h. (4.31)

L7 (£2:R) r

Brownian dynamics. Letd =m > 1,¢,8 € (0,00) and 6 € [0, %). Assume that V € C% (Rd, [0, oo)) N
C3(R4,10,00)), V', Hess, (V?) € C713 (RY,R%*4),i = 1,...,d and lim SUP,~ 0 SUP R %‘y@ < o0. For
x € RY, we set

F@) = =(VV)(x), 8(x) = v/Blpay - (4.32)

This equation is also termed as the overdamped Langevin dynamics in literature. In addition, we suppose
that (AV)(x) < ¢ + cV(x) 4+ 0|(VV)(x)||* and for any n > 0

swp [L2ENO TNy (V) + V) + (TP + [(TVIOP)] < oc.
xX,ye KXFEY

Letv € (0,% —0), Uy(x) = vV(x) and U (x) = v(1 — g(@ + v)[(VV)(x)|2. Then all conditions in
Theorem 4.2 are fulfilled. Therefore, applying the SITEM method (4.3) (§ > 3) to the above Brownian
dynamics yields that for any r > 0, there exists a constant C,. > 0 such that

sup |X, — Y|
1€[0,T]

< C,h. (4.33)

r

L7 (2;R)

Langevin dynamics. Letd = 2m > 1,y € (0,00) and 8 € (0, 00). Assume that V € C3 (R’" [0, oo))
C*(R™,10,00)), V', Hess, (V@) € Cp(R™,R™™),i = 1,....,m and imsup ,~ ¢ Sup,cgn ]JL\',(Z) < oo0.
For x = (x|, x,)* € e R¥™ y e R™, we let

F@) = (5, =(VV)(x)) = ), g = (0, /Bu). (4.34)

This equation is also termed as the underdamped Langevin dynamics in literature. In addition, we suppose
that for any n > 0

sup [WV)(T))Q;YVM” — (V) + Vo) + Ix2 + Iylz)] < .
x,yeR™ x#£y

GZ0Z 8unp O} Uo Jasn AlISIaAIUN YINog [enuad) AQ LEL6S L 8/rE0eIp/wnuBwI/S60 L 01 /10p/3lo1e-aoueApe/eulewi/wod dno olwapese//:sdiy Wol) papeojumo(]



26 L. DAI AND X. WANG

Let v € (0,00), and for x = (x,x,)* € R2™, Upyx) = §(|xll2 + |x2|2) +vV(x)),U;(x) = 0. Then
all conditions in Theorem 4.2 are fulfilled. Therefore, using the SITEM method (4.3)(§ > 3) for the
Langevin dynamics yields that for any r > 0, there exists a constant C,. > 0 such that

< C.h. 4.35
LR — ( )

sup |X, — Y|

In Cui et al. (2022), the authors proposed a splitting averaged vector field (AVF) scheme for
the Langevin dynamics (4.34). Equipped with the exponential integrability properties of the implicit
approximations {Y, }, -, <y, the authors of Cui ez al. (2022) spent a lot of efforts to analyze the pointwise

1 N
strong error (Supy—,<y E[||X,n -Y, I”]) " p > 2. As the first step, the pointwise strong convergence

rate of order % was obtained, which was later lifted to be order one by using technical arguments in the
Malliavin calculus. Instead, we analyze the pathwise uniformly strong error of an explicit time-stepping
scheme directly. By simply relying on the newly developed perturbation estimates in Section 3, we show
a pathwise uniformly strong convergence rate of exact order one given by (4.35). It is worthwhile to
mention that the authors of Cui er al. (2022) also proved the existence of the density function of the
numerical solution produced by the splitting AVF scheme and provided the convergence rate of density
functions for the scheme. Despite the same convergence rate, the splitting AVF scheme proposed by
Cui et al. (2022), as an implicit one, is expected to be more numerically stable than the explicit SITEM
scheme, particularly for large step-sizes.

Stochastic van der Pol oscillator. Let d = 2,m > 1,c,a € (0,00) and y,8 € [0,00). For x =
(X, )" € R2,u € R™, we let

f@) = (. (¥ — ax)xy — Bxp)*, g@u = (0,¢ (x))u)*, (4.36)

where ¢ € C2(R,R"*™) is a globally Lipschitz function. Let v € (0, 50), Ug(x) = %|x|2 and U, (x) =
via — ZCV)()CIJCZ)Z. Then all conditions in Theorem 4.2 are fulfilled. Therefore, applying the SITEM
method (4.3) (6 > 3) to the stochastic van der Pol oscillator yields that, for any r > 0, there exists a
constant C, > 0 such that

sup |X, — Y|
1€[0,T]

4.37)

h.

=
L'(2;R)

Stochastic Duffing—van der Pol oscillator. Let d = 2,m > 1,a,a, € R and o3,¢ € (0,00). For
x = (x),%)" € R%,u e R, we let

Fx) = (6, 09x) — 0ty x; — ogx%xz - x?)*, gxu = (0,0 (x)u)", (4.38)

4
where ¢ € C*(R;R'*™) is a globally Lipschitz function. Let v € (0, “73), Uyx) = %(% + x%) and
Uj(x) = v(ag —cv) (xlxz)z. Then all conditions in Theorem 4.2 are fulfilled. Therefore, applying the
SITEM method (4.3) (§ > 3) to the stochastic Duffing—van der Pol oscillator yields that, for any r > O,
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The strong convergence rate

102

1 X (t) = Yallzxe

1078 L~

i —#— SITEM method

% —<— Implicit Euler method
Splitting AVF method

— — Line with slope 1

1073 1072
h

Fic. 1. A comparison of strong convergence rates for Langevin dynamics.

there exists a constant C, > 0 such that

< Ch (4.39)

sup |X, — Y| @R —

te[0,T1]

Numerical experiments. Now let us present some numerical experiments to test, not only the strong
convergence rate, but also the dynamic properties of the proposed method. We take the Langevin
dynamics and the stochastic van der Pol oscillator as test examples. Let T = 1, N = 2%* k=6,7,..11
and regard the fine approximations with %,,,., = 27'# as the ‘true’ solution. Also, we take M = 5000
Monte Carlo sample paths to approximate the expectation.

For the Langevin dynamics (4.34), we assign

m=1VVx)=x —x,y=1,8=2X,=(1,1)*

and § = 3 for the SITEM method. Such a type of potential V(x;) = }‘x‘l‘ - %x% is called double-

well potential. Fig. 1 displays the mean-square approximation errors of the SITEM method, the implicit
splitting AVF method in Cui ef al. (2022) and the implicit Euler method in Talay (2002). Numerical
results show that, the three methods all have a strong convergence rate of order one and the splitting
AVF method is slightly better in terms of computational error.

Furthermore, it is known that (see, e.g., Mattingly et al. (2002)), the Langevin dynamics admits a
unique invariant distribution

P(;.xy) = Iy exp(—V(x))) exp(—1 |, ), (4.40)
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Invariant density approximation Invariant density approximation
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FiG. 2. Invariant density approximation: (a) h = 27, b)h = 24,

where I, is a normalization constant. Therefore, this equation is always used to sample from a target

probability distribution 7 (x;) oc eV, Next we test the ability of the SITEM method to sample
from the distribution. We take a large time endpoint 7 = 500 and test the SITEM in this paper, the
implicit splitting AVF method in Cui et al. (2022) and the implicit Euler method in Talay (2002).
Numerical results are depicted in Fig. 2, using two different stepsizes with h = 277,27, There one
can observe that, these three methods all perform very well in the case of small stepsize & = 277, As
the stepsize increases to & = 274, the implicit Euler method produces better approximations than the
other two methods. The SITEM method and the implicit splitting AVF method perform similarly and
give acceptable approximations. It should be noted that both the splitting AVF method and the implicit
Euler method are implicit time-stepping schemes and their computational costs are more expensive than
the SITEM method in the high-dimensional setting m > 1.
We next turn to the stochastic van der Pol oscillator (4.36) with coefficients

m=1y=a=028=1X,=(05157*5=3 (4.41)

in the case of the additive noise ¢ (x) = ¥ = V0.1 and the multiplicative noise ¢, (x) = 0.8x. The mean-
square approximation errors are presented in Fig. 3, where one can observe order-one convergence rate
for both additive and multiplicative cases.

Now let us focus on the case of additive noise ¢ (x) = ¥ = J/0.1. According to (To, 2000, page 137),
one knows that, in our setting, the stochastic van der Pol oscillator model (4.36) admits a stationary joint
probability density

P11 = Fyexp (= o (0 +3)7 - 863 +3) ), (4.42)
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The strong convergence rate

1072+ az ’ 4
52
2 A
L) P
Py
| 5
5 A
= s
-3 g il
10 P 4
s
SITEM method for ¢, (z) = v0.1
—<— SITEM method for ¢2(z) = 0.8z
— — Line with slope 1
I

107 107?
Fic. 3. Strong convergence rate for stochastic van der Pol oscillator.

where I, is a normalization constant. Let p; and p, be marginal distribution of p in (4.42), defined by

p;(xp) 5=/RP(X1JC2) dx,,  Py(x) 3:/Rp(x1,x2) dx;.

It is obvious to observe that p(x;, x,) is symmetric with respect to variables x;, x,. As a consequence,
P; = p, and for polynomial functions @ : R — R,

E[® )] = E[®(&)], & ~pi(x)), & ~ pa(xy).

Moreover, for a fixed variable, p is an even function with respect to the other. Therefore, by particularly
taking @ = I (identity map) we obtain

E§ 1 =E[5] =0, & ~px)), & ~ py(xy).

This implies that, in the phase plane, (E[X/,], E[X,,]) will gradually tend to the trivial steady state (0, 0),
as t — oo. Unlike the deterministic case, the average oscillation period and limit cycle do not exist for
the stochastic van der Pol oscillator, due to the presence of the noise.

In what follows we test the dynamics of numerical approximations produced by the SITTEM method.
Over the time interval [0, 600], Figures 4, 5 show the sample average trajectory and phase plane of
the SITEM method for the stochastic van der Pol oscillator using two stepsizes h = 277,274, From
these figures, one can clearly see that, numerical approximations of (E[X,,], E[X,,]) produced by the
SITEM method, even for a relatively large stepsize & = 2%, tend to the trivial steady state (0, 0), as
t — oo, reproducing the dynamics of the original model. Moreover, Figures 6, 7 demonstrate numerical
approximations of E[[X t|2] and IE[|X2,|2] with two stepsizes h = 277, 2_4, where one can observe that
they all tend to some non-zero steady states, as t — 0o. The above numerical experiments indicate that,
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Fic. 4. Sample average trajectory and phase plane with & = 27,
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Fic. 5. Sample average trajectory and phase plane with & = 24

using stepsizes of moderate size, the SITEM method is able to reproduce the dynamic property of the
stochastic van der Pol oscillator.

It is very interesting to mention that, for the deterministic van der Pol oscillator, i.e., ¢ (x) = 0, the
exact solution is periodic and has a limit cycle. We use the SITEM method to numerically discretize
it with various stepsizes. Our numerical results indicate that, both the period and limit cycle of the
deterministic model are well reproduced by the SITEM method, even using a large stepsize h = 272,

5. A positive preserving Milstein type scheme for the stochastic LV competition model with order-
one pathwise uniformly strong convergence

In this section, we look at strong approximations of the following d-dimensional stochastic Lotka—
Volterra (LV) competition model for interacting multi-species in ecology Bahar & Mao (2004);

GZ0Z 8unp O} Uo Jasn AlISIaAIUN YINog [enuad) AQ LEL6S L 8/rE0eIp/wnuBwI/S60 L 01 /10p/3lo1e-aoueApe/eulewi/wod dno olwapese//:sdiy Wol) papeojumo(]



ORDER-ONE STRONG APPROXIMATIONS OF SDEs WITHOUT MONOTONE COEFFICIENTS 31

Evolution of the expectation of |Xy|* n Evolution of the expectation of |Xy/|?
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FiG. 6. Numerical approximations of IE[|X1t|2] and E[|X2,|2] with h =277,

Evolution of the expectation of | Xy,|* i Evolution of the expectation of | Xy
4.9 T T

L () L L
0 200 400 600 0 200 400 600
Fic. 7. Numerical approximations of E[|X 1t|2] and E[|X2t|2] with h =274,

Mao (2007); Li & Mao (2009):

dX, = diag(X,)(b — AX,) dt + diag(X,)o dW,, t € [0, T], 5.0)
Xy =x, € (RY)*, '
where T € (0,00), b := (b)), , € RY, A := (a'V), el € R o = (W) 4 i=lm €

RIxm and (Rd)Jr = {x € R . XD 5 0,.,x@D > 0}. Here the model is driven by multi-
dimensional noise and {W,},.o 7y stands for a m-dimensional standard Brownian motion defined on
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(82, F, {F;}1=0, P). For any vector x € R?, we use diag(x) to denote a d x d diagonal matrix whose

principal diagonal is x. In order to show the well-posedness of the underlying model in (R%)™, some
assumptions are put on the elements of the matrix A.

AssumprioN 5.1. Every element of A is non-negative and min, _;_,{a'®} > 0.
Under the above assumption, the model (5.1) has a unique global strong solution in (R%) ™.

Lemma 5.2. Under Assumption 5.1, there exists a unique strong solution {X,},. for the equation (5.1)
staying in (R9)*,

Proof. The well-posedness of the model in (RY)T has been established in Bahar & Mao (2004); Mao
(2007) for the scalar noise case. For the present model driven by multi-dimensional noise, one can
similarly prove it without any difficulty. 0

Despite the existence and uniqueness of the positive solution to the stochastic LV model, the closed-
form solution is not explicitly known and efficient numerical approximations become an important tool
in applications. Recently, several researchers proposed and analyzed positivity-preserving numerical
schemes for such a typical multi-dimensional SDE model with highly nonlinear and positive solution
(see, e.g., Li & Cao (2023); Mao et al. (2021); Hong et al. (2022); Cai et al. (2023)). It is worthwhile
to point out that, under certain assumptions specified later, the highly nonlinear drift coefficient f(x) :=
diag(x) (b — Ax) and the linear diffusion coefficient g(x) := diag(x)o obey the Razumikhin-type growth
condition

(L f (X)) + cllg@? < K(1 + 1x1),

but violate the global monotonicity condition
(x = y.f () =) +cllgl) — gMI* < Klx —y/%, (5.2)

where x,y € (RY)T. As already mentioned in the introduction part, the lack of the global monotonicity
condition causes an essential difficulty in obtaining convergence rates of numerical approximations.
Usually, one needs to resort to exponential integrability of both the analytical and numerical solutions.
Very recently, the authors of Li & Cao (2023) constructed a Lamperti transformed EM method for (5.1)
and used exponential integrability of both the analytical and numerical solutions to obtain pointwise
strong convergence rate of order % under some restrictive conditions.

In this work, we aim to propose a novel positivity preserving explicit Milstein-type method for the
stochastic LV competition model and recover exactly order-one pathwise uniformly strong convergence
of the new method under much relaxed conditions on the coefficients and stepsize, by relying on the
use of previous perturbation estimates in Section 3 (see Theorem 5.6). To introduce the novel scheme,
we regard the system (5.1) as an interacting particle system of d particles evolving on the line. For any
i € {l,...,d}, we consider a single particle of (5.1) as follows:

d m
ax( = (X260 = x> aPx") dr + X0 3" D aw?. (5.3)
=1 =1
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In order to numerically approximate (5.3) on a uniform grid {7, = nh},_, -y with stepsize h = %, we
propose the following linear-implicit (explicit) Milstein method starting from Y, = X;:

d m
(6 = 3 a DY)+ YOS D AW
j=1 j=1

m m m
33 A AW 310, S
ji=lj=1 =1

y® _ Yt(,f) + y®

Int1 Int1

where forn = 0,..,.N — 1,j = 1,...,m,AW,('{) = AWt(,er — Ath). Further, some elementary
rearrangements turn (5.4) into

d m
(1= 698 +1 > a0 + 13 @ 2n)ye,
J=1 j=1
- y}nt)(l + > cDaw? + 13 Z0(111)0-(U2)AWI(:1)AWI(V{2)). 5.5)

j=1 J1=1j2=1

Under mild assumptions on the stepsize 2 > 0, one can readily check that the proposed scheme is
well-posed and positivity preserving.

ProrosiTion 5.3 (Positivity preserving). Let Assumption 5.1 be satisfied and let X, = x; € (R%)*. For

1
y(bi=3 31 (0 D)2)v0
is well-defined and has a unique positive solution in (R%)™.

somey > land 0 < h < min; ;4 A T] (% := 00), the proposed scheme (5.4)

Proof. GivenY, € (R%)*, by Assumption 5.1 and the range of & , it is clear to see

d m
. .. ; . —1
0 < (1 b1 > aPyP 4 1S (o<'f>)2h) <
j=1 j=1

which implies equation (5.4) is well-defined and forany 1 <i <d,

m d m

, . . A\ 2 . .. . .. -1

v = (50 + e Paw + 1) (1= 6%+ 5> aPYD + 1 @ P)h) > 0.
j=1 Jj=1 Jj=1

(5.6)

Since Y, € (Rd)+, one infers that Y,n € (]R‘Z)Jr for any n = 0, ..., N — 1, which ensures that the linear-
implicit Milstein scheme is positivity-preserving and the proof is thus completed. U

Before coming to the convergence analysis of the scheme, we would like to mention an interesting
observation for the particular stochastic LV model. Although the global monotonicity condition (5.2)
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does not hold, the drift coefficients of the model obey a special form of locally monotonicity condition
(5.7), where the control terms on the right-hand side (cf. Uy(x), U; (x)) depend only on x and does not
depend on y. This interesting finding helps us to derive the convergence rate more easily, without requir-
ing the exponential integrability properties of the numerical approximations. As a direct consequence of
Theorem 3.2, we formulate the following proposition for approximations of SDEs fulfilling the special
case of locally monotonicity condition (5.7).

ProposiTioN 5.4. Let f : R — R? g : RY — R?*™ be measurable functions and f € C2(R%,RY).
Further, let f € C713 (Rd, Rd) with constants Kf, cr and g be Lipschitz. For a set Dy C R4, we assume that
X: 82 x[0,T] - Dy and Y: £2 x [0,T] — Dy be defined by (3.1) and (3.2) with continuous sample
paths, respectively, satisfying &, = &y = X|,. Let U, € C? (Rd, [0, oo)), U, € C(Rd, [0, oo)), and let
c,v,q, T € (0,00), € [0,00),p > 4. Besides, suppose that for all x,y € Rd,

(1) there exist constants L, x > 0 such that forany i = 1, ...,d,

U@V | Hess, (F? )| < L(1 + IxD;

@) x"e < e(1 + Uy(x)) and E [eP0X0)] < o0;
B3) (A U@ + 3lg0)* (VU + Uy () < ¢ + aly();

(4) forany n > 0, there exists a constant K, such that

x=y.fx) —f) = [K,, + n(Uy(x) + Uy (1) ]Ix — yI%, x,y € Dy; (5.7
(5) foranyé > 1,
sup lla() o o:reyV sup 16() 16 (o.raxmy < Kg,
s€[0,T] LR s€[0,T] LR o (5-8)

where K, > 0 is independent of /.

Then for % = % + [1—], the approximation (3.2) of (3.1) admits

T 2
sup |X, — Y| < C[h2 _|_/ Loy, llg(Yy) = bs)ll ds
1€[0,T] LY (£2;R) 0 LP(§2;R)
LT s T 2
+h? / / Lo (Y1) — a()] drds + / Loep [f (Y 5),) — a(s)] ds
0 Jlsly LP(2;R) 0 LP(2;R)
Y s 2 % 1
+ h2 / (/ ]lrETNHg(Yr) — b dr) ds] ,
0 Lslnv LP(§2:R)
5.9

where C is independent of 4.
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Proof. Proposition 5.4 can be directly obtained by using Theorem 3.2. To see this, setting 7, = 7 in
Theorem 3.2 and utilizing the same arguments as used in (4.16) one deduces that

T l+e 2t
(Xs— Y5 (Xs) —f (Y))+ 5 [1g(Xs) —g (Y5l
exp(/ |: \XS—YS\% g g ] ds) < 0. (5.10)
0 L1(2;R)
In view of (5.10) and conditions (1), (2), (4) in Proposition 5.4, we arrive at
(Xe—Yof Xo)—f (Y))+FE g (Xs) —g(Yy) |1 *
sup || Lopy | ——— ‘)‘(S_stz ‘ : < 00 (5.11)
s€[0,T] L3P (2;R)
and
sup || X1l 6pcgvapervap, o may < OO- (5.12)
sel0T] sl OpegV3pepVip (o d)
Combining Theorem 3.2 with conditions (1), (5) in Proposition 5.4 then completes the proof. O

It is worth noting that the restrictions on Uy and U, in Proposition 5.4 are more relaxed than those in
Theorem 4.2 due to the particular condition (4) (see (Cox et al., 2024, Corollary 2.4)). In what follows,
we utilize Proposition 5.4 to prove the strong convergence rate of the newly developed Milstein type
method. For simplicity of presentation, we denote

a:= minlgisd{a(ii)}, b= maxlfigd{lb(i)|}§ 0 1= max_ig {lo @}

<j<m

and

- - d .o > m .

O = 1-bPn+h> aPy? + 13" 0Dy, i {1,...d). (5.13)
j=1 j=1
Under conditions in Proposition 5.3, one knows
. m
0< @) = min{ L1+ 255 = 3 > @)}, (5.14)

=1
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In the notation of Qg), one can rewrite the scheme (5.5) as

m m m

=¥ (1420 Paw? + 137 3" o Do awi aw) o)
j=1 J=1j=I

=¥+ (@) =)

m m m
(Do Pawd + 1303 o Wi AW awi ) 0}
j=! ji=li=1

y®

Int1

d
=y v (60h - Y Py

j=1
- m - m m . . m -
+ Y;:)(ZG(IJ)AWI(:) + % Z Z U(U])U(UZ)AW,(,{I)AWI(JZ) _ % (G(l]))zh) (le))—l
j=1 j1=1j=1 j=1
; i o) i i) - if (2) (2)
0 - b(),jg ayl o m U(JI)+U(Jl)iZZ=:10(J2) (Wsz _WLjN o) i
L = yWas+ : : Y Wy,
& /t oy " Z/t ( oy " ) *
" =17
(5.15)
For any ¢ € [0, T], one can thus define a continuous version of (5.15) as follows:
. b(“—ia(fﬂyf] m oD 4D 3 o0 (W w2 )
@) _ ) = R 0 =1 () j
v\ =y, +/0 50 Y, ds+ Z/ 0 YMN) dwn.
Lsin ji1=1 0 Lsin
(5.16)

To prove the strong convergence rate of the scheme, the following lemma is also indispensable.

LemMma 5.5 (Bounded moments). Let all conditions in Proposition 5.3 hold. Then for any p > 1, there
exists a positive constant C,, independent of h, such that the numerical approximations produced by
(5.15) obey

sup E[|Y, "] < C,. (5.17)

1<n<N
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Proof. Foranyp € Z+,by (5.15) and binomial expansion we have thatfori = 1, ...,d, j,ji,j, = 1,....,m

E[|Y 1]

m m m
[|Yt(nl)|p|(Q(’)) 1|P] x 1 [(1 ZU(U)A [l(r:) %Z E:U(ZJI)U(ZJZ)A”XI)A[ ’(r{Z)) ]

j=1 i1=1j=1
< (1+ ChYE[Y 11D (k)]E[(ZoW)AWg) +I>y 0<un6<uz>AthnAWgz>) ]
k=0 j=1 1=1p=1

< (1+ ChE[|Y ]

P " . : "o .. .. : NN
x (1 +C X E[(DoPawd + 133 g o AW aw) ]) (5.18)
k=1 =1

J1=1j2=1

where (pk = #Lk)') are the coefficients of binomial expansion. By iteration one concludes that for
anyn=0,1,...N — 1,

E[|Y;)

In+1

1< (1+ CPHE[Y P] < (1 + Cy Pt DODE Y PPy < 20D (5.19)

which finishes the proof for positive integer p. Thanks to the Holder inequality, the inequality (5.17) also
holds true for any non-integer p > 1. (I

Now we are well-prepared to show the order-one pathwise uniformly strong convergence of the
proposed scheme.

THEOREM 5.6 (Order-one pathwise umformly strong convergence). Let Assumption 5.1 be satisfied and
assume 0 < h < min;_;_, { AT} with y > 1. Let X, and Y, be the exact solution

y(bi—3 Z,'": (6 @)?)v0
and numerical solution defined by (5.3) and (5.16), respectively. Then for any r > 0,

IE[ sup |X, — Y,|f] <cn. (5.20)
te[0,T]

Proof. Define

1 1 =
Up@) = v(1 + xPV%, Ux) = v+ 572 (ad "2 — sz”z)lx|3 +v(1 + xH)12,

. 1 52 C .
Here v > 0 is chosen to be some small constant such that (c_zd 2 — %) > 0, which in turn ensures

U, (x) is positive and there exists an € > 0 satisfying ex? < U 1 (x). It is easy to check that conditions
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(1) and (2) in Proposition 5.4 are fulfilled. To validate condition (3), we derive

Up@)f () + § trace (g(g@)* Hess, (Up(@)) + 4 [¢(0" (VU ()] 2 + U (8) = alp(x)

d m
—Zv(1+ )2 (02 — Za(U) D)+ 13> w1+ )2 02 e ®)?

i=1 j=1 i=1 k=1

d d m
3 . . . .
I i+ P 0220 W 1 vy )

2
Zv(l + ) a0 <’k>) —av(l + 2?2

+
=
M=

~

d m
1 .
< 2 v+ xH)~ z(x<'>) bt 3> D> v+ 26>
i=1 i=1 k=1

m

d
F13TS S 01+ D) 0200262 — av(l + k)’

i=1 j=1 k=1

+ 2+ D) T v+ 6D ZaZ(x“>>3+U )

- 1 1
< vb(1+ )2 +mva(1+ )2 —av(+ )2 v+ )72 (2267 — ad 2P + Uy @)

= (b+m&® —a+ (L + 1?2 <0, (5.21)

where & > 0 is chosen to be large enough so that b + m5> — o + 1 < 0 and the condition (3) in
Proposition 5.4 is hence validated. Furthermore, for any x,y € (Rd)+, it holds that

(X =y.f() = f) = {x — y,diag(x)b — diag(x)Ax — diag(y)b + diag(y)Ay)
= (x — y,diag(x — y)b) — {x — y,diag(x)A(x —y)) — (x —y,diag(x — y)Ay)

d d
< bllx = y1* + Iy =y diag@A] — D6 = y)?2 D7 a®y?

< (bl + 1Al IxD)1x — yI*. (5.22)

This implies condition (4) in Proposition 5.4 with K, > #. By observing that fori = 1,....d, j =

1,...,m,

0 @y i) 4o S gD (Wi D

O = ’ga]“ YO iy = P y®
0] = 6] ;

QUJN LsIn? QLSJN LsIn
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the condition (5) in Proposition 5.4 is therefore satisfied due to Lemma 5.5 and (5.14). Now all conditions
of Proposition 5.4 have been confirmed. As a consequence, we arrive at the assertion (5.9). Following
the notation of (5.23) and recalling f(x) := diag(x)(b — Ax), g(x) := diag(x)o, we use Lemma 5.5 and
the Holder inequality to show that, for any p > 4,

70, — a6

_ 0] (@) (1)
(2R ”( (” )(b z YLYJN) LsIn

LYJN

d
__1 @ _ (i) y D ()
= H (] Q(L?JN) 127 (Q2;R) H (b Zl a YLSJN) YLSJN
J=

< Ch. (5.24)

P(2;R)

120($2;R)

Meanwhile, expanding Y (s) at s = |s] y by Itd6’s formula gives

H g(ij) (Y,) — p@ (s)

IP(2;R)

b(z) Z a(tk)y(k)

. @ @ M
v e () @) o Yisin® G cwGn (1)
= |70+ 2, 6 ko™ + TS (s - W)

sIn LsIn jl =1

m
+1 Z oW R (Wi — Wf/slj)N)(Wy(’Z) W(ﬁ)N) L0y (s — LsJN))
ja=1
o B ey i)
_ Q(;)N a(U)(l + Z o Wi — WLeIJN)) ”

LsIn j]=1 U(Q,]R)

o PI_3 a0y ®
HY@) Gyt T TS T )

(s — Lsly)o®

(i) (i)
LsIn QLSJN QLJJN LsIn
Y(t) M m G0 ) ) i ) ) G2
(1) Z (Z oW g (@2 (W(ll WLSJN)(Ws(IZ _ WLSJN) — (@Yo (s — LSJN)) H
Qv 5o 1P(2;R)

b _ Z a0 Y(k)

0
G i) Qv ! =i ) ()
H YmNU b —Q({;’ + — YLSJN(S — Lsly)o
v lr2iR) Lsly LP(2;R)
W S (ST g ) Wi _ iy (i _ w2 (W2
+ 200 Z ZU o2 (W MN)( s T mN) — (@) (s — Lsly)
BV ji=1 M=t LP(2R)
< Ch. (5.25)

Combining (5.24)—(5.25) with (5.9) finally yields the desired assertion (5.20). O
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The strong convergence rate
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Fic. 8. A comparison of strong convergence rates for LV competition model.

Numerical experiments. Now we present some numerical experiments to confirm the theoretical
results. Let d = m = 2 and consider the stochastic LV competition model with coefficients

1 105 1 0 1
bz(o.s)’A:(o 0.5)"’2(00'75),1/(0):(3). (5.26)

LetT = 1,N =2k =6,7,...,11 and regard the fine approximations with s, = 2714 a5 the
‘true’ solution. We consider the mean-square approximation errors and take M = 5000 Monte Carlo
sample paths to approximate the expectation. A comparison of strong convergence rates for our method,
the Lamperti transformed EM method in Li & Cao (2023) and the truncated EM method in Mao et al.
(2021) is presented in Fig. 8. One can clearly observe order-one convergence of our method and the
Lamperti transformed EM method, and order % convergence of the truncated EM method.

In addition to the strong convergence rate, we would also like to investigate the dynamic preservation
of the proposed method. As shown by Bahar & Mao (2004); Mao (2007), under Assumption 5.1, the exact
solution {X,},. of (5.1) admits an ultimate boundedness property, i.e., there exist two positive constants

C,, C, independent of X, such that

t
limsup E[|X;]] < C; and limsup%/ E[|XS|2]ds < GC,. (5.27)
0

— 00 — 00

Fig. 9 displays moments over long-time interval [0, 7], T = 500 of the linear-implicit Milstein method
using small stepsize 7 = 277 and large stepsize & = 1. It is observed that, the numerical approximations
produced by the linear-implicit Milstein method remain bounded after a long time, even for a large
stepsize h = 1. This recovers the property (5.27) of the exact solution, which can be theoretically

. . 1
explained as follows. Forany p > 1 and 0 < h < min; _; l o1 SyaRemawv & recall (5.13) and
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Long time behavior of moments Long time behavior of moments
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FiG. 9. Evolution of numerical moments: (a) h = 2_7; (b)y h=1.

(5.15), it holds that

2 p

m
14+ eDaw? ) + 1] | <Cpulim) < +oo,
j=1

y
oy

N[—

B[1v,v] =5

.

for any n € N.

Another significant dynamic of the model (5.1) is permanence and extinction. Permanence means
that the species will persist and extinction means that the species will eventually become extinct (see
(Li & Mao, 2009, Definition 3.6, Section 4) for precise definitions). According to (Li & Mao, 2009,
Theorem 3.7), in our setting (5.26) the species will be permanent. In Fig. 10, we draw M = 500 sample
paths of the proposed linear implicit Milstein scheme over time interval [0, 500] with & = 273, Evidently,
the numerical approximations reproduce the dynamic of the permanence of the original model. When
the noise intensity increases from o to 2o, in view of (Li & Mao, 2009, Corollary 2), the species will
eventually become extinct. Fig. 11 presents M = 500 sample paths of the proposed approximation
method over time interval [0, 500] with 4 = 273. There one can see that the numerical approximations
tend to zero, reproducing the dynamic of the extinct of the original model. For both cases, all paths stay
in (R?)*, confirming the positivity preserving of the proposed method.

6. Conclusion

In this paper, we successfully reveal order-one strong convergence of two kinds of numerical methods for
several SDEs without globally monotone coefficients, which fills the gap left by Hutzenthaler & Jentzen
(2020). This is accomplished by developing some new perturbation estimates and some more careful
estimates. Numerical experiments are also provided to support the theoretical findings. As an ongoing
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Fic. 10. Permanent performance of linear-implicit Milstein method with 4 = 273,
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Fic. 11. Extinct performance of linear-implicit Milstein method with 7 = 273,

project, we propose and analyze new higher order (strong order 1 and 1.5) time-stepping schemes for
general SDEs without globally monotone coefficients.
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