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ON NON-POLYNOMIAL LOWER ERROR BOUNDS FOR ADAPTIVE
STRONG APPROXIMATION OF SDES

LARISA YAROSLAVTSEVA

ABSTRACT. Recently, it has been shown in [9] that there exists a system of stochastic differential
equations (SDE) on the time interval [0,7] with infinitely often differentiable and bounded
coefficients such that the Euler scheme with equidistant time steps converges to the solution of
this SDE at the final time in the strong sense but with no polynomial rate. Even worse, in [20] it
has been shown that for any sequence (an)nen C (0,00), which may converge to zero arbitrary
slowly, there exists an SDE on [0, 7] with infinitely often differentiable and bounded coefficients
such that no approximation of the solution of this SDE at the final time based on n evaluations
of the driving Brownian motion at fixed time points can achieve a smaller absolute mean error
than the given number a,,. In the present article we generalize the latter result to the case when
the approximations may choose the location as well as the number of the evaluation sites of the
driving Brownian motion in an adaptive way dependent on the values of the Brownian motion
observed so far.

1. INTRODUCTION

Let d,m € N, T € (0,00), consider a d-dimensional system of autonomous stochastic differ-
ential equations (SDE)

dX (1) = p(X (1)) dt + o(X (1) dW(t), te[0,T],

(1) X(O) = X0

with a deterministic initial value zo € R%, a drift coefficient p: R — R%, a diffusion coefficient
o: R? — R™™ and an m-dimensional driving Brownian motion W, and assume that (D) has a
unique strong solution (X (t))¢c[,77.- Our computational task is to approximate X (7') by means
of methods that use finitely many evaluations of the driving Brownian motion W. In particular
we are interested in the following question: under which assumptions on the coefficients p and o
exists a method of the latter type, which converges to X (7T') in absolute mean with a polynomial
rate?

It is well-known that if the coefficients p and o are globally Lipschitz continuous then the clas-
sical Euler scheme achieves the rate of convergence 1/2, see [26]. Moreover, the recent literature
on numerical approximation of SDEs contains a number of results on approximation schemes
that are specifically designed for non-Lipschitz coefficients and achieve polynomial convergence
rates for suitable classes of such SDEs, see e.g. [16, 12 18] 25 38|, 35} 37, B, 2] [4] for SDEs with
globally monotone coefficients and see e.g. [2], [8, 5] [, B2 17, 19, 23], 24] 33], 1] for SDEs with

possibly non-monotone coefficients.
On the other hand, it has recently been shown in [20] that for any sequence (ay,)nen C (0, 00),

which may converge to zero arbitrary slowly, there exists an SDE ({II) with d = 4 and m = 1 and
1
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with infinitely often differentiable and bounded coefficients i and o such that no approximation
of X(T) based on finitely many evaluations of the driving Brownian motion W converges in
absolute mean faster than the given sequence (a,)nen. More formally,

(2) 517...,{922[0,T} w: HéEiR‘* EHX(T) B U(W(81)’ o ’W(Sn)) H Z Gn-
measurable

In particular, there exists an SDE () with infinitely often differentiable and bounded coefficients
1 and o such that its solution at the final time can not be approximated with a polynomial rate
of convergence based on finitely many evaluations of the driving Brownian motion W. We add
that the latter statement in the special case when the approximation is given by the Euler
scheme with equidistant time steps has first been shown in [9].

Note that the time points s1,...,s, € [0,T] that are used by an approximation u(W(s1),...,
W (sy)) in (@) are fixed, and therefore this negative result does not cover approximations that
may choose the number as well as the location of the evaluation sites of the driving Brownian
motion W in an adaptive way, e.g. numerical schemes that adjust the actual step size according
to a criterion that is based on the values of the driving Brownian motion W observed so far,
see e.g. [6, 29, B0, 27, 34, 22| 13, 14] and the references therein. See Section [ for the formal
definition of that type of approximations. It is well-known that for SDEs (II) with (essentially)
globally Lipschitz continuous coefficients p and o adaptive approximations can not achieve a
better rate of convergence compared to what is best possible for non-adaptive ones, which at
the same time coincides with the best possible rate of convergence that can be achieved by
any approximation based on W (L), W (2L),... , W(T), see [29, 30]. However, as has recently
turned out, this is not necessarily the case anymore if the coefficients y and o are not both
globally Lipschitz continuous. In [I0] it has been shown that for the one-dimensional squared
Bessel process, which is the solution of the SDE (Il) with d = m = p = 1 and o(x) = 2/||
for € R the following holds: the best possible rate of convergence that can be achieved by any
approximation based on W(%), W(%), ..., W(T) equals 1/2, i.e. there exist ¢1,co > 0 such that

c-n < inf EIX(T) —u(W(E)LWED,. . WD) <epn
measurable
while the best possible rate of convergence that can be achieved by approximations based on n
adaptively chosen evaluations of the driving Brownian motion W equals infinity. More formally,
for every a > 0 there exists ¢ > 0 and a sequence of approximations X’n based on n adaptively
chosen evaluations of W such that

E|X(T) - X,| <c-n~*

In view of the latter result one might hope that a non-polynomial lower error bound a,, in (2I)
could be overcome by using adaptive approximations, see also the discussion in [7), p.2]. In the
present article we prove that the pessimistic alternative is true. We show that for any sequence
(an)nen C (0,00), which may converge to zero arbitrary slowly, there exists an SDE ([l) with
d =4 and m = 1 and with infinitely often differentiable and bounded coefficients p and o such
that no approximation based on n adaptively chosen evaluations of the driving Brownian motion
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W on average can achieve a smaller absolute mean error than the given number a,, i.e.
E|X(T) — Xu|| = an

for any approximation X,, of the latter type. This fact is an immediate consequence of Corollary
in Section [l together with an appropriate scaling argument. For the proof of the latter result
we employ the same class of SDEs as in [20]. Thus, roughly speaking, these SDEs can not be
solved approximately in the strong sense in a reasonable computational time by means of any
kind of adaptive (or nonadaptive) method based on finitely many evaluations of the driving
Brownian motion W.

We conjecture that a similar negative result does even if one allows for adaptive approxima-
tions based on finitely many evaluations of arbitrary linear continuous functionals of the driving
Brownian motion W. However, in this case one can not employ the class of SDEs from [20] since
for every such SDE its solution at the final time can be approximated with error zero based on
the evaluation of only two linear continuous functionals of the driving Brownian motion W, see
@)

We add that negative results in the spirit of (2)) for quadrature problems for marginal distri-
butions of SDEs have recently been established in [31].

We briefly describe the content of the paper. In Section Blwe fix some notation. In Section Blwe
briefly introduce the class of SDEs from [20], which is studied in this article as well. In Section @l
we formally define the class of adaptive approximations, which are analysed in this article. Our
lower error bounds are stated in Section [Bl The proof of the main result, Theorem [ is carried
out in Section

2. NOTATION

Throughout this article the following notation is used. For a set A, a vector space V, a set
B C V,and a function f: A — B we put supp(f) = {z € A: f(x) # 0}. For sets A, B, a function
f: A— B and a subset E C A we denote by f|g the restriction of f to E. Moreover, for d € N
and v € R? we write ||v]| for the Euclidean norm of v. For n € N and —o0 < a < b < o0
we denote by B(R™) and B(C([a,b])) the Borel o-fields on R™ and on C([a,b]), respectively,
where the latter space is equipped with the supremum norm. For S being a finite product of the
latter two spaces we denote by B(.S) the Borel o-field on S generated by the respective product
topology.

3. A FAMILY OF SDES WITH SMOOTH AND BOUNDED COEFFICIENTS

Throughout this article we study SDEs provided by the following setting.

Let T' € (0,00), let (€2, F,IP) be a probability space with a normal filtration (F)ycpo,7], and
let W: [0,7] x Q — R be a standard (F¢).e[o,r)-Brownian motion on (€2, F,P).

Let 0 < 71 <7 < T and let f,g,h € C°(R) be bounded and satisfy supp(f) C (—o0, 1],

inftE[O,Tl/Q] ’f/(t)’ >0, supp(g) - [7-177—2]7 g 7é 0, Supp(h) - [7—2700)7 and fg; h(t) dt 7é 0.
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For every ¢ € C®(R) let u¥: R* — R* and o: R* — R* be given by
p¥(x) = (1,0,0,h(x1) - cos(29(x3))),
a(z) = (0, f(z1),9(z1),0)
and consider the following 4-dimensional system of SDEs
dXV(t) = pt (XY () dt + o(XY(t)dW (t), te][0,T],

®) X¥(0) =0.

Remark 1. Note that for every ¢ € C*°(R) the functions ¥ and o are infinitely often differ-
entiable and bounded.

Remark 2. It is easy to see that for every ¢ € C°°(R) the SDE (B]) has a unique strong solution
given by

min(t,71)
Xt =t, XY= /0 £(s) W (s),

min(t,72)

(4) XY (1) = 14, 71(1) - / o(s) W (s),

min(t,71)
XU(t) = 1y 9(¢) - cos (X2 (r) (X (1)) - / h(s) ds

T2

for all ¢t € [0, 7).

4. ADAPTIVE STRONG APPROXIMATIONS

Let 6 € (0,T]. We study general strong approximations of X¥(T) based on (W(t))te[s,r) and
on finitely many sequential evaluations of W in the interval (0,9). Every such approximation
X: Q — R* is defined by three sequences

© = (Pn)nen, X = (Xn)neNs ¢ = (Pn)nen

of measurable mappings

on: RPUx RETT 5 (0, 6),
(5) Xn: R® x RET 5 €01},

bn: R* x ROT 5 RE,
The sequence ¢ determines the evaluation sites of a trajectory of W in the interval (0,6). The
total number of evaluations is determined by the sequence x of stopping rules. Finally, the
sequence ¢ is used to obtain the approximation to X w(T) from the observed data.

More precisely, let w € €, let w = W{(w) be the corresponding trajectory of W and put

v = (w(t))es,r)- The sequential observation of w starts at the knot ¢;(v). After n steps the
available information is then given by D, (w) = (y1,...,Yn,v), where y; = w(p1(v)), ..., yp =

w(en(Y1s- -, Yn—1,v)), and we decide whether we stop or further evaluate w according to the
value of x,,(Dy(w)). The total number of observations of w in the interval (0, 0) is thus given by

(6) v(w) =min{n € N: x,,(D,(w)) = 1}.
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If v(w) < oo, then the data D, (w) is used to construct the estimate ¢, (,)(D, () (w)) € R

For obvious reasons we require that v < oo P-a.s. Then the resulting approximation is given
by

X = ¢,(D,).
Without loss of generality we assume that
(7) on(ylu"wyk—hv) #@l(yla"'uyl—hv)
for all y € R, all k,l € N with k # [ and all v € C([6,T]). We put

~

c¢(X) =Ey,

that is the expected number of evaluations of the driving Brownian motion W in the interval
(0,6). We denote by X? the class of all methods of the above form and for N € N we put

Xy ={X e X: ¢(X) < N}.

Clearly, Xyt C X% for all 0 < d < 6 < T and all N € N.

Let us stress that the class X’ ]‘\5, contains in particular all methods from the literature, which
use a step size control based on N sequential evaluations of W on average, see e.g. [0, 291 30
27, 34), 22, 13], [14] and the references therein. Moreover, X ]‘E, of course contains all nonadaptive
approximations u(W (s1),..., W (sn), (W(t))e[s.11) based on N evaluations of W at fixed time
points s1,...,sy € (0,6) and on (W(t))e(s,7], as studied in [20]. In the latter case one can take
any sequences , x and ¢ satisfying

on=s8pforn <N, x1=...xny-1=0,xny =1 and ¢n = u.

5. MAIN RESULTS

Assume the setting in Section [3] and put

T2 T
(8) a= it |fOP f=[ Qwdn = / () dt
€0 /2] . -
as well as
7T2 Tt
_re(-T -3 yep(=TF)
cl = cg=——272,

41

Our main result is stated in Theorem [0l It provides a uniform lower bound for the mean
absolute error of any strong approximation of X¥(7T') that is based on (W(t))iels,r) and on N
sequential evaluations of W in the interval (0, ) on average in the case that 1) is positive, strictly
increasing and satisfies lim;_,o 1¥(2) = 0o as well as 1 € ¥(R). See Section [@ for the proof.

Theorem 1. Let § € (0,T] and let p € C°(R) be positive, strictly increasing with limy,_,o () =
00 and 1 € ¢(R). Then for all N € N and all X € X§, we have
C2

S _ 2
) EIIXY(T) = X|| = e exp(—5 - (07 (1 + 1/ ammomar) V) ) — &
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As a consequence of Theorem [Il we obtain a non-polynomial decay of the smallest possible
mean absolute error of strong approximation of X¥(T') based on (W(t))sejs,r) and on N sequen-
tial evaluations of W in the interval (0,0) on average if 1) additionally satisfies an exponential
growth condition.

Corollary 1. Letd € (0,T] and let p € C*°(R) be positive, strictly increasing with lim,_,~ () =
oo and 1 € P(R). Moreover assume that for all ¢ € (0,00)

li_)m ¥(z) - exp(—qx?) = co.
Then for all g € (0,00) we have

lim (NY. inf E|X%(T) - X|) =
Ngnoo( Xléaxé | X¥(T) — X))

Proof. The assumptions on the function ¢ ensure that for all ¢ € (0, 00)

: 1 -1 / 96 3\)2))
(10) ]\}1_H>100(Nq ’ eXp(_B ’ (¢ ((1 + a(min(8,71/2))3 )N )) )) =0,
see Lemma 4.5 in [20]. This in particular implies that there exists Ny € N such that for all
N > Ny

‘1 1 -1 96 3))2 2
D) ‘eXP(_B S (1 + a(min(6,71/2))3)N ))7) = N
Employing Theorem [I] we therefore conclude that for all N > Ny

- vy X > & _1 (! ____9% ___\N3
XléligEHX (1) - X| = 9 exp( B (v (1 + a(mln(571/2)) 3)N )))

The latter estimate and (I0) imply the statement of the corollary. O

The following result shows that the smallest possible mean absolute error of strong approxi-
mation of X¥(T') based (W (£));es7) and on N sequential evaluations of W in the interval (0,6y)
on average may converge to zero arbitrarily slow even then when the sequence (dx)nen tends
to zero with any given speed.

Corollary 2. Let (any)nveny C (0,00) and (dn)nen C (0,7T] satisfy limy_ooany = 0 and
limy_y00 O = 0. Then there exists k > 0 and ¢ € C*°(R) such that for all N € N we have

inf E|XY(T) - X|| > & - an.
XEX

Proof. We proceed similar to the proof of Corollary 4.3 in [20]. Without loss of generality we
may assume that the sequences (an)nyen and (dn)nen are strictly decreasing. Let

Nozmin{NEN:aN—FCNzgcl}
and for N > Ny put
by = /=AML (o + %)), dv = (1 smmrs) V.

Note that the sequences (bN) N>N, and (dn)n>n, are strictly increasing and satisfy

lim by = hm dny = o0.
N—o0 N—oo
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Define a function ¥: R — R by

dNO-(l—eXp(ﬁ)), 1f$<bN0,
b(z) = dn, o if = by and N > N,
dv—1+ N _1 N=1 > ifx € (by_1,bn) and N > Np.
1+ exp(m—bN,l - bN—x)

Then 1) is positive, strictly increasing, infinitely often differentiable and satisfies
lim, o0 ¥(2) = 00 as well as 1 € Y(R).
For N € N put
ey = inf E|X¥(T) - X]|.
Xexly
Theorem [ implies that for all N > Ny

ev > enexp(—h - (07 dw))?) — 2 = er - exp(—§ - 0]) — 2 = an.
Since the sequence (ey)nen is decreasing hence for all N € {1,2,..., Ny}

EN = ENy = AN,-

Using the assumption that the sequence (an)nyen is strictly decreasing we therefore conclude
that for all N € N a
ey > min{l,an,/an} - an > No an,
ai

which completes the proof of the corollary with k = ay,/a;. O

6. PROOF OF THEOREM [I]

Let 6 € (0,7] and let X € &° be given by sequences ¢ = (¢n)nens X = (Xn)nen and
¢ = (¢n)nen, see ([@). Recall the definition (@) of v. We first determine the regular conditional
distribution PWIP

For n € N put

Sp={s€(0,0)" : |{s1,...,sn} =n}.
ForneN, s € S,, y € R" and v € C([d,T]) define functions

Msyw: [O,T] — R and R;: [O’T]2 — R

as follows. If 1 < ... < s, put so =90 =0, $p+1 = 0 and y,+1 = v(d) and let

e () = sks_’“s_kil “Yg—1 + stk__S;“I:l Yk, ift€ [sp_1,s) for ke {1,...,n+ 1},
87 7v - .
Y o(b), if t € [6,7)
as well as
(sx—max(r,t))-(min(rt)—sp—1) .
, ifrtelsp_q1,8:) for ke {l,... ,n+1},
Rs(ra t) - kT Ek [ ol k) { }
0, otherwise,
for r,t € [0,T]. Otherwise put
m57y7U = m(sw(l)7"'757r(n))7(y7r(1)7"'7y7r(n))7v7 RS = R(Sw(l)v"'vsw(n))7



8 YAROSLAVTSEVA

where 7 is the permutation of {1,...,n} such that s ;) < ... < 8z(n)-
Forne N, yeR", ve C([6,T]) and k =1,...,n put
(11) S%,U = (;Dk(ylv"wyk—bv)-
Note that due to the assumption (7)) we have |{s?"",...,s%"}| = n. Let @, denote the Gaussian

measure on ‘B(C([0,77)) with mean m(Qy,») = Msyvy, and covariance function R(Qy.) =
Rgy.v. Consider the measurable space

(12) (Q1, F1) = (UR"XC’ ([6,77) (U% " O] 5T])))>

It is easy to see that D, : Q — €y is F-F; measurable. Define the mapping
K:Q x%B(C([0,7])) — [0,1]
by
K((y,v),A) = Qyo(A)

for all y € D R™ v € C([6,T]) and A € B(C([0,T1))).
n=1

Lemma 1. K is a version of the reqular conditional distribution PWIPv.

In the case of § = T the statement of Lemmal[l]seems to be well-known, see, e.g., [15] 28] 291 30],
but a proof of it seems not to be available in the literature. If, additionally, v is constant then
Lemma [Tl follows from Lemma 2.9.7 in [36] p. 474], but measurability issues have not been fully
addressed in the proof of the latter result. For convenience of the reader we therefore provide a
proof of Lemma [ here.

Proof. Clearly, for all (y,v) € € the mapping
B(C([0,T]) > A= K((y,v), 4) €[0,1]

is a probability measure on B(C([0,T])).
Next, let A € B(C([0,77])). We show that the mapping

(13) 0 3 (y,v) = K((y,v), 4) € [0,1]
is F1-B([0, 1]) measurable. For n € N, s € S,, and u € C(]0,]) define a function
Fs.u:[0,T] = R
by
Foo(t) = {U(t) = Mg (u(s1),..u(s0)),0 (1) ifre [0, 4],
0, ift € (6,7
for t € [0,T]. It is easy to see that for all (y,v) € Oy

Fy,uv(w t —i—7n\y,11Y ,
Quo = B OhctonFer

and therefore for all (y,v) €

(14) K((y,v), A) = / LA(Fun 4+ migner o) POV Ot (dy).
c(04)
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Clearly,
{((y,v),u) € Q x C([0,0]) : Favw o+ mavoyo € A} = | J Ap,

n=1
where
A, ={(y,v,u) e R" x C([6,T]) x C([0,6]) : Fgvvo yy + Mgvw o € A}
for n € N. The measurability of the functions ¢,, n € N, imply that for every n € N the mapping
R" x C([6,T]) 2 (y,v) — sV € S,
is B(R™ x C([6,T])) -B(S,,) measurable. Thus, observing that for every n € N the mappings
Sn x C([0,48]) > (s,u) — Fs,, € C([0,T7)

and
Sp X R" x C([6,T]) 3 (s,y,v) = My € C([0,T7])

are continuous we conclude that for every n € N the mapping
R"™ x C([0,T]) x C([0,6]) 2 (y,v,u) = Fsyvy + Mgy oo € C([0,T])
is B(R™ x C([6,T]) x C([0,4])-B(C([0,T])) measurable. Hence for every n € N
A, € BR" x C([6,T]) x C(]0,4])) C F1 @ B(C(]0,4])),
which implies that the mapping
Q1 x C([0,0]) > ((y,v),u) = 1a(Fspv 4 + Mgy y0) € R

is F1 @ B(C(]0,9])) - B(R) measurable. Using (I4) and employing Fubini’s theorem we thus
conclude that the mapping (I3)) is F; - B([0, 1]) measurable.
Finally, let A € B(C(]0,7])) and E € F;. We show that

(15) PUW € A} 0{D, € ) = [ K((3.0).4) B> (d(y.0)).
We have
{D, e Eyn{v <o} = J{Dy € E}n{r=n})
n=1

n—1
(1D € BYN {xa(Dn) = 13 00 (| {xe(Dx) = 0})

k=1

n=1
U{Dn e EnCy},
n=1

where C), € B(R" x C([4,T])) is given by

n—1

Cr = X7 ({1 NV {y0) R x C([6,T]) : (w1, yrsv) € x5 ({01}
k=1
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for n € N. Since v < 0o a.s. we thus obtain

P{W € A}n{D, € E}) = iP({W e Ayn{D, € ENC,})

n=1

W\Dn ) D, o).
—Z /E P (4) PP (d(y,v))

Similarly to the proof of Lemma 2.9.7 on page 474 in [36] one can show that for all n € N and
all G € B(R™ x C([6,T1]))

/ PWIDu=(u)( 4) PP (d(y / Qyo(A) PP (d(y, v).
G

Hence

P{W € A} N {D, € E}) = Z /E . Quel4) PP v)

Dn v)).
—Z/m A) PP (d(y, v)

Since PP (G N C,,) = PP7(G) for all n € N and all G € B(R" x C([6,T])) we thus conclude

B((W € 4} 1 (D, ¢ E}) = Z ey K104 B0

which implies (I5) and completes the proof of the lemma. O

Next, assume that 5 € (O 7'1] let n € N,y € R" and v € C([0,T]). Recall the definition (I
of the time points s"*, ..., s" and put

(16) U =0, su, =5
Let 7 be the permutation of {0,...,n + 1} such that 3?(0) <. . < sz’( +1) Let i* € {0,...,n}
and put

(17) to = Sﬂ(l ) t1 = Sfr’(tz}'*—i-l)'

Define mappings

W C([0,T7) — C([0,to] U [t1,71]), B: C([0,T]) — C([to, t1])

by

(18) W(w) = w|[0,to}U[t1,Tﬂ

for w € C([0,T]) and
t1 —t t—to

(19) B(w)(t) = w(t) - 2 Lu(tg) - i)
1 —to t1 — 1o

for w € C([0,T]) and t € [to,t1]. In the following lemma we present properties of the measures
Qy v 51) and Q;‘X’B), which will be used in the proof of Theorem [I1
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Lemma 2. We have

(1) ngv is the Gaussian measure on B(C([0,to] U [t1,71])) with mean

m(Qy),) = Msve yolo.to]ufts,m] @nd covariance function R(Q),) = Rsve|((o.t0]uftr,m))2-
(ii) 51; is the Gaussian measure on B(C([to,t1])) with mean m( gv) = 0 and covariance

function

t1 — max(r,t)) - (min(r,t) — g
R(QE ), 1) = LB ) ZH0) )
’ t1 —to

(i) QF, = ;7
) W,B W
() @u™” = Q) x QP

Proof. The property (i) is obvious. Since B is a linear continuous mapping hence in is a
Gaussian measure. Next, observe that for all ¢ € [to,?;] we have

t—t t—to
m(Qy,v)(t) = t—to Yn(iv) T ﬂyn(i*ﬂ)-

In particular, for all t € [tg, t1],

t —t t—to

(20) m(Qy.v)(t) — ﬁm(Qy,v)(tO) - mm@y,v)(tl) =0.
Hence for all t € [to, 1],
B(t) = b(t)QE  (db
m@O= [ o0Qg @)
B ot it
B C([O,T])( ty — tow(to) t1 — tow(t1)>Qy’v(dw)
= m(@u)(t) ~ —m(Qua)t0) — e (Qy) (1) =0
1 0 1 0

and for all r,t € [to, 1],

R( ﬁv)(nt)Z/C([t tD(b(T)—m( p) (1)) - (b(8) = m(Qy) (£)) Qy, (db)
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and hence
RN = [ (1) = m(@ua)() ~ (i) — m(@ue)0)
— T w(t) = m(Qy)(0)))
(w(t) = M@ 1) = T (w(te) = m(Q) ()
— i w(tr) = m(Qy) (1)) Q)
= RQua)(rt) = £ R(Qua)(10) — L R(Qu)rt1)
— P (RQuat0:) = = Ryt to) = T R(Quu)lto. 1)
=t t —t t—to

(R(Qua)(t11) = =g RQua)t1, o) = = R(Qua) (1, 10)).

Observing that R(Qy,.)(to,t) = R(Qy)(t1,t) = 0 for all t € [ty,t1] we thus obtain

R(Qy)(r,t) = R(Qyo)(r 1)

for all r,¢ € [to,?1], which completes the proof of (ii). The property (ii) implies that Q, B
is the Gaussian measure on B(C([to,t1])) with mean m(QyUB ) = 0 and covariance function
R(Q,, By = R( v B ), which yields the property (iii). Next, we prove (iv). Using the properties
(i), (ii) as well as (20) and the fact that R(Qy.)(r,t) = 0 for all 7 € [0,t0] U [t1, 1] and t € [to, t1]
we obtain

/ (W (w)(r) = m(QY,) (1) - (B(w)() = m(QF,)(1)) Qy(dw)

t1 — to

c(o.T)
- /C([O7T})(w(r) —m(Qy)(r)) - <w(t) - ttll_—;w(to) - ti__tfow(h»Qy,v(dw)
_ /C oy ) = mQu)() - (w(t) = m(Quu)(t) = P (wlto) — m(Qua) o)
o ttl__t,?o (w(t1) — m(Qy,v)(tl))>Qy,v(dw)
= R(Qyn)(r,t) — ER(Qy,v)(T, to) — ! __tL? R(Qyu)(r,t1) =0
1 0 0

for all r € [0,0] U [t1,71] and t € [to, 1], which means that W(r) and B(t) are uncorrelated.
This and the fact that QZYU and Qf’v are Gaussian measures implies (iv).
O

In the proof of Theorem [Il we employ the following lower bound for the first absolute moment
of the sine of a normally distributed random variable, which is a generalization of Lemma 4.2
from [20], where a centered normally distributed random variable has been considered.
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Lemma 3. Leta € R, 7 € [1,00), and let Y : Q — R be a N(a, 72)-distributed random variable.
Then

2

exp(—%)

V8r

The proof of Lemma[lis a straighforward generalization of the proof of Lemma 4.2 from [20].

We now proceed with the proof of Theorem [I1

We first consider the case & € (0,71/2]. Let N € N be such that X € X% We may then
assume that X € X %41 and that X uses the evaluation site §/2. Let b € C*(R) be positive,
strictly increasing with lim,_,o, 1(z) = co and 1 € ¥(R). Using Remark 2, the assumptions on
the functions f and g and It6’s formula we obtain that P-a.s.

E[sin(Y)[] >

(21) XY (r) = - /0 T POw @, XP(m) = - / " Wb,
Thus, P-a.s.
(22) X{(T) = F(W),

where F': C([0,T]) — R is given by

F(w) =~ - cos (/071 f(t)w(t)dt - w(— /T2 g'(t)w(t)dt))

T1

and v is defined in (8). Recall the definition (I2]) of the measurable space (€21, F1) and define a
function G': Q; — R* by

G(y7 U) = ¢n(y7 U)

for y € R™ and v € C([6,T]). Due to the measurability of the functions ¢,, n € N, the function
G is F1-B(R*) measurable. Moreover,

(23) X = ¢,(D,) = G(D,).
Let pr,: R* — R denote the projection to the fourth component. Due to ([22]) and (23] we have
(20)  E|X{(T) — Xa| = E[F(W) — pry(G(D,))] = E (E(F(W) — pry(G(D,)] | D).

Lemma [[limplies that for PP»-a.a. (y,v) € O
(25) E(|F(W) — pry(G(D)|| Dy = (y,v)) = /C([O - |F(w) — pry(G(y,v))| Qyu(dw).
Fixn € N, y € R” and v € C([0,T]). We show that

/ |F(w) — pry(G(y,v))| @y u(du)
c([0,17)

2

(26) > TP (Ve (- [ o))

T1
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where « is given by (). Recall the definitions (II]) and (Iﬂ}]) of the time points s{', ..., sV,
let m be the permutation of {0,...,n + 1} such that sfr’( 0 <o < s¥ (U and let ¢y and t; be

given by ([IT) with

(27) # =min{i € {0,...,n} : |s"

+1)?
i) ~ Sewl = 0/(n+ 1)}
Put

Cy = C([0,t0] U [t1,71]), Co2=C([to,t1]), C3=C([r1, 7)),
let W: C([0,T]) — Cy and B: C([0,T]) — Cs be given by (&) and (). respectively, and define
W:C([0,T]) — C5 by

W(w) = w‘[n,rg}

for w € C([0,T]). Moreover, define mappings Hy: C; — R, Hy: Cy — R, H3: C3 — R and
J:C1><C2X03—>Rby
t t—1g -
t — o

i(to) ) de + U @t

t1

t_
(t1)+t
1 — o

me) = [ roaw s [

0 to

7o (
Hy0) = [ f@)bydt, Hyw) = - / g mnyt

to T1
as well as
J(w,b,w) =~ - cos((Hl(f[E) + Hy(b)) -w(Hg(@)))
for w € Cq, b € Cy and w € C3. We then have
F=J(W,BW).

Clearly, _v is the dirac measure concentrated at v|;, . Using Lemma [(iii),(iv) and the

triangle inequality we thus obtain

/ F(w) — pry(Gly, 0))| Qyo (dw)
c([o,11)
- / TGl ) — PG, 0)] Q1 () QU (4)

/ / (1, b, 0]y ) — D2 (G5 0))|
Cq C’g N
+ ‘J(w7 _bﬂ]‘[n,rz}) - pr4(G(y,’u))]) B (db) gI//V,v(d{E)

1 _
2/ / —]J(w,b,v][ﬁﬂ])—J(w,—b,fu][ﬁﬂ])]Qﬁ (db)QW (dw).
cy Joy 2

Put z = Hs(v| ). The fact that for all z,y € R

[71,72]

cos(z) — cos(y) = 2sin(¥5%) sin(452)
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thus implies

/ IF(w) — pra (G5, v))] Qyo(duo)
c([o,17)

>q [ |sin(Hy(@) - (2))| QU (d@) - [ |sin(Ha(b) - v(2))| QZ,(db)

C1 C2

= sin(y - ¥(z HI(W sin
—7/R| (y-¥(2)| Qys ()/RI (y- 9(2))| Q427 (dy).

Due to Lemma[2(i),(ii), QZ‘Z and va are Gaussian measures on B(C7) and B(Cs), respectively.

Since the mappings Hq, and Hs are linear and contlnuous we conclude that QHI(W and QH2(B

are Gaussu—m measures on B(R). Let m1,0? and ma, 07 denote the mean and the variance of

Hl and QHQ( , respectively. Applying Lemma [3] we obtain
2
exp (%)
> —— 11 .
[ tsinty- vl @) = TEZ 1y - (2)
as well as
exp(— %)
in(y - H2(B) (qgy) > 287 1 .
| tsinty - vl @4 ) = FE 1 fon - ()
Hence

™

e o [T = Pra(G10: )] Q) > ORI sy minior, 02) - 002).

Next we derive lower bounds for o7 and 3. Due to Lemma [E(ii) we have

t1
my= [ H®)QP () = [ 1) m(QF,) @) dt =0
Cz to
as well as
t1
o= [ ) - mrQfan = [ ["16) 50 m@E e
to
/ £t)- (t1 — max(r, t)) < (min(r,t) — to)drdt.
to t1 —to
It is easy to see that for all a,b € R with a < b
: _ )3
(29) / / — max(r,t) ) (min(r, t) a)drdt _ (b—a) ‘
—a 12
Moreover, the assumption infycpo -, /2] [ f/ ( )| > 0 implies that for all ,¢ € [0, 7 /2]
(30) fio)-f@)y=11) f) = e

Observing (27) we thus obtain

a(tl — t0)3 > 0453

1 2> .
(31) 2= 10 T 12(n+ 1)
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Put s; = 52", fori =0,...,n+ 1 as well as s,42 = 71. Clearly,
m(7) +

m = [ H(@)QV,(dm) = /Ml ) t)dt

1 i€fo0,.. ,n+1}\{z

+A’ﬂwU‘“m<mwn+§jﬁmZ%%ﬁw

t —to

Hence

<Hmm—mw@mwm

1

Q
Ll NV
Il

S

-/ ( /Ml (1) — m(QU)(0)ds
€1 Yieqo,.. ,n+1}\{z Si
-/ ﬂ@-ii?-@ao—m<ﬁbm»w
+t0ﬁm Pl (@) — mlQY) (t)de) QY (0.

Lemma [2(i) implies that R(QW ) (7, t) =0 for all r € [s;,si41] and t € [sj,sj41] and all 4,5 €
{0,...,n} with 7 # j as well as R(Q, W(r,t) =0 for all v € [0, 7] and ¢ € {tg,t1} U [Sps1, Snta)-

y,v

Thus
Si4+1 37,+1
o= / Ja R(QY,)(r.t)drdt
1€40,.. ,n}\{z S S
j/&+lj/&+l . L1 = max(r ) - (min(rot) =5) )
i€fo,.. ,n}\{z si Jsi S+l Si
Using (30), ([29) and the Hélder inequality we therefore obtain
st 8”1 i1~ ;1)) - (min(r,t) —s;
/ / o (Sit1 max(r' ))_(@111(7’ )—s )drdt
s Si+1 Si
26{0, 7n}\{z ¢

- 3
> el Z | (8i+1— si)
0, (i)
« 3 «
Z o7 ( Z (siv1—8i))" = ——5 - (6 = (t1 — t0))*.
n ) ) 12n
0, N\ (i}

The assumption that X uses the evaluation site § /2 implies that ¢; — tg < §/2. Hence
3
P
71 = 96n2°
The desired lower bound (26]) follows from (28], [BI) and (B2)).

(32)
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We conclude from (24]),[25]) (26) and (1)) that

2

(33) E|XZ}(T) — )?4| > %(ﬂ__%) P<{¢(X§l}(7'2)) > gfgss })

Put
A={e(x{ () = (1+ 1/ 2N}, B={v< N2,

Clearly,
P({uxd(m) > /22 1) = B({u(x} (m) 2 /22 } 0 v < N%))
(34) > P(AN B) > P(A) — P(B°).

17

Note that X;f (12) ~ N(0,8), where S is given by (8). Moreover, the assumption that v is

continuous with limg_, ¥(x) = 0o and 1 € ¥(R) ensures that

(14 4/ Z)N? € y(R).

Hence
P(A) = P({X;f(a) >y (14 25)N%) })
oy <+ )
e S
> ﬂlﬂ—ﬂ exp( 5 (e (N
& zex";;)-exp(—%-w—l((H E)V)).

By the Markov inequality and the fact that Xex ]‘E, 415

EV<N+1<£

(30) PB) < 35 < xS

Estimates (33), (34), (B35) and (36]) imply (@), which completes the proof of the theorem in the

case § € (0,71/2].

If 6 € (11/2,T] then the lower bound (@) follows from the fact that X§ C X;,l/ ? and the lower

bound (@) in the case 0 = 71/2.
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