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In this paper, we study the rate of convergence of a symmetrized version of the Milstein scheme applied to
the solution of the one dimensional SDE

t
X,:xo—f—/ b(XS)ds—i—/
0 0

Assuming b(0)/ o2 big enough, and b smooth, we prove a strong rate of convergence of order one, recover-
ing the classical result of Milstein for SDEs with smooth diffusion coefficient. In contrast with other recent
results, our proof does not relies on Lamperti transformation, and it can be applied to a wide class of drift
functions. On the downside, our hypothesis on the critical parameter value 5(0) /o2 is more restrictive than
others available in the literature. Some numerical experiments and comparison with various other schemes
complement our theoretical analysis that also applies for the simple projected Milstein scheme with same
convergence rate.

¢ 1
o|Xs|*dWs, x0>0,o>0,ae[z,l>.

Keywords: CEV models; CIR model; Milstein scheme; multilevel Monte Carlo; stochastic differential
equations; strong error analysis; non-Lipschitz diffusion coefficient

1. Introduction and main result

The Milstein scheme was introduced by Milstein in [16] for one dimensional Stochastic Dif-
ferential Equations (SDEs) having smooth diffusion coefficient. Introducing an appropriated
correction term, this scheme has better convergence rate for the strong error than the classical
Euler—-Maruyama scheme. Typically, when the drift and diffusion coefficient of one dimensional
SDE are twice continuously differentiable with bounded derivatives, the Milstein scheme is of
order one for strong error (see, e.g., Talay [20]) instead of one-half for the Euler—Maruyama
scheme. This well-know fact produces remarks on blogs, internet forums, and software packages
that sometimes recommend to use the Milstein scheme for constant elasticity of variance (CEV)
models in finance, or its extension with stochastic volatility as SABR model (see, e.g., Delbaen
and Shirakawa [8] and Lions and Musiela [15] for a discussion on the (weak) existence of such
models); CEV are popular stochastic volatility models of the form

dX,=pX,dt +oX! dw,
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with 0 < y < 1. But the interesting fact in this story is that the rate of convergence of the Milstein
scheme, for such family of processes with 0 < y < 1 is not yet well studied, to the best of our
knowledge.

In this paper, we establish a rate of convergence result for a symmetrized version of the Mil-
stein scheme applied to the solution of the one dimensional SDE

t t
Xt=x0+f b(Xs)ds+/ ol X% dWy, (1.1)
0 0

where xg > 0, 0 > 0 and % <a < 1. Of course equation (1.1) does not satisfies the hypothesis to
apply the classical result of Milstein [16]. In particular, the diffusion coefficient is only Holder
continuous whereas the classical hypothesis is to have a C? diffusion coefficient.

The main picture of our convergence rate result is that Milstein scheme stays of order one in
the case of equation (1.1), but some attention must be paid to the values of b(0), « and o.

There exist in the literature other strategies for the discretization of the solution to (1.1). There
are some results based on the Lamperti transformation of the equation, for example, by Alfonsi
[1,2], and by Chassagneux, Jacquier and Mihaylov [6]. And also, there some are results where
the equation (1.1) is discretized directly, as in Berkaoui, Bossy and Diop [3] or in Kahl and
Jackél [12]. In the numerical experiments section, we compare the symmetrized Milstein scheme
with a selection of schemes proposed in the aforementioned references. We also experiment the
symmetrized Milstein scheme in a multilevel Monte Carlo application and we compare with
other schemes.

In the whole paper, we work under the following basis-hypothesis.

Hypothesis 1.1. The power parameter o in the diffusion coefficient of equation (1.1) belongs to
[%, 1). The drift coefficient b is Lipschitz with constant K > 0, and is such that b(0) > 0.

Hypothesis 1.1 is a classical assumption to ensure a unique strong solution valued in R™. We
assume it in all the forthcoming results of the paper, without recall it explicitly. To state the
convergence result (see Theorem 1.6), another Hypothesis 1.5 will be added and discussed, that
in particular constrains the values «, b(0) and o.

1.1. The symmetrized Milstein scheme

To complete our task, we follow the ideas of Berkaoui, Bossy and Diop in [3] who analyze
the rate of convergence of the strong error for the symmetrized Euler scheme applied to equa-
tion (1.1). Although, whereas they utilize an argument of change of time, we consider first a
weighted L? (£2)-error for which we prove a convergence result, and then we utilize this result to
prove the convergence of the actual L? (€2)-error.

We consider xo > 0, T > 0, and N € N. We define the constant step size At =T /N and
tr = kAt. Over this discretization of the interval [0, T], we define the Symmetrized Milstein
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Scheme (SMS) (X, k=0,...,N) by

X0, for k =0,
sz _ Yl‘k—l +b(ytk_1)Al‘ —|—UYZ_I Wy, — Wy D
2
a0* —20-1
+ 2 thoil [(Wfk_Wtk_l)z_At] , fOrkZI,...,N.

In the following, we use the time continuous version of the SMS (7,, 0 <t <T),satisfying

X, = ‘Yn(t) + (X ) (t — (1)) + JY‘;(,)(Wt - Wyay)

) (1.2)
ﬂ—Za—l

> Xaw [Wi— Wy)? = (t = n®)]

’

where 1(7) = sup, ¢ (1 N}{tk : tr < t}. We also introduce the increment process (Z;,0<t<T)

defined by

.....

Z =Xy + Xy (t —n(@®) + oYZl(,)(Wz - Wiyay)
Q0% —o ] (1.3)

+ Xy (Wi = Wyw)® = (£ =n0)],

so that X; = | Z,|. Thanks to Tanaka’s formula, the semi-martingale decomposition of X is given
by

t
X, =x0+ / sen(Z)b(X y(5)) ds + L) (X)
o (14)
= —2a—1
+/ sgn(Zs)[aY‘:;(S) +a0'2X;7(zs) (WY - W)](S))]dWS‘a
0

where sgn(x) =1 — 21, <q).

Moment upper bound estimations for X and X
We summarize some facts about the process (X;,0 <t < T), the proofs of which can be found

in Bossy and Diop [5].

Lemma 1.2. For any q > 1, there exists a positive constant C depending on ¢, but also on the
parameters b(0), K, o, o and T such that, for any xo > 0,

E[ sup X7] =c(1+x7). (1.5)

0<t<T
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When%<a< 1, for any g > 0,

sup E[X:q] < C(l +x(;q). (1.6)
0<t<T
When o = %,for any q such that 1 < q < 21;(20) -1,
sup E[X, 7] <Cx, 9. (1.7)

0<t<T

Lemma 1.3. Let (X;,0 <t < T) be the solution of (1.1) with % <a < 1. Forall u >0, there
exists a positive constant C (T, u), increasing in u and T, depending also on b, o, a and x( such
that

T ds
Eexp ,U«/ (=) <C(T, . (1.8)
0 X
When o = L, the inequality (1.8) holds if b(0) > % and p < % (29 —1y2,

Notice that the condition »(0) > o2/2 is also imposed by the Feller test in the case a = % for
the strict positivity of X, that allows to rewrite equation (1.1) as

t '
X,:xo—i—/ b(Xs)ds—f—/ o XsdWs.
0 0

Using the semimartingale representation (1.4), we prove the following lemma regarding the
existence of moments of any order for X;.

Lemma 1.4. For any q > 1, there exists a positive constant C depending on q, but also on the
parameters b(0), K, o, o and T such that for any xo > 0,

E[ sup Ytzq] < C(l +x§q).
1e[0,T]

The proof of this lemma is based on the Lipschitz property of b and classical combination of
[td formula and Young Inequality. For the sake of completeness, we give a short proof in the
Appendix.

1.2. Strong rate of convergence

The main result of this works is the strong convergence at rate one of the SMS X to the exact
process X. The convergence holds in L?” for p > 1. To state it, we add to Hypothesis 1.1 the
following.

For any x in R™, we denote [x] the rounded up integer.
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Hypothesis 1.5.

(1) Let p > 1. To control the LP(2)-norm of the error, if o > %, we assume b(0) >
2a(1 — )02 Whereas for o = %, we assume b(0) > 3Q2[p v 2] + 1)0’2/2.
(ii) The drift coefficient b is of class C*(R), and b" has polynomial growth.

We now state our main theorem. To lighten the notation, we consider for o € (%, 1)

by (@) := b(0) —2(1 — &) a0,

ao? _2(-w) (1.9)
K(a):=K + T(201 — D201 — )] 2T
and we extend this definitions to o = % taking limits. So, bg(%) =lim,_, 1 by () = b(0) —

o?/4,and K (3) = lim,_, 1 K (@) = K. Notice that limg .1 K (o) = K +02/2, and since K () is
continuous on (%, 1), we have that K () is bounded. This is especially important in the definition
of Amax (@) bellow, because tells us that o > Apax (@) is strictly positive and bounded on [%, 1).

Theorem 1.6. Assume Hypotheses 1.1 and 1.5. Define a maximum step size Amax () as

1 1
—, €l 1),
X0 4a K (a) Jora <2 )

Amax (@) = m A

(1.10)
1K A X0, fora = 7

Let (X;,0 <t <T) bethe process defined on (1.1) and (Y,, 0 <t < T) the symmetrized Milstein
scheme given in (1.2). Then for any p > 1 that allows Hypotheses 1.5, there exists a constant C
depending on p, T, b(0), a, o, K, and xo, but not on At, such that for all At < Amax (@),

sup (E[IX; —EVJ])% < CAt. (1.11)

0<t<T

About Hypothesis 1.5. Notice that for o > %, Assumption (i) does not depend on p and be-

comes easier to fulfill as « increases. On the other hand, for o« = % Assumption (i) depends on
p in a unpleasant manner. However, as we will see later in Section 4 (see Table 1), this kind of
dependence in p is expected, and similar conditions are asked in the literature for other approxi-
mation schemes in order to obtain similar rate of convergence results.

Also, notice that (i) is a sufficient condition: in the numerical experiments we still observe a
rate of convergence of order one for parameters that do not satisfy it, but we also observe that for
parameters such that »(0) < o2, although the convergence occurs, it does in a sublinear fashion.

On the other hand, Assumption (ii) is the classical requirement for the strong convergence of
the Milstein scheme. As we will see later in the proof of the main theorem, with the help of the
Itd formula, this hypothesis let us conclude that

E[1X, = X277 (b(Xy) = b(X,))] = € (supE[|X, — K] + Ar*7)

u=<s
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instead of

E[1X, = X, P77 (6(Xy(0) = b(X0))] = C(supE[1X, — Xu[*P] + A7),

u<s

which is the classical bound obtained for the Euler—Maruyama scheme under a Lipschitz condi-
tion for a drift b.

The rest of the paper is organized as follow. In Section 2, we state some preliminary results
on the scheme which will be building blocks in the proof of Theorem 1.6. Section 3 is devoted
to the proof of the convergence rate. The main idea is first to introduce a weight process in the
L*7(2)-error. Wet get the rate of convergence for this weighted error process, and we use this
intermediate bound to control the L2? (K2)-error, from where we finally control the L” (£2)-error.
Also, as a byproduct we obtain the order one convergence of the Projected Milstein Scheme (see
Section 3.3). In Section 4, we display some numerical experiments to show the effectiveness of
the theoretical rate of convergence of the scheme, but also to test Hypotheses 1.5(i) on a set of
parameters. In this section, we also shows how the inclusion of the SMS in a Multilevel Monte
Carlo framework could help to optimize the computational time of weak approximation of assets
valuation. In Section 5, we present the proof of the preliminary results on the scheme. Finally,
we have included in a small appendix a couple of proofs to make this paper self contained.

2. Some preliminary results for X

This short section is devoted to state some results about the behavior of X, their proofs are
postponed to Section 5. All these results hold under Hypothesis 1.5(i) which is in fact stronger
than what we need here. So, we present the next lemmas with their minimal hypotheses (still
assuming Hypothesis 1.1).

Lemma 2.1 (Local error). For any xo > 0, for any p > 1, there exists a positive constant C,
depending on p, T, the parameters of the model b(0), K, o, o, but not on At such that

sup E[|X, — X,)|*"] < CAtP.
0<t<T

By construction, the scheme X is nonnegative, but a key point of the convergence proof re-
sides in the analysis of the behavior of X or Z visiting the point 0. The next lemma shows that
although Z, is not always positive, the probability of Z, being negative is actually very small
under suitable hypotheses.

Lemma 2.2. Fora € [%, 1), ifb(0) > 2 (1 —)%0?, and At < %, then there exists a positive
constant y, depending on the parameters of the model, but not on At, such that

sup IE”( inf 7S§O>§exp(—£>. 2.1)

k=0,...N—1 I <S=lk41
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In particular,

sup P(Z, <0) < Cexp<—l>. 2.2)
0<t<T At

To prove Lemma 2.2, it is necessary to establish before the following one, which although
technical, gives some intuition about the difference between the SMS and the Symmetrized Euler
scheme presented in [3].

Lemma 2.3. For a € [%, 1), if b(0) > 2a(1 — a)’o?, we set (a) = I;g((g)) > 0. Then for all
t €10, T], and for all p € (0, 1],

P[Z; < (1 = p)bg (@) At, Xy < pX(a)] =0.
Roughly speaking, from this lemma we see that when f,](,) > 0, Z, becomes negative only
when
1Zt = Zyy| > pX(@).

But observe that only the left-hand side of this inequality depends on Az, and its expectation
decreases to zero proportionally to +/At, according to Lemma 2.1. .
Now imposing Az small enough, we prove an explicit bound for the local time moment of X.

then there

1 ; 242 1 X0
Lemma 2.4. Fora €[5, 1), if b(0) > 20(1 — )0 “ and At < K@ T=Vabh @'
exist positive constants C and y > 0 depending on «, b(0), K, and o but not in At such that

0 ()2 ! e

We end this section with another key preliminary result, which is the convergence rate of order
1 for the corrected local error. Although the classical local error is of order 1/2, as stated in
Lemma 2.1, the local error seen by the diffusion coefficient function, corrected with the Milstein
term stays of order 1.

Lemma 2.5 (Corrected local error process). Let us fix p > 1, and o € [%, 1). For a > %
assume b(0) > 2a(1 — a)?c?, whereas for a = %, assume b(0) > 32p + 1)02/2. Then, there
exists C > 0, depending on the parameters of the model but not in At, such that for all At <

Amax (), the Corrected Local Error satisfies

—2a—1 2
osupTEHUY? - ‘777)7[0) - “szn%t) (Wi = Wy)| p] <CArh.
<i<

3. Proof of the main Theorem 1.6

The proof of Theorem 1.6 is built in several steps. First, we work with the L2P (2)-norm of the
error, for p > 1, then at the last step of the proof we go back to the L? (£2)-norm for p > 1.



2002 M. Bossy and H. Olivero
In what follows, we denote
and

20—
n(t)

o

|
n(t (Wi = Wy)] — o X7

= sgn(ft)[UY y+ ac’X

so that
d& = (sgn(Z)b(X ) — b(X))dt +dL)(X) + =, dW,.
Also, to make the notation lighter, we will denote the Corrected Local Error by

- — — —2a—1
D/(X):=0X, — aX:(t) - aazxn‘(ﬂ) (W — Wya)-

3.1. The weighted error

Before to prove the main theorem, we establish in the Proposition 3.1 the convergence of a
weighted error. For p > 1, let us consider (8;,0 <t < T), defined by

8a?p(4p — 1)o?
ﬁt:2p||b/||oo+2p(4p_l)+w, 3.1
t

and the Weight Process (I';, 0 <t < T') defined by

t
I, = exp(—/ Bs ds). (3.2)
0

The Weight Process is adapted, almost surely positive, and bounded by 1. Its paths are non
increasing and hence has bounded variation, and also satisfies

dr, - —ﬁ;r, dt

The process (I't);>0 can be seen as an integrating factor in the sense of linear first order

ODE (see for example [19]). When we apply the 1t6’s lemma to I" 125,4 P instead of 5,4 P alone,
we can remove a very annoying term that appears in the righthand side bound (see the proof of
Lemma 3.3). The exponential weight in a L? (€2)-norm is a useful tool to obtain a priori bound (as
an example, for the existence and uniqueness of the solution of a Backward SDE, it is introduced
a norm with exponential weight, such that the operator associated to the BSDE is contractive
under this new norm (see proof of Theorem 1.2 in [17]). In the same way, here we introduce
this exponential weight to get the following a priori error-bound, which will allow us to prove
Theorem 1.6.

Proposition 3.1 (Weighted error). Under the hypotheses of Theorem 1.6, for p > 1 and o €
[%, 1), there exists a constant C not depending on At such that for all At < Amax(e)

sup E[I2€7] < CcAar*r. (3.3)

0<t<T
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Remark 3.2.

(1) Since we are going to work first with the L2P(2)-norm of the error, when o = %, Hy-
pothesis 1.5(i) becomes

32[2p v2l+ Do?  3(4p + 1o?

b0
©0) > > 5 )

in particular

2b(0)
( S —1>>12p+2. (3.4)
(o2

(i) From Lemma 1.2, the process f has polynomial moments of any order for o > %, and
when o = 7, there exists C such that E[8{] < C, for all 1 < g < 2b(0)/0* — 1. From
the previous point in this remark, it follows that the process  has moments at least up to
order 12p + 2.

(iii) From the definition § in (3.1), and due to Lemma 1.3, there exists a constant C such that
E[F;q] < C for all ¢ > 0 when o > % whereas for o = %, the gth negative moment of

the weight process is finite, as soon as

2 2 2
2pdp — 1)0‘26] < 7 b© -1 .
8 o2

Notice that, thanks to point (i) in this remark, a sufficient condition such that this last inequality
holds is

16p(p — g < (12p +2)°.
We cut the proof of Proposition 3.1 in two technical lemmas.

Lemma 3.3. Under the hypotheses of Theorem 1.6, for p > 1 and o € [%, 1), there exists a
constant C not depending on At such that for all At < Apax(a)

t
E[I7E 7] <4p fo E[I36" (b(Xy00) = b(X,)]ds
) 3.5)
+4p\|b’]|oo/ sup E[T2&:"]ds + CArP.

0 O<u<s

Lemma 3.4. Under the hypotheses of Theorem 1.6, for p > 1 and o € [%, 1), there exists a
constant C not depending on At such that for all At < Apax(a), and for any s € [0, T']

IE[T267 7 (b(X () — b(Xy))]| < CsupE[T28:7] + CA*P. (3.6)

u<s
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As we will see soon, we prove (3.6) with the help of the It6’s formula applied to b, and here is
where we need b of class C> required in Hypotheses 1.5(ii).

Proof of Proposition 3.1. Thank to Lemmas 3.3 and 3.4, we have

t
E[r2e”] <c / supE[T2€17 | ds + CAr*P.

0 u<s
and since the right-hand side is increasing, it follows
t
supE[T2&7] < C f supE[T2&,7 ] ds + C A,
s<t 0 uss

from where we conclude the result thanks to Gronwall’s Inequality. ]
Now we present the proof of the technical lemmas.

Proof of Lemma 3.3. By the integration by parts formula,
t
4 4p—1 =\
E[r?&"] = 4pEUO P26 Hsen(Z)b(X ) — b(X)} ds}
t
+2p@p — 1)EU r2glr—?x? ds]
0

t t
+4pE[ / Fszé’f”_ldL(s)(Y)}—E[ / 2/3;35?"@]
0 0

Thanks to Lemma 2.4 and the control in the moments of the exact process in Lemma 1.2 we have
! 4p—1 a " ap—1 =
E[/ rgr- dLS(X)} < E[/ X7 dL?(X)}
0 0

< \/E[ sup XEP_Z]E[L(}(Y)Z] < CAt*P.

0<s<T

On the other hand, with sgn(x) = 121, .}, calling AW, = Wy — W, (), we getforall 0 <s <t

(02

12 +— - —2a—1 2
3 <20 XY —oX, | +2[0X; —0X, ) — a0 X, AW + R L7 .
where we put aside all the terms multiplied by 1,7 _, in

- —2a—1
RY :=4[0 X, +ao X, AW]

x ([0 Xy + a0 Xty AW+ [0X — o X} ]

+ [OY? - an;(s) - aazyi?sglAWS]}'
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So, from the previous computations, the Lipschitz property of b, and Young’s Inequality, we
conclude

E[r2€"] < 4p /O t E[T267 7 (b(X () — b(Xy))] ds
L ap|y| /0 VB[r2,,E% [ds +4p[¥] /0 TE[r2et]ds
+4p(p — 1)E[ /O Rt (o xe aY?)zds}
+4p—2)p - 1)1@[ fo 2 ds}
+2(4p—1) /Ot E[D;(X)*"]ds
- ]E|:/Ot 26,1267 ds] + /0[ E[Ri1z, _glds + CAI*P,

where Ry =4p(4p — 1)5;‘17—2RS>: + Spé’fp_lb(Y,,(S)), and from Lemma 2.2 we have
E[Ri1z o] < CA*P.

Since Af < Amax (o) and Remark 3.2(i), we can apply Lemma 2.5 so E[D; (Y)“”] < CAt*P.
Introducing these estimations in the previous computations, we have

E[r2€"] < 4p /Ot E[T267 7 (b(X ) — b(X,))] ds
vaplt . [ B E3t s
+ (4p|¥| . + 4p—2p — 1))15[/(; r2e? ds:|
+apdp— 1)E[/Ot r2e (o xe — UX‘;‘)%S}
- E[/ot 28,2647 ds] + CALP.

Now we use the particular form of the weight process. Since for all % <a <1, forall x >0,
y=>0,

|x* — y| (x! 7% + y'7) < 2alx — yl, (3.7)
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we have

4p 402

t t
2 o4p—2 o v \2 2
E/O\ FS(S‘S (O’XS —O’Xs) dSSEA FXSS st,

and then, from the definition of § in (3.1), we conclude
E[I767] <4p /0 tE[F?SS""I (b(X ) — b(X,))] ds
gl [ BTl s + Car
from where
E[r2€7] <4p /0 t E[1267~ (b(Xy) — b(X,))]ds

t
+4p||b’\|m/O sup E[T2&:"]ds + CAtP.

0<u<s

Proof of Lemma 3.4. By integration by parts

E[T2&7 " (b(Xy) — b(X,))] = —E / "ot (b(X () — b(Xu)) BuTu du
n(s)

+ Efs P2d (&~ (b(Xy) — b(X))).-
n(s)

Applying Holder’s Inequality to the first term in the right-hand side, we have

‘IET / CP2E T [b(X ) — b(Xu)]Bu du
n(s)

< /( )(E[F,%gsﬂ])“ﬁ(IE[|b(Xn(S)) _b(Xu)|4p :‘p])ﬁ i
n(s

Recalling the Remark 3.2(ii), we have that IE[,BS‘" ] is finite, so applying Lemma 2.1,

E[[b (X)) — b [ B3] <V E[b (X — b [ ]E[BE] < CAFP.

Then,

1—-L
< C(supE[FﬁE,jpD A2,

u<s

‘u«: f P2687 7 [b(X i) — b(X,)] B du
n(s)

(3.8)
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Applying the Itd’s Formula to the second term in the right-hand side of (3.8), and taking expec-
tation we get

B[ rae o - b))
n(s)

s 2
— oF / r2g ! (b/(xu>b<xu> + %b”(XuX%') du
n(s)

+ (4p—DE / . L2672 (b(X () — b(X)) {s2n(Z)b X y5)) — b(X.) )} du
n(s

o2

—(4p— H@p — 2)IE/ T26:77 (b(X(5)) — b(X,)) E2 du (3:9)
n(s)

N
—(4p — 1o E f r26P 25 (X, ) XS, du
n(s)

4 1

+(p )
2 n(s)
=h+bh+L+ 14+ Is.

F553P_2(b(X,7(s)) — b(X,))dL(X)

By the finiteness of the moment of X, the linear growth of b, and the polynomial growth of 4",
applying Holder’s inequality, we have
4p 4%)
i|> du

1| §C/ (E[rgg;"’])l—#@[
1(s)

_L
< c(mplﬁz[rﬁ&‘,"’])1 " At

u=<s

2
B (X,)b(X,) + %b/’(xu)X%‘

For the bound of I, since b is Lipschitz, and sgn(x) = 1 — 21, .}, we have
4p—2 -~ -
L] < c/ E[F2627 21X 00 — Xl Ky — Xol] du
n(s)

s 5
4p—1
+c/ E[rie,” |X,7(S)—Xu|]du+/ E|R£2)Jl{7u<0} du
(s) n(s)

1—L 1—-L
< C(supE[r2&:"]) " A+ C(supB[I2E!7]) 7 A2 + carr.

U<s u<s

Where again, all the terms multiplied by 1 (Z, <0} are putted in the rest Rb(,z), and the expectation
of the product is bounded with Lemma 2.2.
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In a similar way for the bound of /3, decomposing %, with sgn(x) =1 — 21, ),
S
4p-3 -
I3 <C / E[T7€," 71X y(s) — Xul Ds(X)*] du
n(s)

s S
+C/ E[T26" 1 Xy — Xul(0 X, —0X3)2]d”+/ E[RD1(z, g du.
n(s) n(s)

For the first term in the right-hand side, we have

E[T2607 7 X, ) — X Ds(02] = (E[T2E])' ™ (B[ 1 Xg0s) — Xul*?])¥ (B[ Dy (X)*2])

1-3
< (supIE[F,%&jp]) K At5/2,

U<s

due to the bound for the increments of the exact process and Lemma 2.5. For the second term,
applying (3.7), and noting that from Remark 3.2(ii), the exact process has negative moments up
to of order 12p + 2

E[T3€a" 1 X0) = Xul (06X — 0 X5)’]

4p—1 1
SCE[F,%EMP [Xns) _XM|W:|
u

2 edpy - o 8p7)1/80 1 v
< C(E[TE]) ¥ (E[1Xye) — Xul™F]) (E[W])
u

1—-L
< (supIE[F,%&fp]) A2,

u<s

We control the third term in the right-hand side in the bound for | /3| using again Lemma 2.2, so

1

-2 1—-L
1I3] < C(supE[rﬁs;"’]) VAL 4 (supIE[l"L%&fp]) AP 4 CAP.

u=<s u=<s
Now we bound |14].

s
| 4] SC/ E|T26:7 7> D, (X)b' (X,) X2 du
n(s)

s s
+C/ E[r2" (0 X, —oxg)b’(xu)xg‘|du+/ E[RPL )| du.
n(s) n(s)
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We control the first term in the right-hand side using Holder’s inequality, Lemma 2.5 and the
control in the moments of the exact process for all 0 <u <

E|F2627 72D, (X)b' (X,) X%| < (E[T2627)) "2 (B[ D, (0)**]) ¥ (E[b' (X,)*P X 7)) ¥

L
< C(sup[l”ié’jp])l 7 AL

u<s

For the second term in the right-hand side of the bound for |/4|, we use one more time (3.7), and
the existence of negative moments of the exact process X, and then

E[r26 [0 Xy — o X2 (X XY |
4p—1 1 ap7\\
< C]E|:F,%5L,p P b/(xu)X3:| < C(zli};;E[Figup]) P
( <

To control the third term in the right-hand side of the bound for |I4|, we use Lemma 2.2 just as
before. So

1—-L 1—-L
Ll = C(supE[T2E"]) 7 A2+ C(supE[T3E"]) 7 At + CAr?,

u<s u<s
Finally,
4p—1D_ [* - =
5| = T]E/( )rﬁxﬁ” ?|b(X () — b(X,)| dLAX)
n(s
< CE[sup[1 + X250
u<s
< C\/E[sup[l + X TVE[LE T < cartr,
u=<s

the last inequality comes from Lemmas 1.2 and 2.4.
Putting all the last calculations in (3.8), we obtain

(126"~ (b(Xy(5) — b(X,))]|

_L _
< C(sup E[Fg&jp])l AP 4 C(sup E[Ff&f'p])l KN;

U<s u<s

L _3
+C<supE[F3€3P]>l ” Atz—i—C(supE[F?[&jp])l " AL"?

u=<s u=<s

+ CAF*P.

Applying Young’s Inequality in all terms in the right, we get the desired inequality (3.6). (]
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Remark 3.5. Proceeding as in the Proof of Lemma 3.4, if p =1 or p > 3/2, is not difficult to
prove

B[ (b(X ) — b(X,))]| < CsupE[€27] + C AP (3.10)

u<s

Notice that (3.10) is similar to (3.6) with the process I' = 1. The restriction on p comes from
the following observation. Applying the Itd’s lemma to the function (x, y) > x*?~1y for p > 1,
with the couple of processes (€., b(Xy()) — b(X.)), in the analogous of the identity (3.9) with
I' =1, it will appear a term of the form

IE/( )53”‘3[b(x,7(s)) — b(X,)] 2 du.
nes

The restriction p > 3/2 avoids the situation where 2p — 3 is negative.

3.2. Proof of Theorem 1.6

We start by controlling the L>?-error. First, assume p = 1 or p > 3/2. By the Ito’s formula, we
have

t t
E[£}7] = 2pE fo EP M Hsen(Z)b(X () — b(X,) ) ds +2pE /O &P aLd(x)

t
+pQ2p — 1)1[-3/0 £ %2 ds.

As we have seen before, Ef(; gt dL%(X) < CA#?P, and sgn(x) = 1 — 21 (; <}, 50

t
E[£"] <2pE fo EPTBX 5y — b(X )] ds

t
+2pE /0 EPTb(X ) — b(X,)]ds
I 3.11)
+8p(2p — 1)1@/ P o Xy —ax ds
0

t

t
+8p(2p — 1)E/0 53P*ZDS(Y)2ds+EfO Rz o ds +CALP,

2p—2 20—1 2p—1, ~
where Ry = 4pQ2p — D& [0X, ) + a0’ X; o) (Wy — Wye)] + 8pEs”™ b(Xy(s)). If we

use the Lipschitz property of b, and Young’s inequality in the first term in the right of (3.11),
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Lemma 2.5 in the fourth one, and Lemma 2.2 in the fifth one, we have

t
B[] gc/ supE[€; "]ds+2p/ E[E7! (b(X,5)) — b(X))] ds
0

u=<s

(3.12)
+8p(2p—1)/ EF o Xy —aX¥)ds + CALP.

And, according to Remark 3.5, we have

B[ (b(X ) — b(X,))]| < CsupE[E27] + C AP

u=<s

On the other hand, using again (3.7), we have
E[£77 (0 X; —oX¥)?] < CE[&7 X 20-0] = CE[T, & X 20-01 1],

and applying Cauchy-Schwarz inequality,

1
2p | —1 2047\ 3 1 -2\
X; X

The first term in the right-hand side is the weight error controlled by Proposition 3.1. To control
the second one, let us recall Remark 3.2. For & > 3, the exact process and the weight process I
have negative moments of any order, therefore the second term in the last inequality is bounded
by a constant. On the other hand, for o = % we need a finer analysis. From the second point in

Remark 3.2, the (12p + 2)th negative moment of the exact process is finite, and since

p+

16p(4p —1)2 <(12p+2)2,

according with the third point of Remark 3.2, the (2(6p + 1)/6p)th negative moment of the
weight process I’ is also finite. Therefore, when o = %,

1
1 5 1 1 6P —2%H o
— n+1
E[x?“")rs ]_E[er ] <E[X§2”+2D (EB[r = P <c.

and then in any case

1
E[I’sz”ml“s‘l} < CAL?P.
X5

Introducing all the last computations in (3.12) we get

m§q<c/'

A (supIE[&%p]) ds + CA*P,

u=<s



2012 M. Bossy and H. Olivero

Since the right-hand side is increasing, thanks to Gronwall’s Inequality we have, for p =1 or
p=3/2,

sup (E[g,zll])ﬁ < CAt.
0<t<T

We extend to p € (1, 3/2), thanks to Jensen’s inequality

1 6
2p 2

(E[27)7 = (E[£]])F < car,

1
and we conclude that (IE[S,2 P2 < C At forall p > 1 satisfying Remark 3.2(i).
Now we control the L?-error. For o = % and p > 2, denoting p’ = g >1,

sup (E[S,p])% = sup (E[S,Zp/])%ﬁ' <CAt.

0<t<T 0<t<T

Hypothesis 1.5(i) gives

32p+1)0?  3(4p'+1)o?

b(0) > > >

Since (3.4) in Remark 3.2 is satisfied, we can control the L2 (£2)-norm of the error and then

0=<t=<T 0<t<T

If p € [1, 2), Hypothesis 1.5(i) is b(0) > 15”—2, which is enough to bound the L?($2)-norm of the
error, and then from Jensen’s inequality

sup (E[€7])7 < sup (E[£2])? < CAr.
0<t<T 0<t=<T

The case « > 1/2 is easier. Since the hypothesis on the parameters for this case does not depend
on p, we can conclude for any p > 1 from Jensen’s inequality and the control for the L7 (2)-
norm of the error.

Remark 3.6. Let us mention an example of extension of our convergence result, based on simple
transformation method: consider the 3/2-model, namely the solution of

t t
r,:ro—i—/ clrs(cz—rs)ds—}—/ C3rs3/2dWS.
0 0

Applying the It6’s Formula to v, = f(r,), with f(x) =x~!, we have

' t
vtzv()—i—/ (cl—l—c%—clczvs)ds—i—/ C3vsl/2dBS,
0 0
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where B; = —W; is a Brownian motion. We can approximate v with the SMS v, and then define
r; := 1/v;. Then we can deduce the strong convergence with rate one of 7; to r; from our previous
results.

Transformation methods can be used in a more exhaustive manner, in the context of CEV-like
SDEs and we refer to [6] for approximation results and examples, using this approach.

3.3. Strong convergence of the projected Milstein scheme

The Projected Milstein Scheme (PMS) is defined by

25(\201—1

+
o~ ~ ~ ~ o t—
X, = (X,k_] +b(Xy At +0 Xy (Wi — Wy )+ %[(W,k - W, ) - At]> ,

~

Xo = xo,

where for all x € R, (x)™ = max(0, x). The continuous time version of the PMS is given by

29v2a—1
~ ~ ~ ~ aoX +
X, = (xn(,) +bRy) At +0 X (Wy — W) + f”“)[(wt — W) — At]) . (3.13)

Notice that for all r € [0, T], 0 < X : < X,, then the positive moments of the PMS are bounded
(see Lemma 1.4).

To obtain a strong convergence rate for the PMS, we first show that the PMS and the SMS
coincide with a large probability.

Lemma 3.7. Let us consider the stopping time T = inf{s > 0: X, # X s}. Assume that b(0) >
20(1 — a)?0? and At < 1/(2K (). Then for any p > 1,

P(r <T)<CAt?.
Proof. Notice that 7 is almost surely strictly positive because both schemes start from the same
deterministic initial condition xg. On the other hand

N-1

Pr <T)= ) P(t € (. es1]),

i=0
and according to Lemma 2.2
o inf 7 <0% % i 7 v
B(r el tien) =P(,_inf 7, <0.X, =%, ) <B( inf Z,=0)< exp( At).
So,

T 1%
Pzt <T)<— - .
(r= )_AteXp< At)
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Since for any p > 1, there exists a constant C,, such that exp(—y /At)/At < C,At?, we have
P(r <T) < CArP. O

Corollary 3.8. Assume Hypotheses 1.1 and 1.5. Consider a maximum step size Apmax (o) defined
in (1.10). Let (X;,0 <t <T) be the process defined on (1.1) and (5(\,, 0 <t <T) the Projecter
Milstein scheme given in (3.13). Then for any p > 1 that allows Hypotheses 1.5, there exists a
constant C depending on p, T, b(0), a, o, K, and xq, but not on At, such that for all At <
Amax (@),

sup (E[1X, — %,|”])7 < CAr. (3.14)

0<t<T

Proof. Notice that for all r € [0, T'], with T = inf{s > 0: X, #* )?S},

E[IX, — X1”] =E[IX; — X" Lr <1} ] + E[|1X; — X [P Liz=1)]

< JE[IX, - X, ]B(r <T) + E[|X, - X,|”] < CAL”,

where the last inequality comes from Lemma 3.7 and Theorem 1.6. ]

4. Numerical experiments and conclusion

We start this section with the analysis of two numerical experiments. The first one aims to study
empirically the strong rate of convergence of the SMS in comparison with other schemes pro-
posed the literature. The second one aims to study the impact of including the SMS in a Multilevel
Monte Carlo application.

4.1. Empirical study of the strong rate of converge

In this experiment, we compute the error of the schemes as a function of the step size At for
different values of the parameters o and o.

For o > %, we compare the SMS with the Symmetrized Euler Scheme (SES) introduced in
[3], and with the Balanced Milstein Scheme (BMS) presented in [13]. Whereas for o = %, in
addition to the aforementioned schemes, we will also compare SMS with the Modified Euler
Scheme (MES) proposed in [6], and with the Alfonsi Implicit Scheme (AIS) proposed in [1].

Let us first, shortly review those different schemes.

Alfonsi Implicit Scheme (AIS). Proposed in [1], the AIS can be applied to equation (1.1) when
the drift is a linear function. A priori, the AIS can be applied for « € [%, 1), but is relevant to
observe that only when o = %, the AIS is in fact an explicit scheme (also know as drift-implicit
square-root Euler approximations) whereas in any other case is not. This implies that in order to
compute the AIS for o > %, at each time step it is necessary to solve numerically a non linear
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equation. This extra step in the implementation of the scheme brings questions about the impact
of the error of this subroutine in the error of the scheme, and about the computing performance
of the scheme. Since this questions are beyond the scope of the present work, we include the
AIS in the comparison only in the Cox—Ingersol-Ross (CIR) case (linear drift and o = %). In this
context, the AIS can be use only if 02> 4b(0), for other values of the parameters the AIS is not

defined. In terms of convergence, when o = %, according to Theorem 2 in Alfonsi [2], the AIS

converges in the L?(€2)-norm, for p > 1, at rate Ar when (1 Vv 3p/4)0? < b(0). When o > %
the AIS (see Section 3 of [2]) converge as soon as b(0) > 0, at rate Az to the exact solution.

Balanced Milstein Scheme (BMS). The BMS was introduced by Kahl and Schurz in [13], and
although its convergence it is not proven for equation (1.1) (see Remark 5.12 in [13]), numerical
experiments shows a competitive behavior (see [12]). Also, the BMS can be easily implemented
for o € [% , 1), so we decide to include it in our numerical comparison.

Modified Euler Scheme (MES). Introduced in [6], the MES can be applied to the equation (1.1)
for @ € [%, 1) when the drift has the form b(x) = w1 (x) — ua2(x)x for w; and wy suitables
functions. The rate of convergence in the L!(£2)-norm of the MES depends on the parameters.
For o = % the rate is 1 if o2 is big enough compared with 5(0), and it is p < 1 in other case.
When o > %, the MES converges at rate 1 as soon as b(0) > 0 (see Proposition 4.1 in [6]). When
o> %, the implementation of the MES requires some extra tuning which is not explicitly given

in [6] (see Remark 5.1), so we implement the MES only for o = %

Symmetryzed Euler Scheme (SES). The SES, introduced in [3], is an explicit scheme which
can be apply to the equation (1.1) for ¢ € [%, 1) and any Lipschitz drift function b. It has the

weakest hypothesis over b of all the schemes discussed in this paper. If o = %, according to

Theorem 2.2 in [3], the rate of convergence of the SES is +/ At under suitable conditions for 5(0),
o2 and K. When « > % the SES converge at rate +/ At as soon as b(0) > 0 (see Theorem 2.2
in [3]).

1

We summarize the theoretical analysis of the schemes above in Table 1 for « = 7, and in

Table 2 for o > %

Simulation setup

In our simulations, we consider a time horizon T = 1, and xo = 1. In order to include as many
schemes as possible we consider for all simulations a linear drift

b(x) =10 — 10x.

To measure the error of each scheme, we estimate its L!(2)-norm for which a theoretical rate is
proposed for all the selected schemes.

Let E|EPMS|, E|EBMS |, E|£SES|, EIEMES|, and E|EAS| be the L' (2)-norm of the error for
the SMS, BMS, SES, MES and AIS, respectively. To estimate these quantities, we consider as a
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Table 1. Summary of the condition over the parameters for the convergence of the different schemes for

1
=3

Scheme Norm

Drift

Convergence’s condition

Theoretical rate

SMS  LP.p>1

AIS[2] LP, >0
pell, 30—2)

BMS

MES [6] L!

b Lipschitz, b € C2,
b” with polynomial

growth

b(x) =a —bx

b(0) > 3Qp v 21+ 1%

b(0) > (1V 3 p)o?

b = 1 (x) = (), b(O) > 35

i €C2NCY, uy =0,

1y =0,u52>0

3 2
b(0) > 33

undetermined

1

1
2

SES[3] LP,p>1

b Lipschitz

b(0) > o2

(l 1_ Uiz)
6’2 2b(0)+02

2
b(0) > % +,/202K(5 v 1), !

K(g)=K(16g—1)Vvdoc2(8p—1)>2

Table 2. Summary of the condition over the parameters for the convergence of the different schemes when

1
o> 5
Scheme Norm Drift Convergence’s Theoretical rate
condition
SMS LP,p>1 b Lipschitz, b € C2, b(0) > 2a(l —a)262 1
b" with polynomial
growth
AIS LP,pe[l,“;’% b(x) =a — bx b(0) > 0 1
BMS undetermined
MES L b(x) =puq(x) — ua(x)x, b(0) >0 1
i €C2NCY, g >0,
wp<0,u5=0
SES LP,p>1 b Lipschitz b(0) >0 3
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reference solution the AIS approximation for At = Apax(cr)/ 212 when o = %, and the SMS for
At = Amax(oc)/Z12 when o > % Then for each

A
AIG{M,n:L...Q},
2}1

we estimate [E|E7| by computing 5 x 10* trajectories of the corresponding scheme, and compar-
ing them with the reference solution. The results of these simulations are reported in Figures 1
(= %) and 2 (a > %). The graphs plot the Log [E|£;| in terms of the Log At, and we have added
the plot of the identity map to serve as reference for rate of order 1. The schemes with a slope
smaller than the slope of the reference line have an order of convergence smaller than one. To
obtain a more quantitative comparison of the schemes, we also perform a regression analysis on
the model

1og(E|EH) = plog(At) + C.

Notice that p, the estimated value for p, corresponds to the empirical rate of convergence of the
different schemes. We present the result of this regression analysis in Tables 3 and 4.

. _1
Empirical results for o = 5

Figure 1 and Table 3 present the result for the CIR case. From Table 1, we observe that we can
distinguish five cases for the parameters.

The first case (62 = 1) is such that b(0) > 602: the SMS, the AIS, and the MES have a
theoretical rate of convergence equal to Az, whereas the SES has a theoretical rate of convergence
equal to ~/Az. In Figure 1(a), we observe that the graphs of the SMS, the AIS, the BMS, and the
MES seem parallel to the reference line, which is expected, while the SES has a smaller slope.
This is also confirms in the first line of the Table 3, where we observe that the empirical rates of
convergence are close to the theoretical ones. Notice that the BMS has a competitive empirical
rate of convergence, although the theoretical one is not known.

The second case (o2 = 4) is such that 5(0) € (5£, 602), now only the AIS and the MES
have a theoretical rate of convergence equal to Ar. However, how we can see in Figure 1(b) the
SMS still shows a linear behavior in this case. Recall that the condition over the parameters is
a sufficient condition and we believe that could be improved. Notice that also the BMS shows a
linear behavior. In the second line of Table 3, we can observe that empirical rates of convergence
are close to one for all the scheme but the SES.

In Figure 1(c), we illustrate the third case (62 = 6.25) and then b(0) € (302/2, 50’2/2). In this
case, only the AIS has a theoretical rate of convergence equal to one. For the MES is /At, but in
the graphics we still observe a linear behavior for the MES, and also for the SMS and the BMS.
This is confirm in the third line of Table 3.

The fourth case is (62 = 9) and b(0) € (02, 302/2), which we display in Figure 1(d). For this
values of the parameters the theoretical rate of convergence is known only for the AIS and the
MES. Nevertheless, we observe in the graphs and in the fourth line of Table 3 that all the schemes
seems to reach their optimal convergence rates.

Finally, the fifth case is (62 = 36) and then b(0) < o2. In this case, all the schemes have a
sublinear behavior as we can see in Figure 1(d) and the fifth line of Table 3. This case illustrate
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1ot Parameters: a =0.5, 0> =1.00, A,,,, = 0.0250 10 Parameters: a =0.5, 0> =4.00, A,,,, = 0.0250
107} E 102 | E
5 107 — Ref |3 g 107 Ref |]
% %
= * e SMS = SMS
A—A SES SES
10 ¢ BMS |3 10 BMS |1
=-m MES =-® MES
*ox AlS *-x AlS
-5 " " " -5 " " "
1o 10° 10* 107 107 10! 10 10° 10* 10 107 10
log(At) log(At)
. 2 .
(a) Parameters in case 1: b(0) > 60°. (b) Parameters in case 2: b(0) €
2 2
(507 /2,607).
1ot Parameters: a=0.5, 02 =6.25, A,.« = 0.0250 10 Parameters: a=0.5, 02 =9.00, A, =0.0250
107 b E 10?7 | E
é‘ 107 Ref |3 é 107 F Ref |1
= SMS = SMS
SES SES
10 BMS |4 107 BMS |4
=-m MES =-m MES
*ok AlS *-% AlS
-5 " " " -5 " " "
1o 10° 10* 107 107 10! 10 10° 10* 107 107 10
log(At) log(At)
(c) Parameters in case 3: b(0) € (d) Parameters in case 4: b(0) €
2 2 2 2
(30%/2,50°/2). (0%,30%/2).
. Parameters: a=0.5, 02 =36.00, A, =0.0250
10 . o ET
I
100k w W |
107 L E
Lh; 107 b Ref |}
= , SMS
07 SES |3
BMS
107 MES |4
AIS
-5 L L L
10 107 10* 107 10 10?
log(At)

(e) Parameters in case 5: b(0) < o2,

Figure 1. Step size Ar versus the estimated L! (£2)-strong error for the CIR Process (Log—Log scale). The
identity map serves as a reference line of rate one.
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Parameters: a=0.6, 0> =49.00, A, =0.0243

10° T
10t | |
~ 107} E
3
g
£ 03| E
— Ref
[ 2 )
0| SMS ||
A—A SES
— BMS
10'5 L L L
10° 10* 102 10 10!

(a) Parameters in case 1: a = 0.60.

10°

log(At)

Parameters: a=0.6, 0> =53.29, A,,,, =0.0100

10t |

1072 |

log(Error)

107 |

log(At)

(c) Parameters in case 2: a = 0.60.

Parameters: a=0.6, 0> = 144.00, A,,,, = 0.0100

10*
10° b E
107 b E
T -
S -0
S 102 b [ e i
5
E
-3
10° | e o SMS |}
— Ref
10 a—a SES |3
49— BMS
10—5 L L
10° 10 1073

(e) Parameters in case 3: a = 0.60

log(At)

100 Parameters: a=0.7, ¢° = 64.00, A, =0.0122

107 L

log(Error)

10° 10 102 10
log(At)

(b) Parameters in case 1: a = 0.70.

100 Parameters: a=0.7, ¢ =81.00, A, =0.0100

107 L

107 |

log(Error)

103 L

log(At)

(d) Parameters in case 2: a = 0.70.

Parameters: a=0.7, 02> =225.00, A,,,, =0.0100

10?
100 L E
107 b E
5
5 102F —
®
-3
107 b — Ref
e o SMS
10% L a—a SES |3
4 BMS
10—5 L L
10° 10 107 102

log(At)

(f) Parameters in case 3: a = 0.70

Figure 2. Step size At versus the estimated LY (Q)-error for o > % and different values for o' (Log-Log
scale). The identity map serves as a reference line of rate one.



2020 M. Bossy and H. Olivero

Table 3. Empirical rate of convergence 6 for the LY()-error of the schemes when o = % for different
values of o2

Observed L! (2) convergence rate p (and its R? value)
SMS AIS BMS MES SES

o P R>H 5 (R 5 R>H 5 R> 5 (R?)

1 0.9956 (99.9%) 1.0060 (99.9%) 1.0055 (99.9%) 0.9955 (99.9%) 0.5941 (99.3%)
4 0.9969 (99.9%) 1.0054 (99.9%) 1.0037 (99.9%) 0.9961 (99.9%) 0.5344 (99.8%)
6.25 09976 (99.9%) 1.0043 (99.9%) 1.0002 (99.9%) 0.9941 (99.9%) 0.5237 (99.9%)
9 0.9984 (99.9%) 1.0015 (99.9%) 0.9859 (99.9%) 0.7891 (99.9%) 0.5164 (99.9%)
36 0.6410 (99.7%) 0.6282 (99.8%) 0.4538 (99.3%) 0.3575 (99.4%) 0.4718 (99.9%)

the necessity of some condition over the parameters of the model to obtain the optimal rate of
convergence for the SMS.

.. 1
Empirical results for o > 5

In Figure 2 and Table 4, we present the results of the simulations for « = 0.6, and @ = 0.7.

In these cases, it can be observed in numerical experiments that the MES needs smaller Az to
achieve its theoretical order one convergence rate, unless one tunes the projection operator in the
manner of Remark 5.1 in [6]. Since this tuning is not explicitly given we do not include the MES
in these simulations.

We have observed in the numerical experiments three cases for the parameters. The first one
is when b(0) > 2a(1 — @)202 (62 =49 and o2 = 64). In this case, Theorem 1.6 holds and we
observe the order one convergence (see Figure 2(a), (b), and first and fourth row in Table 4).
The second case is when the parameters do not satisfy b(0) > 2a(1 — «)?0? (62 =53.29 and
o2 = 81), and then we can not apply Theorem 1.6, but in the numerical simulations we still
observe the order one convergence (see Figure 2(c), (d), and second and fifth row in Table 4).
Finally the third case, is when o > b(0), and then we do not observe a linear convergence

Table 4. Empirical rate of convergence 4 for the LY()-error, when o > % for different values of & and o2

Observed L! (£2) convergence rate p (and its R? value)

Parameters SMS BMS SES
o o? p (R?) p (R%) p (R?)
0.6 49 0.9819 (99.9%) 0.7296 (99.1%) 0.5273 (99.8%)
53.29 0.9766 (99.9%) 0.7788 (99.3%) 0.5133 (99.9%)
144 0.6609 (98.9%) 0.4336 (97.3%) 0.5074 (99.9%)
0.7 64 1.004 (99.9%) 0.9022 (99.7%) 0.5242 (99.8%)
81 0.9991 (99.9%) 0.8813 (99.7%) 0.5327 (99.7%)

225 0.9146 (99.7%) 0.6497 (97.6%) 0.6410 (99.2%)
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anymore (see Figures 2(e), (f), and third and six row in Table 4). Notice that in the three cases
the SMS performs better than the BMS, specially when o2 grows (see Table 4).

The second and third case show us that some restriction has to be impose on the parameters to
observe the convergence of order one. But our restriction, although sufficient, it seems to be too
strong, specially for « close to one.

4.2. Application of the SMS in multilevel Monte Carlo

We continue this section by testing the SMS in the context of a multilevel Monte Carlo appli-
cation widely used nowadays in computational finance (see, e.g., [11] and references therein).
Multilevel Monte Carlo is an efficient technique introduced by Giles [10] to decrease the com-
putational complexity of an estimator combining Monte Carlo simulation and time discretisation
scheme for a given threshold in the accuracy. For details, we refer to [9-11].

For this experiment, we consider the classical but non trivial test-case of the Zero Coupon
Bound (ZCB) pricing of maturity T,

T
B(0, T):]E[exp(—/ rst>i|,
0

under the hypothesis that the short interest rate dynamics (r;,¢ > 0) is modeled with a CIR
process (o = % and b(x) =a — bx):

drt :(a—br,)dt-i-U\/Eth

In this context, the price of the ZCB admits a wellknown closed-form solution given by (see,
e.g., [7,14])

2a

et MT/2 s
A+b)ErT —1)+ zx] ’

BO,T)=A(T)e BDn0  A(T)= [

2(e* — 1)

B =G e —n+a

where rg is the initial value of the interest rate, and A = +/b% + 202. Let EB (Atqy) a discrete-
time weak approximation of B(0, T') with the time step At;,. We consider the L-level Monte
Carlo estimator:

No L N;
—~ 1 —~ 1 . .
Yr = o > BV (Arg) + ) w (B (Atg)) — BV (At-1)).

For a targeted mean-square error €2 on the computation of the quantity B(0, T)

E[(Yr — BO, T))’] = O(¢?),
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one can choose the following a priori parametrization of the MLMC method in order to minimize
loge™!

the computational time (complexity) (see [9-11]): we use the estimation L = == R from one
level to the next one the time step is divided by 2, Aty = ﬁ; the number of trajectories to

simulate is estimated with Giles formula [10]

L
2
N =—=vVIA Vi/A
i 62\/1 t1<2\/ 1/ f(1)>,

=0

with V; = V—m(§<1)(At(1)) - §(1)(At(1_1))). As an estimator for the bias variance, the strong
rate of convergence of the discretisation scheme enters as a key ingredient in the N; a priori
estimation. A scheme with a reduced strong bias will then allow a smaller N;. We apply the
MLMC computation for the SMS, the PMS, the AIS and the BMS.

We summarize the results of the performance comparison between the four schemes in Table 5.
The computation have been run using a initial interest rate ro = 1, the maturity of the bond
T =1, the drift parameters a = b = 10, the volatility o = 1. For the MLMC simulation, we fix a
minimum number of trajectories equal to 500, and a minimal number of levels equal to 6.

In Table 5, we give the measures of the CPU time for a set of three decreasing targeted er-
rors, as long as the effective measured error and the total number of simulated trajectories. As
expected, the required threshold error has been reached by the MLMC strategy. As also expected
(see Giles [9]), Milstein schemes perform better than their Euler versions. Finally, as € decreases,
the SMS clearly performs better than his PMS version.

Table 5. CPU time to achieve the target error for the different schemes. The observed error is
|Yr — B(0, T)|

SMS PMS AIS BMS

€=10e—03 (L =9, Aty =1/210)

CPU time 0.2304 0.2657 0.264 0.274
(No+---+Np) (792 651) (950 838) (990769) (992432)
(observed error) (1.970e—05) (3.347e—04) (3.132e—04) (3.292e—04)
€=1.0e—04 (L =13, Aty =1/2!%)

CPU time 16.871 20.843 17.311 16.95
(No+---+Np) (56229224) (70 876 600) (73824 621) (73668 115)
(observed error) (4.870e—05) (1.091e—04) (9.538e—06) (2.203e—06)
€=1.0e—05 (L = 16, Aty =1/27)

CPU time 1589.6 1910.7 1576.4 1540.2
(No+---+Np) (5531879264) (6913546 698) (7368734 119) (7333474 098)

(observed error) (4.752e—06) (5.889¢—06) (3.912e—06) (5.653e—07)
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4.3. Conclusion

In this paper, we have recovered the classical rate of convergence of the Milstein scheme in a
context of non-smooth diffusion coefficient, although we have to impose some restrictions over
the parameters of the SDE (1.1) to ensure the theoretical order one of convergence. Typically, if
the quotient b(0)/o? is big enough we will observe the optimal convergence rate.

In the numerical simulations, we have observed that, despite the fact it is necessary to impose
some restriction over the parameters of SDE (1.1) to obtain the order one convergence, Hypoth-
esis 1.5 seems to be not optimal, specially for o = % Also, through numerical simulations, we
have observed that the use of SMS could improve the computation times in a Multilevel Monte
Carlo framework, at least as well as the (CIR specialized) one-order schemes.

Although our result seems more restrictive in term of hypotheses on the set of parameters,
in particular if we compare SMS with Lamperti’s transformation-based schemes (see the recent
works in [2] and [6], the SMS can be applied to a more general class of drifts functions and in
various contexts. It is thus a useful complement of the existing literature.

5. Proofs for preliminary lemmas

5.1. On the local error of the SMS

Proof of Lemma 2.1. From the definition of X, and the algebraic inequality for positive real
numbers (aj + -+ +a,)?P < np(af +---4+al) we have

v v 2 - 2 2
X — Xy | <3% (b(xm)z” (t=n®))" + 0K, (W — Wy

2p 4p
a~"o " —=Q2a—1)2p 2 2
+ 5 %o [(Wy = Wy))” = (1 = n(0))] p>.

Thanks to the linear growth of b, Lemma 1.4 and the properties of the Brownian Motion it is
quite easy to conclude the existence of a constant C such that

E[IX, — Xy0|*] < CAr?,

from where the result follows. (I

5.2. On the probability of SMS being close to zero

From b, (a) and K () defined in (1.9), let us recall the notation

bs ()
K (a)

X() :=
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introduced in Lemma 2.3. As b, (o) > 0 under Hypothesis 1.5(i), x () is bounded away from 0.
In particular,

_ 2
11m x(a )—M, whereas lim x(a) = b(i())z
a—>2 K a—1 K+o0°/2

Proof of Lemma 2.3. Denoting AWy = (W; — Wy(5)), and As =s — n(s), we have for all
s€[0,T],

2 2
= 05 <20—1 <20—1

From the Lipschitz property of b and the following bound for any x > 0

2(1—a)

<41 - )’ + Qo — D[2(1 )] = x, .1
we have
— 2 201 1 Y
Z,> - Xty AWS 40X, AWy + Xy + (bo (@) = K@) Xy)As. (5.2)
So,

P[Zs < (1 = p)bo (@) As, X () < pX ()]

2
2 1 < <
<]P’|: X5y AW] +0X, AW + Xyy0) + (pbo (@) — K (@) X,y5)) As <0,

Yn(t) < ,O)E(Ot)i| .

From the independence of AW, with respect to JFs), if we denote by N a standard Gaussian
variable, we have

P[73 <0 - p)bs (a)AS’YT](S) < ;032(0[)]

2
< E[P(%x%‘_IAsNz + o AsxN +x

+ [pbs (@) — K (@)x]As < 0)

1+ - i|
_ Xo(s
NS {Xy(s)<px(@)}

Notice that in the right-hand side we have a quadratic polynomial of a standard Gaussian random
variable. Let us compute its discriminant:

A(x,a) =cx*As — 20502x2“_1As(x + (pb(, (o) — K(a)x)As)

=—Qa — 1)o’x**As — 200 x% 1 As? (pbg (o) — K(a)x).
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Since b, () > 0, we have A(x, @) <Oforall x € [%, 1), and x < px(a). So, for all As < Ar we
have

P[Z, < (1 - p)bo (@) As, Xy < pi(@)] =0,

taking As = At we conclude on the lemma. (]
Proof of Lemma 2.2. We have

P( inf Z, < 0) =]P>( inf  Z, <0,X, Zi(a))
e <s<tp41 T <S <lp+1
(5.3)
+IP>( inf  Z,<0,X, < x(a)).
<SS <tp+1
We start with the second term in the right-hand side of the last inequality. By continuity of the
path of Z and Lemma 2.3, we have

P([kfiriftk+l Z,<0.X, <¥@)= Y P(Z, 0%, <i)=0.
s€QN(t,tk+11

On the other hand, from 5.2 we have

o

Zs 2 0 X, ) AW + (1 — K(@)As) X yy(5) + bo (@) As. (5.4)
Then

IE”( inf ZSO,Y,kzi(a))

T <8 <tg+1

<l —
< P( inf Xn(s) 4 (bo () — K ()X 5)) As

5
k<S=lk+1 O
o Xys5)

+ AW, <0,X;, > X(a))

=E[y X )Lx, =5 )

where the last equality holds thanks to the Markov Property of the Brownian motion, for

1—« _
W(x)=P< inf X +b0(0‘) K(x)x

O<u<At O ox%

u+Bu§O)7

where (B;) denotes a Brownian Motion independent of (W,).
If (B,“ ,0 <t <T) is a Brownian motion with drift u, starting at yo, then for all y < yg, we
have (see [4]):

. 1 Yo—y u\/f
[ PN
P(og}fst Bs y) 2 erfc( V2t V2

1
+ = exp(—2u(yo — y)) erfC(

(5.5)
Yo—y Ut

Va2 )

2
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where for z € R, erfcz = /2/7 f&%z exp(—u2/2) du. In our case yo = x'"%/o, u = (by () —
K(a)x)/ox®, and y =0. Then

(o) = %erfe(“l — K(@ADx + by (a)m])

V2Atox®
+Lex (_ 2[bo (@) - K(a)x]x) e (x — b (@) — K (a)x] A,)
2 P 02x2a «/E(jx“ .

Since At < 1/2K(«), for any x > x(«), the arguments in the erfc function in the last equality
are both positives, and then recalling that for all z > 0 erfc(z) < exp(—zZ), we obtain

(1= K(@)ADx + b, () Ar]?
2Ato2x2 )

1 ( 2[by (o) — K(a)x]x) < [x — [bo () — K(a)x]At]2>
+ 5 expl| — expl| —

2Ato2x2e

v < %exp(

o2x2

[(1 — K (@)At)x + by (o) At]?
= exp(— 2Ato2x2e )

So, for all x > x(«)

1—-K A 2. .2(1—a)
W(X)§€XP<—( i )

Then

—2(1-a)

_ _ _ (1 - K(@)AD*X,,
P(lkﬁi‘gfl‘]wrl ZS =0, X[k z x(a)> = E exp<— 202At )]l{xszf(“)}

(1 — K () A1)2% (o) 1—)
= eXp<_ 202A1 >

and finally, choosing y = x ()17 /852, we get

. = 14
P(,inf | 7 <0) < exp(‘E)‘ O

5.3. On the local time of the SMS at zero

The stopping times (O, % <a<l)

In what follows, we consider

Oy =inf{s > 0: X, < (I — V@)by (@) At} (5.6)
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Lemma 5.1. Assume b(0) > 2a(1 — a)?0?, and At < 1/(2K (@) A xo/[(1 — /@)by (a)]. Then
there exists a positive constant y depending on «, b(0), K and o but not on At such that

T —
PO, =T) <+ exp(A—i) (5.7)

Proof. First, notice that the condition At < xo/[(1 — \/&)b, (r)] ensures that the stopping time
®, is almost surely strictly positive.

To enlighten the notation along this proof, let us call I, (a) := (1 — /a)bs (@), and & =
infy cy<p .y Zs. We aligned the proof in three steps.

Step 1. Let us prove that for a suitable function ¢ : R — [0, 1] and the set Ay = {Y,k >
(@) /o) € Fy:

N—-1
POy <T) < Y E(y(X;)1La,). (5.8)
k=0
Indeed,
N-—1
POy <T) < Y P(& <o ()AL, Xy, > I5 (@) At).
k=0

But, foreach k =0,..., N — 1
P(gk <lo (@At Xy > Io (@) AL) =P(& < s (@) AL, Xy > Io (@) AL, Xy, < X))
+P(& <lo (@)A1, Xy > o (@) AL, Xy, > F(@)Va).
Since Iy (@) At = (1 — \Ja)by (@) At < X()/a, we have
P(¢k <o () A, Xy > lo ()AL, Xy, < X))
<Ptk <lo (@)A1 Xy < ()W)

< Y P(Z =l @Al Xy < F@)Va) =0,

s€QN(tk, tie41]
thanks to Lemma 2.3. On the other hand, we have
P(¢k < lo (@) AL, Xy > lo (@) AL, Xy > F () /@)
=Pt <l (@)A1, X, > X(a)V/a)

— -« —
X0 (bo(@) — K(@)X ) A Iy (@)Ar —
§IP>< ing 210 e @) = K@ Xy) S—i—AWYf%,X,kZ)E(a)«/E)
<s<tg+1 O OXn(s) o n(s)

= ]E[l//(ytk)]l{f,k >f(a)ﬁ}]’
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where the inequality comes from (5.2), and the last equality holds thanks to the Markov Property
of the Brownian motion, for

l1—« i
lﬁ(x)le’( inf o be@ K(a>xu+3u§lg(a)m>’

O<u<At O ox¢ ox%

where (B;) denotes a Brownian Motion independent of (W;). Summarizing
Ptk <lo (@)A1 Xy > I () A1) <E[Y (Xi)Lx, =50 va )

and we have (5.8) for Ay = {X,, > X(a)/a}.
Step 2. Let us prove that for all x > x (a)/a:

K(a)m)z(f(mﬁ)m—“))

(5.9)

1—
W(x) SCXP<_( ZUzAt

Applying again (5.5), we have
[(1 — K(x)At)x + Jab, (a)At])

Yx)= % erfc(

V2Ato x¢
N lexp<_ 2[by (o) — K(Ot)%][x2 —2(1 — /)by (Ot)At])
2 ocxeY
x erfc(ﬁ[(l + K (@)At)x — (2 — /)by (a)At])
=:A(x) + B(x).

Since At < 1/(2K («)), and erfc(z) < exp(—zz) for all z > 0 we have

[(1 - K(x)At)x + \/&bo‘(“)At]z - 1 (1 — K (a)At)2x2(1-)
B 202 Arx2a =5 exp| - YAl .

Alx) < %exp(

On the other hand, for x > X(a)+/a, and At < 1/(2K («)), it follows
x> (2 —Ja)bs (@)At/(1+ KAt),
so the argument of the function erfc in B is positive, and then

_ 2[by () — K (a)x][x — (1 — Ja)bo (Ot)At]>

Cy2)620:

B(x) < % exp(

< [(1+ K (@) ADx — (2 — \/a)by (a)Ar]Z)
X exp| —

2Ato2x2¢

[(1 = K (a)At)x + Jaby (@) At]? 1 (1 — K (a)Ar)2x20-0)

1
2
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So

(1— K((x)At)zxz(l_“‘)>

Y(x)=Ax)+ B(x) SeXp(— N,

and since the right-hand side is decreasing on x, we have (5.9).
Step 3. Let us conclude. Putting together (5.8) and (5.9) we have

N-—1
P(®a = T) = Z E(I/I(Ytk)jl{flk >i(a)ﬁ})

k=0
N-1 _ 2= 2(1—a)

= exp(— a K(a)A;)az();(ta)\/&) )P(sz > )E(ot)\/&)
k=0
C 14

“Genl )

with y = (¥ (a)/a)> 1= /(802). O

Proof of Lemma 2.4. From (1.4), standard arguments show that IE[L(% (X)*] < C(T). On the
other hand, thanks to Corollary VI.1.9 on Revuz and Yor [18], page 212, we have almost surely

TAB®y

LT 70, (%) =lim - 10,6 (X5)d(X); =0,
0

because for ¢ < (1 — /)by (@)At,and s < T A Oy, Jl[o,e)(Ys) = 0. a.s. Now, since
LY(X) = LX) Lo, <1} + LY 0, D Lir<0,) = LY X)L, <1},

we can conclude that

_ _ — 1
E[L}(X)*] =E[LY(X) L0, <1)] < \/E[L(}(X)“]IP’(GDO, <T)<C ~ exp(—ﬁ). -

5.4. On the negative moments of the stopped increment process (Z; AO,)

To prove Lemma 2.5 (see Section 5.5 below), we need to control the negative moments of the
stopped increment process {Z; @, Jo</<r. This is the object of the following lemmas, that can
be summarize in the following.

Lemma 5.2. Let g > 1. Let ®, be the stopping time defined in (5.6). Let us assume At <
Amax (). Moreover, let us assume b(0) > 2a(1 — @)% when a € (%, 1), and b(0) > %az(q +1)
when o = % Then there exists a constant C depending on b(0), o, «, T and q but not on At,
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such that

q 1
vt €[0,T], E[Z 0, ] <C(1+—
0

Existence of negative moments. Case o = é

The proof of the existence of Negative Moments of Z; A®, has two parts. First, we study the
quotient X (5)/Zy, and then we proof the main result of the section.

Lemma 5.3. For o = %, and At <1/(4K) A xog we have

X
sup IE”(Z < ’;”) < CArate (11D, (5.10)

0<s<T

To prove this lemma, we need the following auxiliary result, the proof of which is postponed
in the Appendix as a straightforward adaptation of the Lemma 3.6 in [5].

Lemma 5.4. Assume Hypothesis 1.1 holds, and b(0) > o2 /4. Assume also that At <1/(4K) A
xo. Then, for any y > 1 there exists a constant C depending on the parameters b(0), K, o, xo,
T, and also on y, such that

X, AL\ Zba(1/2)(1=2)
sup ]Eexp(— 2" ) < C( ) .
k=0,...,N yo-At Xo

Proof of Lemma 5.3. We start by proving

X5) Xy
sup P Z, <2 )< sup Eexpl-— 5 . (5.11)
0<s<T 2 k=0,....N yo-At

Indeed, if we call As =s — n(s), and AWy = (W, — W), then

Xos) — v X
P Z < — 5 <Plo XU(S)AWX—FbU(l/z)AS—i-(l—KAS)X,;(S)f )

=)

- ]E[P<AWS _bo(1/D)As + (5 — KA)X )

A - J—
V.as o/ Xys)

<Eexp <_ (bs (1/2)As + (5 — KAs)Yn(s))z)
o ZUZASY,](S)

(1- ZKAI) Xr](g))

S]EGXP< 802 A1

From here, the bound (5.11) follows easily, and then we conclude using Lemma 5.4. O
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Lemma 5.5. Let 6% be the stopping time defined in (5.6), and g > 1. If At < Amax(1/2), and

b(0) > %oz(q—i— 1). (5.12)

Then there exists a constant C depending on b(0), o, a, T and q but not on At, such that

__ 1
viel0,T],  E[Z %, ]< C(l + —q>.
2 X0

Proof. Let us call AW, := (W; — Wy (), and As := (s — 1(s)). By Ito’s formula

__ 1 N0 p(X
E[Z% ]=— _qE[/O } Mds}

o xf ?ZH 513
+1 e — o2 2 '
+%EU P (o Xn(s)+7AWS> ds |.
0 Z,
But,
— 0‘2 2 — —
(a,/x,m + 7AWX> <o’ Xy5) +0%Zs,  Pas. (5.14)
Indeed,

2 2 2
— o - — o
(0 X”(”Jr?AWs) =“2<Xn<s>+0 XU(S)AWs-i-TAWs)

2
— — — — o
= 02<X77(5) +Z; — (Xr](s) —I—b(Xn(S))AS — TAS)).

But, thanks to the Lipschitz property of b,

2 2
— — o — —_ o
X i) + b (X () As — TAS > X + (b(0) — KX y(5)) As — TAs

= by (1/2)As + (1 — KAs)X,y(5) = 0,

since As < At <1/(2K), and b, (1/2) > 0. So we have (5.14). Introducing (5.14) in (5.13), and
using b(x) > b(0) — Kx, we have

. 1 IZNCY b(O) tAO | Y
q - 2 2 2nls)
IE[ZM@%] < qE[/(; Zi’“ dsi| +qK]E|:/0 ot ds:|

N

( + 1) IA@l 1 _ _
+LO’2E|:/(; 2 ?{X,’(x)—f—zx}ds .
K

(5.15)

2
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Since

|
|

n(s) < n(s)

— —1
Zs Z

{7x Syn(s)/z} + 27

and applying Holder’s Inequality for some ¢ > 0, we have

. 1 t/\Ol b0 t/\@l 1
E[th@)l]s——qE[/o ;3 ds }+2 K]E[/O —ds]

Z z!

3 1 [Z\C] 1
+ CI(‘] + )GZE[/ 2 — : ds]
2 0 Z?—"

+Atq+2/o (E[X (f)]) P(Zs < X5/~

Since b(0) > 302(q +1)/2, we have 15b(,(1/2)/802 > 2g + 2, so choosing ¢ =g /(2g +2), and

applying Lemma 5.3 we have
P(Zs < Xy(5)/2)' 78 < CAL9H2,

and then

— 1 IAG)% 1
E[Z, %, §—+2qKE[/ _—dsi|
[ I‘AO%] xg 0 Zq

N

3(q +1) t/\Ol 1
+q< 5 o2 b(O)) [/0 ZqH ds:|

Since from the hypotheses, the third term in the right-hand side is negative, we can conclude

thanks to Gronwall’s lemma.

Existence of negative moments. Case o > %

O

Lemma 5.6. For o € (5, 1), if b(0) > 2a(1 — @)% and At < 1/(4aK (&), there exists y > 0

such that

_ 1 \— y
PlZ;<[1-— )X < —— .
e (7= (1 5 ) o ) e 37)

Proof. Letus call AW, := (Wy — Wy(5)), As := (s — n(s)), and

2
2a 1 T)(S)

Q(Yn(s)v AWy) = )

(5.16)

+ (bo (@) — K (@)X y(5)) As.
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Notice that for fix x € R, g(x, -) is a quadratic polynomial. Using (5.2), we have

IP’(Z < (1 - %)Ym)) <P(q(Xys), AW;) <0, Xy5) < T (@)
+P(q(X (), AWy) <0, X5y = X(a0)),
where recall, x (o) = by () /K (o). But
Plg(Xis). AW;) <0. Xy <3 @] =E[P(q(x, VASN) <0)| . Ix, ) <sen -

where N stands for a standard Gaussian random variable. As in the Lemma 2.3, we have a
quadratic polynomial in V, its discriminant is

X

A=02x*As — 20562x20‘_1As|:
200

+ (b(, () — K(oz)x)As:|
= —20[(72)62"{_1As2(bcr (o) — K(ot)x),

so if x < x(a), A < 0 and the quadratic form in A/ has not real roots, and in particular is non
negative almost surely. Then

P(g(X (), AWs) <0, Xy(5) < X()) =0.
On the other hand,

P(q (Yn(s), AW;) <0, Y77(s) = )E(O())

by (@)As + (= — K (¢)As)x
E|P(N < - 2o )
= |: ( = ox%y/ As

and since At < 1/(4aK («)) we can apply the exponential bound for Gaussian tails and get

=5 ]
— X = ’
NG {Xy(s)=x (@)}

P(q (Y)](X)v AWS‘) = Oa Yr](s) > )E(O[))

(% — K(@)As)2x21-@)
< E[exp(— & g oz .
o2As Y=Xs) (X=X (@)}
We conclude by taking y = x(a)>(1=% /(1662). O

Lemma 5.7. Let ®y be the stopping time defined in (5.6). Let us assume for o € (%, 1), b(0) >
20 (1 — a)2, and At < Apmax (@), then for all g > 1, there exists a constant C depending on b(0),
o,a, T and p but not on At, such that

——q 1
vt € [0, T], E[Z e, =C(1+— ).
X
0
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Proof. Letus call AW, := Wy — W, ). By Ito’s formula and the Lipschitz property of b,

. 1 tAQy b(O) tAQy X ©)
E[Z 2 5——q1E[/ ds]—i—qKIE[/ nes d}
[ t/\()ot] xg 0 7Z+] 0

+1
Z(I

(5.17)
tABOy 1
TE[/O Zq+2(aX o)+ a0 X AW,) ds }

Following the same ideas to prove (5.14), for all s € [0, ¢t] we can easily prove that almost surely
( 7](5) +ao X

220—1—
n(g) AWs) <o X,](S)—G—ZO!O' X’](S) ZS'

Introducing this bound in the previous inequality, we have

. 1 tABy b(O) IANOy Y X )
E[Z,%.] < = —qEU — dsi| +qKE[/ — ds:|
INOqy xg 0 Z;]-H 0 Z;]+l

(5.18)
qq+1D 5 [ (7% 1 a1
+—>—0o'E | ?q+2{X,7(V)+2aXn(S) Zg}ds |.

N

since for r € {1, 20 — 1, 2},

Yn(s) ' Y77(5) 2a '
(%) =(%) oot (5 )

we get

E[Z%, ] < E[/M@a bO , ]+ 2o KEUM% ! d:|
— — N —_— as
tABy ] = xg q 0 Z;H_l 2o — 1q 0 ZZ
+1 2 20+1 tABy 1
n q(q )02 Q) 2aE|:/ " dsi|
2 (20[ — 1) 0 Zs

a — 20 <20—1
N C]E[/MO“ {Xn<s) N Xow) , X
0

?q+l 2q+2 + Zq-i—l }1{7xfyr)(s)(]éa)} dSi|
S N N
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The last term in the previous inequality is bounded because of the definition of ®, and the
Lemma 5.6. Indeed,

—2a —2a—1
Oy
]E|:[M {Xn(S) + Xﬂ(S) +Xn(S) }]l - | ds]
= - — Z <Xy (1—1
0 Zz-ﬁ-l Zz-&—z ZZ-H {Zs <Xy (1=700)}

< C 4 ]E Y YZa YZO{—I 2 ]P 2 <Y 1 1 d
= Ara+? ), [(Xno) + Xy + Xy ) TP Zs = X (1= 5 ) ) ds
C 14

So, (5.18) becomes

. 1 tAOy b(O) 2a tABqy 1
E[Z, L 5——qE[/ ds}+ qK]E[/ _—ds}
[ t/\()a] xg 0 ?ngl 20 — 1 0 Zq

S
1 2041 [7NCH
+q(q+ )02 (2a) B /
2 Qa—1)2 | J,

(5.19)

ds]+C.

Sq+2(1—a)
ZS

But, for any A, A> > 0, the mapping z Zqﬁﬁ — Z;% is bounded, and (5.19) becomes

— 1 tABy 1
E[Z 0, ] <=+ 2qK1EUO = ds:| +C,

N

from where we can conclude applying Gronwall’s lemma. (]

5.5. On the corrected local error process

Proof of Lemma 2.5. Let us recall the notation in the proof of the main theorem
- < 201
Dy(X):=0X; —0 Xy —ao X (Wy — Wy(s). (5.20)
and also introduce
- — —2a—1
Su/\(~)a (X):= (TX:(S/\(-)Q) + (YUzX,,(z;A(-)a) (Wu/\@)a - WT](S/\@a))ﬂ

and AWy := (W, — Wy()).
Using Lemma 5.1, and the finiteness of the moments of D, is easy to prove

E[Ds(X)*"] < CE[Dsr0, X)* Lo, 2n0)] + CALP.
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2036
Then we only have to prove
E[D_M@a (Y)z")]l{@az”(s)}] < CAt?P, (5.21)
Notice that Ym(% = 7M@a , SO
- o <o 220—1
Dspo, X)L 0,210 = {0 Zsn0, — 0 X ysnoy) — 20X ysn0,) AW, }1(0uzn(s))-
Then applying It6’s Formula to the function o |x|* which is C* for x > C At, we have
SA®,
— $A B ao ao —a
Dspo, (X)Log=n(s)) = {/ <_1_a T e )GXn(sA®a)qu
N(s7\Oa) ZuA®a Xn(sA(H)a)
S/\@a a203yza—l
s AOq
+/ _1:’0(;/\ )AWM/\@O( qu
N6AO)  Zyno
sAOy _ (5.22)
+/ —— P(Xyisney) du
N(sA®q) ZW\@Q

=2—a

A0 1 (1 —a)o -
- Eism% (X)"du Lo, >n(s)
16h00) 2 Zo 8

=N+ L+ J3—Js

Notice that on the event {1 (s) < ®,} we have n(s) = n(s A ©), and then

2 SABOy ao Qo —a 2p
E[|/1[*P]=E Lo\ s ~ =ima )7 Xusren dWa| |-
n(s) Zurnoy  Xysn0y)

By the Burkholder-Davis—Gundy inequality, there exists a constant C,, depending only on p

2pi|
—a

1 —17(1 2
N(5AO0) — Lundy \ =20 p
. T X sh0) HOuzn) du | |,

Zyn 0 X y(snOy)

such that

o

SAOq oo oo —u
Lewznon| o= — == 0 X, (50, AW
n Z X(sn04)

) UA@q

SABy (X

< (aoz)ZPCpIE[(/n(s)
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observing that the integrand in the right-hand side is positive. And we have
E[111°7]

<l—«a Sl—a

s /X -Z 2 p

2\2p N(sABgy) un®y \ <da—2

: ((w ) Cp]E[(/ ( Sl—a ) Xn(swa)]l{@azn(s)}d“) }
n(s) Zu/\G)a

—l—« Y —uo =1

S (X 5r00) — Zuney) Xyisrey T Zure,) ’ g2 P

<CE =y — X sn00) HOuzn(s)y du | |-
n(s) Zyro, Z 7Oy

But for x, y > 0, and B € [0, §) it holds [x# — y#|(x!=F 4+ y!=#) <2|x — y|, so

—4da—2
2p S = = 2 Xusro0 5 \"
E[|/11*"] = CE (Xi5700) = Zurn0o) LOuzn(s)) —5—— du
n(s) Z,ro,
s <2pQa—1)
_ - = e
<carr! / E[(chvma) - Zuma)”]l{@wn(s)}%} du.
n(s) ZuA@)a
Let a > 1. Thanks to Holder’s inequality, we have
<2pQRa—1)
J— J— ®d
E[(Xn(m@a) ~ Zur0) " L{0y21(5)) %}
UNBy
<2apRa—1) 1/a
- = 2ap_ 1-1 X (5704
= (E[[Xfl(w\@a) - ZuAQa](a71)1{®aZn(S)}]) fe (E|: ﬁsﬁp : i|> ’
ZuA('-')a

We use Lemma 2.1 to bound the Local Error of the scheme

ap

— = 2ap_ _ap_
E[(Xy5r00) — Zun0y) @D L{@y=n(s)}] < CAI@ D,

On the other hand, when o > %, we have control of any negative moment of Zy A®y > SO

—dapRa—1)

X —24p(a- 1
N(sABq) 2ap(2a—1)
]E[ —2ap ] S ]E[XTI(SAQH) ]E[—4Hp ] S C’
Zu/\®a INCH

whereas when o = %, we choose a > 1, such that 2b(0) /02 > 3(2ap + 1), so we have control of

the 2apth negative moment of Zy A0, - And then

—4apa—1)
X 1
nsA®a) | _
o FCTECRR T P
ZMAGO, ZuA®a
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So, in any case we have

<2pQRa—1)

n(s/\@)a

E[(Yn(m@a) —Zuro,)*P1 [(Bu=n(s)} i| < CAtP.

uA@D,

And then we can conclude E[|J; |21’] < CAr?P,
Using the same arguments for E[| J2|2p ], we have

202a—1)

5 SAOy 2 6X n(s) ) 14
“{aP)2 E([ siensnen ™ Ztt—anian) |
n(s

u

s <2Qa—-1)p
-1 s) 2p
<CArP / E[1{®a>’l(s)}2(l—a)pAWuA®1 ]du
1(s) Z,ro, 2
s <4Qa—-1)p
-1 n(s) 2
<CAt? / E<7—4(1—a)p >\/E(]]'{®a>ﬂ(s)}AWu/\()l )du <CAt-P.
n(s) ZuM%

To bound E[| J3 |217 ] we proceed as follows

SAOy Qo 2p
IE[|J3|2p] = E|:</ Liey>n(s)) = i b(Xn(s/\() ))du> }
n

) u/\@a

s 1 o
< (@o)* P Ar?P! / E(mb(xnm@a»”) du
) \NZ, .0,

B s 1 l—a o 2
< (ao)*P AP 1/ E(?) E(b(Xyisne,) )" du
© \Z

n UNOy

< CAf?P.

Finally for IE[|J4|2” ] we consider first o > % In this case, we have control of any negative
moment of Z, @, So proceeding as before

784 la(l —a)o —2  \7
]E[|J4|2p] :E[(/ 1{0 >’7(S)}2727a u/\@o( (X)zdu> }
n

) UANBOy
-1 [° 1 -4
<CAr*F~ / E(msw@a(x) P>du
n(s) Z,M(,)a

< CAt?P.
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The case o = % is a little more delicate. Let us recall the identity used in the proof of (5.14)

2

172 o’ P 27 o
0Xysro) T 5 AWure, | =07°Zure, —07 | b(Xysre ) — —
2 2 :

> ) 4)(14/\@;—17@/\@;)),

so, we have from the definition of © |
2

2 4p
_ o
Su/\G)% X)) = (GY(;(SA@)I) + TAW’M@;)
2

—a2p . o2\ 2P 5
C<Zu/\®1 + (b(Xn(sA@)é)) - Z) At 17)
2

o2\ 2P

— =2p

§C<1+(b(xrl(_3/\®1))_ 4 ) )Zu/\®1'
2 2

IA

Then

s 1 o2 4p
]E[|J4|2p] < CARP 1/ E[_3p (GYZ((S/\GM)—’_?AW”A@I) ]du
) LZ e, 2 :

s 1 _ 0_2 2p
scmzl’—‘/ E[_,, (1+<b(Xn<m@l>>——) )}du

) LZ,ne, 2 4

s 1 2\ 4p
< AP E(—— ) JE(1+(pX =2 au
N nGs) zZp (i LA

ZuAG),I

< CA*P.

So for every a € [%, 1), E[pr] < CAr?P, from where we conclude on the lemma. U

Appendix

Proof of Lemma 1.4. Let us recall the notations As =s — 1(s), and AW, = Wy — W(). Let
us define 7,, = inf{t > 0: X; > m}. Then by Itd’s Formula, Young’s inequality and the Lipschitz
property of b, we have

—2p 2p AT —=2p =2p
E[X, 1., | <x3" +CE /O X"+ C+ X, ds
e (A.1)
m —a 220—1 2
+ C]EUO (0 X,y + a0’ X, () AW) pds].
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From the definition of X, a straightforward computation shows that for all s € [0, ¢] almost surely

2p

X <C(1 +X (5 + AW+ (AW] — As)%).

n(s

Putting this in (A.1), we have
AT )
E[X,7, ] <x’ + C]EU L+ X b + (0K ) + a0 X AW) Pds]
0

AT 2 2p
+CE[[ AW/ +(AWS2—(s—r/(s)))m dsi|
0

e Il BRI < </ O <R PN
=X + o + 77(s)jL ns) T Xnis) s as

r 2r _2p
+ c/ E[AW, ]+ E[(AW] — As) 2= ] ds.
0

Since o € [2, 1) we have X n(s) <1+ X ,](5), and then, using Young’s Inequality and the finiteness
of the moments of Gaussian random variables, we conclude

AT,
2P 2 " 2P
E[X;1,, ] < Cx” + CEUO X,0s) ds:| <cxh + C/O supE[X] Wm] ds.

U=<s

Since the right-hand side is increasing, we can take supremum in the left-hand side and from
here, applying Gronwall’s inequality, and taking m — oo we get

supE[Y,zP] < ngp

t<T

From here, following standard argument using Burkholder—Davis—Gundy inequality we can con-
clude on Lemma 1.4. O

Proof of lemma 5.4.. First, from the definition of X, we have
Xy =Xy 4+ (bs(1/2) — KXy )ALt + 04/ Xy, (Wy — Wy, ),
then
ECXP(_MOY@) = Eexp(_uo[ytk,1 + (bﬂ(l/z) - KYtkfl)At +o Ytk,1 (Wl‘k - Wlkfl)])’

where o =1/ yazAt. From here, just as in Lemma 3.6 in [5], we conclude

— — oAt
Eexp(—unoXy) < exp(—uobg(I/Z)At)Eexp(—/Loth_l |:1 — KAt — > ,uo:|>. (A2)
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Then if we introduce the same sequence (i) ; > 0 of Lemma 3.6 in [5], given by

1
yolAt’

(o2
,bLj_1|:1—KAt—

Jj=0,

nj= YN

Mj—li|, j=1

We can repeat the proof in [5] and find out that if Az < 1/(2K) then, the sequence (1;); > 0 is
nonnegative, decreasing and satisfies the following bound

1 Ar(j — Dpo .
/’LjZ/“( o2 i )_K< o2 . ’ ijl'
1+ 5 A(j — Dpo L+ 5 Ar(j — Dpo

On the other hand making the same calculations to obtain (A.2) we can get for any j € {0, ...,
k—1},

_ 1 — oAt
Eexp(—qu,kj)5exp(—,ujbg(l/2)<§>At)Eexp(—,qu,kj1|:1—KAt— > ,uj+1i|>,

from where, by an induction argument we have

k—1

E(—p0Xy,) < exp (—baa/z) 3w Ar) exp (xo1k)-

Jj=0
From here, and the bound for the sequence (t;); > 0, we have
B A 22420 L)
]E(_//LOth) < C<_>
X0

From where we see immediately

o (1/2) (1 1
= U=5)

X, t
E — k <C|— .
L Ben(— ) <c( ] -
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