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Abstract

The celebrated Hérmander condition is a sufficient (and nearly necessary) condition for a second-order
linear Kolmogorov partial differential equation (PDE) with smooth coefficients to be hypoelliptic. As a
consequence, the solutions of Kolmogorov PDEs are smooth at all positive times if the coefficients of the
PDE are smooth and satisfy Hormander’s condition even if the initial function is only continuous but not
differentiable. First-order linear Kolmogorov PDEs with smooth coefficients do not have this smoothing effect
but at least preserve regularity in the sense that solutions are smooth if their initial functions are smooth.
In this article, we consider the intermediate regime of non-hypoelliptic second-order Kolmogorov PDEs with
smooth coefficients. The main observation of this article is that there exist counterexamples to regularity
preservation in that case. More precisely, we give an example of a second-order linear Kolmogorov PDE with
globally bounded and smooth coefficients and a smooth initial function with compact support such that the
unique globally bounded viscosity solution of the PDE is not even locally Holder continuous and, thereby, we
disprove the existence of globally bounded classical solutions of this PDE. From the perspective of probability
theory, this observation has the consequence that there exists a stochastic differential equation (SDE) with
globally bounded and smooth coefficients and a smooth function with compact support which is mapped by
the transition semigroup of the SDE to a non-locally Holder continuous function. In other words, degenerate
noise can have a roughening effect. A further implication of this loss of regularity phenomenon is that
numerical approximations may convergence slower than any arbitrarily small polynomial rate of convergence
to the true solution of the SDE. More precisely, we prove for an example SDE with globally bounded and
smooth coefficients that the standard Euler approximations converge to the exact solution of the SDE in the
strong and numerically weak sense slower than any arbitrarily small polynomial rate of convergence.

1 Introduction and main results

The key observation of this article is to reveal the phenomenon of loss of regularity in Kolmogorov partial
differential equations (PDEs). This observation has a direct consequence on the literature on regularity analysis
of linear PDEs, on the literature on regularity analysis of stochastic differential equations (SDEs) and on the
literature on numerical approximations of SDEs. We will illustrate the implications for each field separately.

Regularity analysis of linear partial differential equations Let d,m € N := {1,2,...} be natural
numbers, let g = (1,2, ptm): RY — R? and ¢ = (01,02,...,0,): R — RY™ be infinitely often
differentiable functions satisfying the coercivity property that there exists a real number p € R such that
(z,u(x)) < p(1+]=[?) and ||U($)||2L(Rm,lad) < p(1+]z[?) for all z € R* and let ¢: R? — R be a globally
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bounded and continuous function. Then we consider the second-order PDE

m

d d
Lu(t,x) = % Z Zai7k(x) coj k() - #;wju(t, x)+ Zui(x) : a%iu(t,x) (1a)

i,j=1k=1
u(0,z) = p(z) (1b)

for (t,x) € (0,00) x R%. The PDE (1) is referred to as Kolmogorov equation in the literature (see, for example,
Cerrai [5], Da Prato [10], Rockner [63], Rockner & Sobol [64]; it is also referred to as Kolmogorov backward
equation or Kolmogorov PDE, see, e.g., Da Prato & Zabczyk [11], @ksendal [58]). It has a strong link to
probability theory and appeared first (in a slightly different form; see display (125) in [44]) in Kolmogorov’s
celebrated paper [44]. Corollary 4.11 in Section 4 below implies that the PDE (1) admits a unique globally
bounded viscosity solution. More precisely, Corollary 4.11 proves that there exists a unique globally bounded
continuous function u: [0,00) x R — R such that U] (0,00)xR¢ 18 @ Viscosity solution of (la) and such that
u(0,z) = @(z) for all z € RY. In this article, we are interested to know whether solutions u of the PDE (1a)
preserve regularity in the sense that ul(g o)xre is smooth if the initial function u(0,-) = ¢(-) is smooth. In
particular, we will answer the question whether smoothness and global boundedness of the initial function
¢: R? — R implies the existence of a classical solution of the PDE (1).

In the case of first-order Kolmogorov PDEs with smooth coefficients, that is, o = 0 in (la), regularity
preservation of solutions of (la) is well known. More precisely, if o(z) = 0 for all z € R? and if the initial
function p: R? — R? in (1b) is smooth, then it is well known that there exists a unique smooth classical
solution of (1). In this sense, the PDE (1a) is reqularity preserving in the purely first-order case o = 0. In
the second-order case o # 0, the situation may be even better in the sense that the PDE (1a) often has a
smoothing effect. More precisely, if the PDE (1a) is hypoelliptic, then by definition solutions u of the PDE (1a)
are smooth in the sense that u|(g o)xr« is infinitely often differentiable even if the initial function u(0,-) = ¢(-)
is only continuous but not differentiable. In the seminal paper [32], Hormander gave a sufficient (and also nearly
necessary; see the discussion before Theorem 1.1 in [32] and Section 2 in Hairer [27]) condition for (1a) to be
hypoelliptic; see Theorem 1.1 in [32]. To formulate Hérmander’s condition, define the vector field og: R? — R?
through oo(z) = p(z) — 1 371" o} (2) ok (2) for all z € R%. Then the Hormander condition is fulfilled if

span{ o, (), [0y, 03, (2), [[049, 041 ), 04y | (), . .. € Rt g, 1,40, ... € {0,1,...,m},ig #0} = R? (2)

for all z € R where [f,g](z) := f'(z)g9(z) — ¢'(x) f(x) for all z € R? is the Lie-bracket of two smooth vector
fields f,g: R? — RY. Consequently, if Hormander’s condition (2) is satisfied, then the PDE (1) admits a unique
globally bounded smooth classical solution even if the initial function ¢: R — IR is assumed to be continuous
and globally bounded only. Clearly, there are many cases where the Héormander condition (2) fails to be fulfilled
and where (1a) is not hypoelliptic, e.g., if ¢ = 0. To the best of our knowledge, regularity of solutions of the
PDE (1a) is in general unkown in the non-hypoelliptic case.

In this article, we address the question whether the second-order linear PDEs with smooth coefficients of
the form (1a) at least preserve regularity in the non-hypoelliptic case. The following Theorem 1.1 answers this
question to the negative. More precisely, the key observation of this article is to reveal the phenomenon of loss
of regularity in the sense that the solution u of the PDE (1) starting in a smooth function u(0,-) € Cg (R, R)
with compact support may turn into a non-differentiable function u(t,-) ¢ C*(R% R) for every positive time
t € (0,00). In analogy to the well-known “smoothing effect” in the hypoelliptic case, we will say in the case
of loss of regularity that the PDE (1la) has a roughening effect. Here is a simple two-dimensional example

with polynomial p and linear o which has this roughening effect. In the special case d = 2,m = 1 and
w(z) = (21 - 22, —(21)?) and o(z) = (0,22) for all & = (x1,22) € R?, the PDE (la) reads as

22)2 2
Du(t,x) = 2. azul(t,@) + 12z - ghou(t,2) — (21)* - 52 u(t,2) (3)

for (t,z) € (0,00) x R2. Theorem 2.1 and Corollary 4.11 below imply that there exists an infinitely often
differentiable function ¢ € ngt (R?,R) with compact support such that the unique globally bounded viscosity
solution u: [0,00) x R* — R of the PDE (3) with u(0,:) = ¢(-) has the property that u|(g oc)xgre is not
differentiable and not locally Lipschitz continuous. In particular, we thereby disprove the existence of a globally
bounded classical solution of the PDE (3) with u(0,-) = ¢(:). The drift coefficient p of the PDE (3) grows
superlinearly. One could wonder whether the roughening effect of example (3) is due to this superlinear growth
of pu. To exclude this possibility, we prove for an example PDE with globally bounded and smooth coefficients
that there exists a smooth initial function with compact support such that the solution w is not even locally
Holder continuous; see Theorem 1.1 below. In particular, Theorem 1.1 implies that, in general, the PDE (1) does
not have a classical solution even if the coefficients and the initial function are globally bounded and infinitely
often differentiable.



Theorem 1.1 (Disprove of the existence of classical solutions of the Kolmogorov PDE with smooth and globally
bounded coefficients and initial function). There exists a natural number d € N, a globally bounded and infinitely
often differentiable function p: R — R, a symmetric nonnegative matriz A = (Aij)ijei2,...dy € R4 gnd
an infinitely often differentiable function ¢ € szt(le, R) with compact support such that there exists no globally
bounded classical solution of the PDE

d d
2
Su(t,x) = E Aij - #&WU(@@“) + E pi() - ga-ult, )
ij=1 i=1 (4)
u(0,z) = o(x)

for (t,z) € (0,00) x R%. In addition, there exists a unique globally bounded viscosity solution u: [0,00) x R — R
of (4) and this function fails to be locally Hélder continuous.

Theorem 1.1 follows immediately from Corollary 4.11 in Section 4 and from Theorem 3.1 in Section 3.
More precisely, Corollary 4.11 and Theorem 3.1 imply that there exists an infinitely differentiable function ¢ €
Copt (R3,R) with compact support such that the unique globally bounded viscosity solution u: [0,00) x R? — R
of the PDE

Lult,x) = %u(t,x) + cos(z3 exp([z2]*)) - %u(t,x) (5)

with initial condition u(0,x) = ¢(x) for (t,z) = (t, 21,72, 23) € (0,00) x R? is not locally Holder continuous.
In particular, the PDE (5) with u(0,-) = ¢(-) has no globally bounded classical solution. The PDE (5) has
a globally bounded and highly oscillating drift coefficient and a constant diffusion coefficient and serves as a
counterexample to regularity preservation for Kolmogorov PDEs. An SDE with a globally bounded and highly
oscillating diffusion coefficient and a vanishing drift coefficient has been presented in Li & Scheutzow [49] as
a counterexample for strong completeness of SDEs. It is interesting to observe that the PDE (5) without the
second-order term on the right-hand side of (5) preserves regularity and has a smooth classical solution, and
that the PDE (5) without the first-order term on the right-hand side of (5) also preserves regularity and has a
smooth classical solution. Thus, the roughening effect of the PDE (5) is a consequence of the interplay between
the first-order and the second-order term in (5). We add that Theorem 3.4 in Section 3 is a stronger version of
Theorem 1.1 in which the roughening effect appears on every arbitrarily small open subset of the state space; see
Section 3 and also Theorem 1.2 below for more details. Note that the coefficients in our counterexample PDE (5)
are analytic functions and that the initial function ¢: R? — R may be chosen to be analytic (see Theorem 3.1 for
details). We emphasize that this does not contradict the classical Cauchy-Kovalevskaya Theorem (e.g., Theorem
4.6.2 in Evans [18]) proving existence, uniqueness and analyticity of solutions of PDEs with analytic coefficients
as the Cauchy-Kovalevskaya Theorem applies to (4) in the case A = 0 only. Moreover, we would like to point out
that Theorem 1.1 does not contradict to Theorems 7.1.3, 7.1.4 and 7.1.7 in Evans [18] which show the existence
of a unique classical solution of (4) if A is strictly positive (note that A in (5) is nonnegative but not strictly
positive).

Theorem 1.1 shows that a general existence theorem for globally bounded classical solutions of the PDE (1)
cannot be established. However, it is possible to ensure the existence of a viscosity solution of the PDE (1) under
rather general assumptions on the coefficients. More precisely, one of our main results, Theorem 4.10 below,
establishes the existence of a within a certain class unique viscosity solution for every second-order linear Kol-
mogorov PDE whose coefficients are locally Lipschitz continuous and satisfy the Lyapunov-type inequality (81).
To the best of our knowledge, this is the first result in the literature proving existence and uniqueness of solutions
of the Kolmogorov PDE (1) in the above generality; see also the discussion after Theorem 4.10 for a short review
of existence and uniqueness results for Kolmogorov PDEs. A crucial result on the route to Theorem 4.10 is the
uniqueness result of Corollary 4.7 for viscosity solutions of degenerate parabolic second-order linear PDEs.

The roughening effect of the PDE (1la) revealed in this first paragraph of this introduction has a direct
consequence on the literature on regularity analysis of SDEs. This is subject of the next paragraph.

Regularity analysis of stochastic differential equations For the rest of this introduction, we use the fol-
lowing notation. Let (2, F,P) be an arbitrary probability space with a normal filtration (F%);c[0,00) Which sup-
ports a standard (F);e[0,00)-Brownian motion W: [0, 00) x 2 — R™ with continuous sample paths. It is a clas-
sical result that the above assumptions on p and o ensure the existence of a family X* = (X{,..., X7): [0,00) x
Q — R4 z € RY, of up to indistinguishability unique solution processes (see, e.g., Theorem 3.1.1 in [62]) with
continuous sample paths of the SDE

dX (1) = p(X* (1)) dt + o (X*(t)) AW (2) (6)

for t € (0,00) and € RY and with X*(0) = z for all z € R? (see, e.g., Theorem 1 in Krylov [46]). Here,
the function p: R — R? is the infinitesimal mean and the function o - 0*: RY — R¥*? is the infinitesimal
covariance matrix of the SDE (6). It is also well known that the coercivity assumption on p and the linear



growth bound on o additionally imply moment bounds sup,c,cra: |y|<p} E[supte[Om] | X7 (t)[|P] < oo for all
p € [0,00) for the solution processes of the SDE (6). The transition semigroup P;: Cy(R%,R) — Cy(R4, R),
t € [0,00), of the SDE (6) is defined through (Pp)(z) := E[p(X*(t))] for all t € [0,00), 2 € R? and all
¢ € Cp(R4, R) where Cy(R? R) is as usual the space of globally bounded and continuous functions from R?
to R. Note for every ¢ € Cy(R% R) that the function R > z — E[p(X?(t))] € R is continuous (see, e.g.,
Theorem 1.7 in Krylov [47]) and hence, the semigroup (P;):e[o,00) is well-defined. Observe also that the function
R? 5 z — E[p(X?(t))] € R is continuous for every ¢ € C,(R%,R) although the SDE (6) is, in general, not
strongly complete; see Li & Scheutzow [49] and see, e.g., also Elworthy [15], Kunita [48] and Fang, Imkeller &
Zhan [19] for further results on strong completeness of SDEs.

Theorem 1.1 in Hérmander [32] and Proposition 4.12 below imply that if the Hérmander condition (2) is
fulfilled, then the semigroup is smoothing in the sense that P,(C,(R% R)) C C;°(R% R) for all ¢ € (0,00). To
the best of our knowledge, it remained an open question in the non-hypoelliptic case whether SDEs with infinitely
often differentiable coefficients such as (6) preserve regularity in the sense that P;(C;°(R%, R)) C C*(R% R)
for all ¢t € (0,00). This article answers this question to the negative. More precisely, the following theorem
reveals that smooth functions with compact support may be mapped to non-smooth functions by the transition
semigroup of the SDE (6). In analogy to the well-known “smoothing effect” of many SDEs, we will say that the
semigroup has a roughening effect in that case. Here is a simple two-dimensional example SDE with polynomial
drift coefficient and linear diffusion coefficient which has this roughening effect. In the special case d =2, m =1
and p(z) = (z1 - z2, — (x1)2) and o(z) = (0,z2) for all = (x1,22) € R?, the SDE (6) reads as

dXE(t) = XT(1) - X2(t) dt

7
dX3(t) = — (XT(t)? dt + X5(t) dW (t) ™
for t € (0,00) and # € R?. Observe that (3) is the Kolmogorov PDE of (7); see Corollary 4.11 for details.
Moreoever, note that (z, u(z)) = 0 for all z € R? in this example. Thus the solution process of the associated
ordinary differential equation stays on the circle centered at (0,0) € R? going through the starting point.
Theorem 2.1 in Section 2 shows for the SDE (7) that there exists an infinitely often differentiable function
¢ € C, (R4, R) with compact support such for every ¢ € (0,00) the functions R? 3 2 — E[p(X*(t))] € R and
R?2> 2+ IE[X r (t)] € R? are continuous but not differentiable and not locally Lipschitz continuous. For every
t € (0,00) we hence have the roughening effect P,(CZy, (R4, R)) ¢ C'(R?,R) in the case of the SDE (7). The
drift coefficient p of the SDE (7) grows superlinearly. As above, the superlinear growth of y is not necessary for
the transition semigroup of the SDE to be roughening. This is subject of the next main result of this article.

Theorem 1.2 (A counterexample to regularity preservation with degenerate additive noise). There ezists a
natural number d € N, a globally bounded and infinitely often differentiable function p: R* — R% and a constant
function o: R — R4, that is o(z) = o(0) for all x € RY, with the following properties. For everyt € (0,00)
the function R% 3 x +— E[Xz(t)] € R? is continuous but nowhere locally Holder continuous and for every open
set O C RY there exists an infinitely often differentiable function ¢ € Cgt(le,]R) with compact support such
that the function O 3 x +— E[@(Xx(t))] € R is continuous but not locally Holder continuous. In particular, for

every t € (0,00) we have Py (C°° (Rd,]R)) Z Uae(0,00) C*(R%, R).

cpt

Theorem 1.2 follows immediately from Theorem 3.4 in Section 3. The roughening effect of some SDEs with
smooth coefficients revealed through example (7) and Theorem 1.2 above, has a direct consequence on the
literature on numerical approximations of SDEs. This is subject of the next paragraph.

Numerical approximations of stochastic differential equations Starting with Maruyama’s adaptation
of Euler’s method to SDEs in 1955 (see [51]), an extensive literature on the numerical approximation of solutions
of SDEs has been published in the last six decades; see, e.g., the books and overview articles [42, 43, 52, 24, 3,
53, 56, 38, 41] for extensive lists of references. A key objective in this field of research is to prove convergence
of suitable numerical approximation processes to the solution process of the SDE and to establish a rate of
convergence for the considered approximation scheme in the strong, in the almost sure or in the numerically
weak sense.

Almost sure convergence rates of many numerical schemes such as the standard Euler method or the higher
order Milstein method are well known for the SDE (6) and even for a much larger class of nonlinear SDEs;
see Gyongy [23] and Jentzen, Kloeden & Neuenkirch [39]. Many applications, however, require the numerical
approximation of moments or other functionals of the solution process, for instance, the expected pay-off of
an option in computational finance; see, e.g., Glasserman [22] for details. For this reason, applications are
particularly interested in strong and numerically weak convergence rates. The vast majority of research results
establishing strong and numerically weak convergence rates assume that the coefficients of the SDE are globally
Lipschitz continuous or at least that they satisfy the global monotonicity condition that there exists a real
number p € R such that (z —y, u(z) — p(y)) + 3 Sorey llow(@) — oe(y)||> < pllz — y||? for all 2,y € RY (see, e.g.,



Theorem 2.4 in Hu [34], Theorem 5.3 in Higham, Mao & Stuart [29], Schurz [66], Theorems 2 and 3 in Higham
& Kloeden [28], Theorem 6.3 in Mao & Szpruch [50], Theorem 1.1 in Hutzenthaler, Jentzen & Kloeden [36],
Theorem 3.2 in Gan & Wang [20]). Strong and numerically weak convergence rates without assuming global
monotonicity are established in Géngy & Rasonyi [26] in the case of a class of scalar SDEs with globally Holder
continuous coefficients, in Dorsek [14] in the case of the two-dimensional stochastic Navier-Stokes equations and
in Dereich, Neuenkirch & Szpruch [13], Alfonsi [1], Neuenkirch & Szpruch [57] in the case of a class of scalar
SDEs (including, e.g., the Cox-Ingersoll-Ross process) that can be transformed in a suitable sense to SDEs that
satisfy the global monotonicity assumption. The global monotonicity assumption is a serious restriction on the
coefficients of the SDE and excludes many interesting SDEs in the literature (e.g., stochastic Lorenz equations,
stochastic Duffing-van der Pol oscillators and the stochastic SIR model; see Section 4 in [35] for details and
further examples). It remains an open problem to establish strong and numerically weak convergence rates in
the general setting of the SDE (6).

In this article, we establish in the setting (6) the existence of an SDE with globally bounded and infinitely
often differentiable coefficients for which the Euler approximations converge in the strong and in the numerically
weak sense slower than any arbitrarily small polynomial rate of convergence. More precisely, our main result for
the literature on the numerical approximation of SDEs is the following theorem.

Theorem 1.3 (A counterexample to the rate of convergence in the numerical approximation of nonlinear SDEs
with additive noise). Let T € (0,00) and o € R* be arbitrary. Then there evists a globally bounded and
infinitely often differentiable function p: R* — R* and a symmetric nonnegative matriz B € R*** such that the
stochastic process X : [0, T] x Q2 — R* with continuous sample paths satisfying X (t) = xo—l—fot w(X(s))ds+BW(t)
for all t € [0,T] and its Buler-Maruyama approzvimations Y~ : {0, %, %7 ..., T} x Q — R* N €N, satisfying
YN(0) = 29 and YN (WHEDTY = yN (0L 1y (YN (2L)) Ly B (Wy1yr/n — Waryn) foralln € {0,1,...,N—1},
N € N, fulfill that

0 ta=0
oo a>0

i, (5B < 0]) = g (o [ - 2] ) - ®
for all « € [0,00). In particular, for every a € (0,00) there exists no real number ¢, € (0,00) such that

|E[X(T)] —E[YN(T)]|| < ca- N~ forall N € N.

Theorem 1.3 follows immediately from Theorem 5.1 in Section 5. In the deterministic case o = 0, it is well
known that the Euler approximations converge to the solution process of (6) with the rate 1. In the stochastic
case o # 0, this rate of convergence can often not be achieved. In particular, Clark & Cameron [6] proved for
an SDE in the setting of (6) that a class of Euler-type schemes cannot, in general, converge strongly with a
higher order than % Since then, there have been many results on lower bounds of strong and numerically weak
approximation errors for numerical approximation schemes of SDEs; see, e.g., [65, 4, 31, 30, 12, 54, 55, 56, 45] and
the references therein. Now the observation of Theorem 1.3 is that there exist SDEs with smooth and globally
bounded coefficients for which the standard Euler approximations converge in the strong and numerically weak
sense slower than any arbitrarily small polynomial rate of convergence. To the best of our knowledge, Theorem 1.3
is the first result in the literature in which it has been established that Euler’s method converges to the solution
of an SDE with smooth coefficients in the strong and numerical weak sense slower than any arbitrarily small
polynomial rate of convergence. Clearly, this lack of a rate of convergence is not a special property of the Euler
scheme and holds for other schemes such as the Milstein scheme too. It is a consequence of the fact that the SDE
(see (99)) to which we show that Euler’s method converges in the strong and numerically weak sense slower than
any arbitrarily small polynomial rate of convergence suffers under the roughening effect revealed in Theorems 1.1
and 1.2 (see Corollary 5.2 and Theorem 5.1 in Section 5 for details).

Comparing Theorem 5.1 with Theorem 2.4 in Gyongy [23] reveals the remarkable difference that the Euler
approximations for some SDEs have almost sure convergence rate %— but no strong and no numerically weak
rate of convergence. More formally, Theorem 2.4 in [23] shows in the setting of Theorem 1.3 that there exist
finite random variables C.: Q — [0,00), € € (0, 3), such that | X(T) — YN (T)|| < C. - NE=2) Poas. for all
N € Nand all € € (0, 3). Taking expectation then results in E[| X (T) — Y N(T)|] < E[C.] "NE=2) forall N e N
and all e € (0, %) and from Theorem 1.3 we hence get that the error constants have infinite expectations, i.e.,
E[C.] = oo for all € € (0, %). Finally, we emphasize that Monte Carlo simulations confirm the slow strong and
numerically weak convergence phenomenon of Euler’s method revealed in Theorem 1.3. For details, the reader
is referred to Figure 1 in Section 5 below.

2 A counterexample to regularity preservation with linear multi-
plicative noise

In this section we establish the phenomenon of loss of regularity of the simple example SDE (7) with polynomial
drift coefficient and linear diffusion coefficient. For this we consider the following setting. Let (2, F,P) be a



probability space with a normal filtration (F) )» let W:[0,00) x 2 — R be a one-dimensional standard

t€[0,00
(‘Ft)te[o o)~ Brownian motion with continuous sample paths and let X% = (X¥, X%): [0,00) x Q — R? x € R?,

be the up to indistinguishability unique solution processes with continuous sample paths of the SDE

dXy(t) = X7 (t) - X5(t) dt o)
dX3(t) = — (XT(£)* dt + X3 (t) dW (1)

for t € (0,00) and = € R? satisfying X*(0) = z for all + € R2. The following Theorem 2.1 shows that
the semigroup associated with the SDE (9) looses regularity in the sense that there exists an infinitely often
differentiable function with compact support which is mapped to a non-smooth function by the semigroup.

Theorem 2.1 (A counterexample to regularity preservation with linear multiplicative noise). Let X*: [0, 00) X
Q — R?%, z € R?, be solution processes of the SDE (9) with continuous sample paths and with Xz(O) =z for
allz € R2. Then SUDge [yeR?: [|y||<p} E[supte[oyp] | X7 (t)[|P] < oo for all p € [0,00) and there exists an infinitely
often differentiable function ¢ € Ccpt(]RQ, R) with compact support such that for every t,p € (0,00) the mappings
R23 2 E[X*(t)] e R?, R22 2 E[p(X*(t))] € R and R? > 2 — X*(t) € LP(Q;R?) are continuous but not
locally Lipschitz continuous and not differentiable.

The proof of Theorem 2.1 is deferred to the end of this section. The proof of Theorem 2.1 uses the following
simple lemma. Its proof is straightforward and therefore omitted.

Lemma 2.2 (Restricted exponential integrals of a geometric Brownian motion). Let (2, F,P) be a probability
space and let W: [0,00) x Q@ — R be a one-dimensional standard Brownian motion. Then

t
]l{a<ew(t)<b} exp(c~/ e ds)} =0 (10)
= = 0

for all t,a,b,c € (0,00) with a < b.

The proof of the following Lemma 2.3 makes use of Lemma 2.2. Using Lemma 2.3, the proof of Theorem 2.1
is then completed at the end of this section.

Lemma 2.3. Let X%: [0,00) x Q — R%, 2 € R?, be solution processes of the SDE (9) with continuous sample
paths and with X*(0) = x for all z € R*. Then sup,cyerz. |y|<p} I[ﬂ[suptE X ( )IP] < oo for allp € [0, 00)
and

Jim (L E[X 0 - X)) = o= im (G X0 - X0 por) (1)

for all t,xo,p € (0,00) and there exists an infinitely often differentiable function ¢ € Cgf,t(IR2 R) with compact

support such that limgq, —o (?11 Efp(X @122 (t)) — @(X(O’wz)(t))]) =00 for all t,z9 € (0,00).

Proof of Lemma 2.3. Corollary 2.6 in Gyongy & Krylov [25] guarantees the existence of a family of up to
indistinguishability unique adapted stochastic processes X@: [0,00) x 2 — R2, x € R?, with continuous sample
paths satisfying (9). Moreover, the globally Lipschitz continuity of o, the locally Lipschitz continuity of u and
(z,u(x)) = 0 for all z € R imply that sup,cyerz.: |y)<p} E[supte[o’p] | X7 (t)||P] < oo for all p € [0,00). Next
we disprove local Lipschitz continuity of the mapping R? > x +— X¥(t) € LP(€;R) for every t,p € (0,00). More
precisely, aiming at a contradiction, we assume that the second equality in (11) is false. Then there exist positive
real numbers ¢, z9,p € (0,00) and a sequence of real numbers h, € R\{0}, n € N, such that lim, . h, =0

and such that limsup,,_, . (Ihlnl HX;h"’mQ)(t) - X1(07m2)(t)HLP(Q;]R)> < 00. Theorem 1.7 in Krylov [47] (see also
Proposition 3.2.1 in Prévot & Rockner [62]) yields that sup,c(o 4 [| X (Pow2) (5) — X (0:22)(5)|| — 0 in probability
as n — oo. Hence, there exists a strictly increasing sequence ny € N, k£ € N, of natural numbers such that
limy—, 00 SUP o 4] [| X (hrxom2) (5) — X (022) (s)|| = 0 P-a.s.; see, e.g., Corollary 6.13 in Klenke [40]. Applying this,
Fatou’s lemma and Lemma 2.2 implies

oo > limsup (T

k— o0 .
t
exp (/ Xz(hnk,ﬂﬂz)(s) dS) hm 1nf {exp (/ X(h"k 2) 5)ds ) }
0 LP(Q;R)
t ' t
exp(/ X2(07w2)(5) ds) = exp</ o(W(s)=5/2) d5~x2>
0 L7 (R) 0
w pT2 1/p
> < [exp </ (5 et/z) . ]]_{1<6W(t,)<2}:|> = 0.
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k—o0

L7 (R)
(12)

Lr(R)



This contradiction implies that the second equality in (11) is true. The first equality in (11) follows from the
second equality in (11). In the next step let ¢ € (0,00) be an arbitrary fixed real number and let ¥;: R — R
and ¥9: R — [0,00) be two infinitely often differentiable functions with = - ¢ (z) > 0 for all x € R, with
P1(z) = ¢Po(z) = 0 for all z € R\[-c — 1,c+ 1] and with ¢4 (z) = x and ¥3(z) = 1 for all x € [—¢,¢|]. Due
to partition of unity, such functions indeed exist. Next let ¢: R? — R be given by ¢(z1,x2) = ¥1(21) - ta(x2)
for all z = (z1,22) € R%. Note that ¢ € C°(R? R) is an infinitely often differentiable function with compact
support. In addition, we have

(V) (0,22),y) = 1 (0) - ha(a2) - y1 + Y1(0) - py(w2) - y2 = Va(x2) - 11 (13)
for all 2o € R and all y = (y1,v2) € R? and

oo ~e0.za) _ el ¢ g o) (14)

for all z; € R\{0} and all z5 € (0, 00). We now show that limg,, o (?11 Efp(X@re2) (1)) — (X022 (1)) ) =

oo for all t,x9 € (0,00). Aiming at a contradiction, assume that there exist positive real numbers ¢, xs € (0, 00)
and a sequence h,, € R\{0}, n € N, such that lim,,_, o, h, = 0 and such that

lim sup (h% -E{(p(Xl(h"’wz)(t)) - @(Xl(o’wz)(t))b < 0. (15)
n—oo

Theorem 1.7 in Krylov [47] yields that SUPsefo,4 [| X (nsz2) (5) — X (O22)(5)|| — 0 in probability as n — co. Hence,

there exists a strictly increasing sequence ny € N, k € N, of natural numbers such that limy_.o sup,cjoy

| X Prio®2) (5) — X (022) (5)|| = 0 P-a.s.; see, e.g., Corollary 6.13 in Klenke [40]. Applying this, Fatou’s lemma and

Lemma 2.2 then results in

hn
k—oo k—oo k

(hn, ,xg) @
00 > limsup (ﬁkE{%’(X(“"k’”)(t)) - <p(X<O’“)(t))D = 1imsupE“sa<X B2 (1) (X072 (1) ]

> [ timinf "’(X(hwm(t))w(x(om(t»” - E[lim inf (MX(MM)(”)MX(OYIQ)(U)”

k—oo by, k—o0 by,
- X(h"Lk’z2)(t) (0,22) t (16)
—E 1/12(X(0’m)(t)) (likminf M)] — E|:’¢)2(X2 T2 (t)) -exp</ e(W(s)=5/2) 45 . x2>}
L o0 0

- t
Wi(s)—s
>E ]l{%ﬁzz-exP(W(t)*t/?)Sc} FxP </0 T ds $2>:| -

This contradiction implies that limg.s, —o (i LB [p(X (@2 () — @(X(O,xz)(t))]) = oo for all t,z5 € (0,00).
The proof of Lemma 2.3 is thus completed. O

Proof of Theorem 2.1. Theorem 1.7 in Krylov [47] (see also Proposition 3.2.1 in Prévot & Rockner [62]), in
particular, shows for every ¢ € [0, 00) that the mapping

R? 52— X*(t) € L°(Q;R?) (17)
is continuous. This implies for every ¢ € ngt(]l{2,]1{) and every t € [0,00) that the mapping R? > z —
E[o(X*(t))] € R is continuous. Moreover, Lemma 2.3 proves that sup,c,cre. |y1<p) E[SUPrejop I X7 (#)[P] <
oo for all p € [0,00). Combining this, (17), Corollary 6.21 in Klenke [40] and Theorem 6.25 in Klenke [40]
shows for every t,p € [0,00) that the mappings R? 3 z — X?(t) € LP(Q;R?) and R? 5> 2 — E[X"(t)] € R?
are continuous. Furthermore, Lemma 2.3 implies that there exists an infinitely often differentiable function
p € (32;;5(11{27 R) with compact support such that for every ¢,p € (0, 00) the mappings R? > z +— E[Xz(t)] € R?,
R? 5 2 — E[p(X*(t))] € R and R? 5 z — X*(t) € L(;R?) are not locally Lipschitz continuous and not
differentiable. The proof of Theorem 2.1 is thus completed. O

In the remainder of this section, we briefly consider slightly modified versions of the SDE (9). The generator
of the SDE (9) is nowhere elliptic. We remark that the phenomenon of loss of regularity may also appear for an
SDE whose generator is in many points of the state space elliptic. For example, let (Q, F,P) be a probability
space with a normal filtration (F;)ie[0,00), let W = (Wy, Wa): [0,00) x @ — R? be a two-dimensional standard
(F+)te[0,00)-Brownian motion and let X = (X¥, X3): [0,00) x Q2 — R?, 2 € R?, be the up to indistinguishability
unique solution processes with continuous sample paths of the SDE

dXT (1) = X7 () - X3 () dt + X7 (2) Wi (1)

2 (18)
— (X)) dt + X5 (1) dWs(1)

Q,
>
Ny
—
o~
N
I



for t € (0,00) and = € R? satisfying X*(0) = x for all z € R?. The generator of the SDE (18) is in every
point & = (x1,x2) € R? with 1 - 25 # 0 elliptic but there exists a function ¢ € Ccpt( ,R) such that for every
t € (0,00) the functions R? 3 z — E[X*(¢)] € R? and R? 3 = — E[p(X?*(t))] € R are not locally Lipschitz
continuous. The proof of this statement is completely analogous as in the case of the SDE (9). Furthermore,
the same statement holds if the two independent standard Brownian motion in (18) are replaced by one and
the same standard Brownian motion. More precisely, if (Q, F,P) is a probability space with a normal filtration
(Ft)ie(0,00) and if W [0,00) x @ — R is a one-dimensional standard ()¢ -o)-Brownian motion, then the up
to indistinguishability unique solution processes X* = (X%, X¥): [0,00) x Q@ — R?, z € R?, of the SDE

L XT(0) - X5 .
dX(t) = ( L i )dt+X (t) dW (t) (19)

for t € (0,00) and » € R? with continuous sample paths and with X*(0) = x for all z € R? fulfill that there
exists a function ¢ € Cg%(R?, R) such that for every ¢ € (0,00) the functions R? 3 2 — E[X*(t)] € R? and

R? 3 z — E[p(X?(t))] € R are not locally Lipschitz continuous.

3 A counterexample to regularity preservation with degenerate ad-
ditive noise

In this section we show the roughening effect for an example SDE with globally bounded and infinitely often
differentiable coefficients. For this, it suffices to consider the following counterexample to regularity preservation.
Let (2, F,P) be a probability space, let W: [0, 00) x 2 — IR be a one-dimensional standard Brownian motion and
let X% = (X¥,X%,X%):[0,00) x Q — R3, z € R?, be the up to indistinguishability unique solution processes
with continuous sample paths of the SDE

dXT(t) = Cos(X (t) - exp([XQ( )] )) dt
dX5(t) = V2dW (t) (20)
dX5(t)=0dt

for t € [0,00) and = € R? satisfying X*(0) = z for all x € R3. Observe that X7 (t) = z1 + fot cos (z3 - exp([z2 +
V2Ws(s)]?)) ds P-as. for all t € [0,00) and all z = (z1,22,23) € R3.

Theorem 3.1. Let T € (0,00) and let X*: [0,00) x Q — R3, x € R3, be solution processes of the SDE (20)
satisfying X*(0) = x for all x € R3. Then there exists an mﬁmtely often differentiable function p € CZ,(R?, R)
with compact support such that for every t € (0,T] the functions R?® > x E[Xw(t)] €R? and R® > 2 —

E[p(X*(t))] € R are continuous but not locally Holder continuous.

In the following, regularity properties of the solution processes X® = (X¥, X%, X%): [0,00) x  — R3,
r € R3, of the SDE (20) are investigated in order to prove Theorem 3.1. To do so, we first establish a few
auxiliary results. We begin with a simple lemma on trigonometric integrals.

Lemma 3.2. Let a,b € R be real numbers with a < b, let ¢: [a,b] — [0,00) be a continuously differentiable
function and let ¢ [a,b] — R be a twice continuously differentiable function with ¢*?(*) =i and with ¢'(x) >0,

©"(x) >0 and ¢'(x) <0 for all x € [a,b]. Then f; cos(p(z)) Y (x)dz < 0.

Proof of Lemma 3.2. First, assume w.l.o.g. that ¢(b) > ¢(a)+m (otherwise we have cos(¢(x)) < 0 for all z € [a, b]
and hence f; cos(p(x)) ¥(x) dx < 0). Moreover, assme w.l.o.g. that ¢’'(z) > 0 for all z € (a,b] (otherwise con-
sider @l(ap): [@, 0] — R where a := inf({z € [a,b]: ¢'(x) > 0} U {b}) and observe that ff cos(p(x)) Y(z)dx =
f; cos(p(x)) ¥ (z) dx). In particular, ¢: [a,b] — R is strictly increasing and there exists a unique strictly increas-
ing continuous function ¢=1: [p(a), o(b)] — [a,b] with ¢~ (¢o(x)) = = for all x € [a,b] and with p(p~1(z)) =z

and (1) (x) = W > 0 for all z € (p(a),p(b)). The transformation rule and integration by parts
therefore imply
b o (®) 1N (—1y _ [ cos(z) - Pl (@)
/a cos(p(x) [ o) v @) (7 @) = /w e e "
_ nle(®) ~ (e~ ((0) /W’) (o) 1 l V@) e @ e @) 4 g
¢ (=1 (p(b))) p(a) ' (¢~ (2)))? ' (=2 ()] B
This completes the proof of Lemma 3.2. O



The next lemma analyzes suitable regularity properties of the solution processes X* = (X7, X7, X7): [0, 00) x
Q2 — R3, x € R3, of the SDE (20) are investigated. Its proof is based on an application of Lemma 3.2.

Lemma 3.3 (A lower bound). Let (Q,F,P) be a probability space and let W: [0,00) x & — R be a one-
dimensional standard Brownian motion. Then

1—E[cos(h-exp([z + W(t)]*))] > exp(fT8 [| ln(ﬁ)|2/3 + x2D ) (22)
t ‘ - ,
/ E{H{W(t)eA} (1 —cos(h- G[HW(S)P)) ] ds 2 % 'E{ﬂ{w(neA}ew} 'CXP(%H [I () *° + x2])
0
for all h € (0,5 exp(—|[Vt+a]VO]*)], t € (0,00), € R and all Borel measurable sets A C R.

Proof of Lemma 8.8. First of all, define a family ¢; 4 p: [%,w) — R, (t,x,h) € {(O,oo) x R x
(0,00): h < % exp(—|zV0[*)}, of functions through ¢ 4.1 (y) := h-exp([z+V/ty]?) forally € [%, 00),
t € (0,00), h € (0,Z exp(—|z vV 0]*)] and all z € R. Observe that O eny) = 3Vt |z + \/Ey]zgomﬁ(y) >0 and
() = 6tz + Viyloran(y) + 9tz + iy 'pran(y) > 0 for all y € [ECITT o) 4 e (0,00),
h € (0,% exp(—|z v 0]*)] and all z € R. In addition, note that got@’h(%) = T for all ¢t € (0,00),
h € (0,Z exp(—|z v 0]*)] and all z € R. We can thus apply Lemma 3.2 to obtain that

1 o 3 =
\/7277 An(w/m))]l/sﬂ- €08 (h . exp([a; * \/fy] )) et dy<0 (23)
R

for all ¢ € (0,00), h € (0, % exp(—|z v 0*)] and all z € R. This implies

E[cos(h . exp([az + W(t)]3))] — \/% /_DO cos(h . exp([gc n \/Ey]?’)) e%ﬁdy

n(x/(2r)]/3 o
1 Vi

2 /3 _
< cos(h cexp([z + \/zy}g)> eFdy=1— lel > (n(r/2n)]"V° —

Vit

for all t € (0,00), h € (0,%exp(—|z vV 0[*)] and all z € R. Moreover, Lemma 22.2 in Klenke [40] yields
2

T V21 ) o

] (24)

PWy > y] > y\/igzyﬂ) > ‘;:/z > e~ forall y € [1,00). Combining this and inequality (24) then shows

8T —

n(m 1/3—1‘ - n(m 1/3—.’172
1—E[cos(h-exp([x+W(t)]3))] ZP[W1 > [l ( /(Qi\l/)g] ‘| ZQXP< 4“1 ( /(2?))] ‘ ) (25)

for all h € (0, % exp( — |[VZ+a]VOP)], t € (0,00) and all # € R and the estimate — |a + b|* > —2a? — 2b? for
all a,b € R therefore results in the first inequality in (22). Next the first inequality in (22) implies

E[]l{w(t)eA} |1 - cos(h . exp([x + W(s)]3)) ‘ }
= E[Liwwea E[1 - cos(h-exp( [ + W (0) + W(s) - 5w (1)) W) | (26)
> E[Luwioen e (5525 1m0 + o+ 5w (0)]]) ]

for all h € (0, Zexp(— [[Vt+ 2] VO]?)], 2 € R, A € B(R) and all s,¢ € (0,00) with s < t. We denote here by
B(R) the Borel sigma-algebra on IR. Hence, we get

t

S~

E|1iweay |1 — cos(h-exp(fz+ W(s)]?))] ] ds

S|t
b

> /7 E[Lweay |1 — cos(h-exp(fz + W(s))*))]| ] ds .
3 27

for all h € (0,Zexp( — |[Vt+2]VO]})], t € (0,00), z € R and all A € B(R). This completes the proof of
Lemma 3.3. O



We are now ready to prove Theorem 3.4 stated at the beginning of this section. Its proof uses the lower
bound established in Lemma 3.3 above.

Proof of Theorem 8.1. First, note that Lemma 3.3 implies for every ¢t € (0,00) that limy\ o h_EE[Xl(O’O’O)(t) -

Xl(o’o’h)(t)} = oo for all € € (0,00). We hence get for every ¢ € (0,00) that the function R® 5 z — E[X*(t)] € R?
is not locally Holder continuous. Moreover, let ¢: R — [0,1] be an infinitely often differentiable function
with compact support and with ¢(z) = 1 for all z € [~T,T] and let ¢: R* — R be a function given by
o(z1, z2, x3) = 19 (21)(22)(23) for all z1, 29,23 € R. Again Lemma 3.3 then shows

lim (1% - E[p(X 00 (1)) - (X<00 (¢ )]) = 1im (b7 E[(xX{*00) - x{"" (1) 6 (vV2Wa(1))])

AN h™\0 (28)
. _ (0,0,h) _
> Jim (17 B {1,y (K00 = X0 0) ) = 0
for all ¢ € (0, 7). The proof of Theorem 3.1 is thus completed. O

In the remainder of this section, we briefly consider a slightly modified version of the SDE (20). More
formally, let (Zy)nen, be a family of sets defined through Z¢ := Z := {...,-2,—-1,0,1,2,...} and through
Zn ={2€Z:%2¢Z}={..,-3,-1,1,3,...} for all n € N. Then let pu = (u1, po, p3): R* - R*® and B € R?
be given by

om0 Ymez, qrrm c08((z3 — 3i) exp([a]?)) 0
w(x) = 0 and B=|1 (29)
0 0

for all = (21,22, 23) € R3. Note that u: R® — R3 is infinitely often differentiable and globally bounded by 2
Moreover, let (2, F,P) be a probability space, let W: [0,00) x 2 — R be a one-dimensional standard Brownian
motion and let X*: [0,00) x Q@ — R3, x € R3, be the up to indistinguishability unique solution processes with
continuous sample paths of the SDE

dX®(t) = p(X* (1)) dt + BdW (1) (30)

for t € [0,00) and = € R? satisfying X®(0) = z for all x € R3. The following Theorem 3.4 establishes that
the function [0,0) x R3 — E[X a(t)] € R3 is nowhere locally Hélder continuous. Its proof is a straightforward
consequence of Lemma 3.3 and therefore omitted.

Theorem 3.4 (A counterexample to regularity preservation with degenerate additive noise). Let ¢, T € (0, 00)

and let X®:[0,00) x Q — R3, # € R3, be solution processes of the SDE (30) with continuous sample paths

and with X*(0) = x for all x € R3. Then for every t € (0,00) and every non-empty open set O C R? the

function O 3 z — E[Xw(t)] € R3 is continuous but not locally Hélder continuous. Moreover, there exists an
o0

infinitely often differentiable function ¢ € Ccpt(IR?’ R) with compact support such that for every t € (0,T] and

every non-empty open set O C (—c,c)? the function O > x +— IE[go(X“’(t))] € R is continuous but not locally
Holder continuous.

4 Solutions of Kolmogorov equations

If the transition semigroup associated with an SDE is smooth, then it satisfies the Kolmogorov equation (which
is a second-order linear PDE) corresponding to the SDE in the classical sense. The transition semigroups in
our counterexamples are, however, not locally Lipschitz continuous and are therefore no classical solutions of
the Kolmogorov equations of the corresponding SDEs. The purpose of this section is to verify that the non-
smooth transition semigroup associated with such an SDE still satisfies the Kolmogorov equation but in a certain
weak sense. More precisely, in Subsection 4.4, we show that the transition semigroups in our counterexamples
are viscosity solutions of the associated Kolmogorov equations. Moreover, in Subsection 4.5, we show that
the transition semigroups in our counterexamples are solutions of the associated Kolmogorov equations in the
distributional sense.

4.1 Definition of viscosity solutions

Viscosity solutions were first introduced in Crandall & Lions [9] (see also [16, 17, 8]). The name wiscosity solution
is due to the method of vanishing viscosity; see the discussion in Section 10.1 in Evans [18]. For a review of the
theory and for more references, we refer the reader to the well-known users’s guide Crandall, Ishii & Lions [7].
Let d € N, let O C R be an open set and let S; = {4 € R¥*?: A = A*} be the set of all symmetric
d x d-matrices. Moreover, for every A, B € Sq we write A < B in the following if (z, Az) < (z, Bz) for all
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r € R%. A function F: O x R x R% x Sy — R is called degenerate elliptic (see, e.g., Crandall, Ishii & Lions [7])
if F(x,7,p,A) < F(x,r,p,B) forallz € O,r € R, p € R and all A, B € Sy with A > B. For convenience of the
reader, we recall the definition of a viscosity solution (see, e.g., Crandall, Ishii & Lions [7] and also Definition 1.2
in Appendix C in Peng [61]).

Definition 4.1 (Viscosity solution). Let d € N, let O C R be an open set and let F: O x R x RY x Sg — R
be a degenerate elliptic function. A function u: O — R is said to be a viscosity subsolution of F = 0 (or,
equivalently, a viscosity solution of F < 0) if u is upper semicontinuous and if

F(z,¢(x), (Vo)(x), (Hess §)(x)) <0 (31)

for all ¢ € C*(O,R) with ¢(x) = u(z) and ¢ > u and all x € O. Similarly, a function u: O — R is said to be
a viscosity supersolution of F' = 0 (or, equivalently, a viscosity solution of F > 0) if u is lower semicontinuous
and if

F(z,¢(z), (V§)(x), (Hess ¢)(z)) > 0 (32)
for all ¢ € C*(O,R) with ¢(z) = u(z) and ¢ < u and all x € O. Finally, a function u: O — R is said to be a

viscosity solution of F' = 0 if u is both a viscosity subsolution and a viscosity supersolution of F' = 0.

Let us add two well-known remarks concerning viscosity solutions. We will use both of them in our proofs
below.

Remark 4.1. Let d € N, let O C R? be an open set and let F: O x R x R x Sq — R be a degenerate elliptic
function. Then an upper semicontinuous function u: O — R is a viscosity subsolution of F' =0 if and only if u
satisfies

F(Jc7 u(z), (Vo) (x), (Hess qb)(x)) <0 (33)

for all ¢ € {¢p € C*(O,R):  is a local mazimum of (u — ¥): O — R} and all x € O. Moreover, a lower
semicontinuous function u: O — R is a viscosity supersolution of F = 0 if and only if u satisfies

F(z,u(), (Vo)(x), (Hess ¢)(x)) >0 (34)
for all ¢ € {4 € C*(O,R): = is a local minimum of (u —v): O — R} and all x € O.

Remark 4.2 (Classical solutions are viscosity solutions). Let d € N, let O C R be an open set, let F: O x
R xR xSy — R be a degenerate elliptic function and let u € C2(O7 R) be a classical subsolution of F =0, i.e.,
suppose that

F(z,u(z), (Vu)(z), (Hessu)(z)) <0 (35)
for all x € O. Then u is also a viscosity subsolution of F' = 0. Indeed, for every x € O and every ¢ € {¢ €
C*(O,R): = is a local mazimum of (u —1): O — R} we have (V(u — ¢))(x) = 0 and (Hess(u — ¢))(z) < 0 and
therefore

F(z,u(z), (Vo) (z), (Hess ¢)(x)) = F(x, u(zx), (Vu)(x), (Hess ¢) (x)) (36)

< F(z,u(z), (Vu)(z), (Hessu)(z)) <0

due to (35) and due to the degenerate ellipticity assumption on F. The corresponding statement holds for classical
supersolutions and classical solutions of F = 0.

4.2 An approximation result for viscosity solutions

The following approximation result for viscosity solutions is essentially well known (see Proposition 1.2 in Ishii [37]
which refers to the first order case in Theorem A.2 in Barles & Perthame [2]; see also Lemma 6.1 in Crandall,
Ishii & Lions [7] and the remarks thereafter). For completeness we give the proof here following the line of
arguments for the first order case in Theorem A.2 in Barles & Perthame [2]. In the remainder of this article we
use the notation dist(x, A) := inf({||z — y|| € [0,00): y € A} U {oc}) € [0,00] for all z € RY, all A C R and all
d e N.

Lemma 4.2. Letd € N, let O C R? be an open set, let u,: O — R, n € Ny, be functions and let F,: O x R x
R? x Sq — R, n € Ny, be degenerate elliptic functions such that Fy is continuous. Moreover, assume that

limsup ~ sup  |Fy (2,7, p, A) — Fo(z, 7, p, A)| = 0 = limsup sup |un () — uo ()| (37)
n—oo (z,r,p,A)€K n—oo zeK

for all compact sets K C O x R x R% x Sy and all compact sets K C O and assume for every n € N that u,, is
a viscosity solution of F,, = 0. Then ug is a viscosity solution of Fy = 0.
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Proof of Lemma 4.2. The proof is divided into two steps. Step 1: In this first step assume that there exists an
zo € O and a function ¢ € C*(0,R) such that g is a strict maximum of ug — ¢, i.e.,

ug(z) — ¢(x) < ug(wo) — P(z0) (38)

for all 2 € O\{zo}. In the next step we define r := min(1, § dist(zo,R"\O)) € [0,1]. Since O C R? is
an open set, we obtain that r € (0,1]. Furthermore, continuity of the function ¢ and of the functions w,,
n € N, together with compactness of the set {y € R¢: ||y — zo|| < 7} C O proves that there exists a sequence
z, € {y € R ||y — x0]| <7} C O, n € N, of vectors such that

un () — ¢(x) < un(wn) — ¢(2n) (39)

for all z € {y € R%: ||y — 2]l < 7} and all n € N. In the next step we prove that the sequence (z,)nen
converges to xg. Aiming at a contraction, we assume that the sequence (z,,),en does not converge to zg. Due
to compactness of {y € R?: ||y — xo|| < r}, there exists a vector T € {y € R: 0 < |jly — 20]| < 7} C O and
an increasing sequence ny € N, k € N, such that limy_.. zn, = Zo. In particular, we obtain that the set
{Zo} U (Ugen{zn, }) is compact. Assumption (37), inequality (39) and inequality (38) hence imply that

uo(0) — ¢(xo) = lm (un, (z0) — ¢(20)) < Hmsup (un, (¥n,) = ¢(@n,)) = uo(Zo) — ¢(Zo) < uo(z0) — P(z0)-

k—oo

From this contradiction we infer that lim,, .., ¥, = ¢. Assumption (37) and continuity of V¢: O — R% and of
Hess¢: O — S4 hence imply that

im (2, un(z0), (Vo) (), (Hess ¢) () = (w0, u(wo), (Vo) (xo), (Hess @) (z0)). (40)

n— oo

In addition, lim,,—,~ ©, = z¢ and (39) show that there exists a natural number ng € N such that we have for all
n € {ng,no+1,...} that ||z, — x¢|| < r and that z,, € O is a local maximum of the function (u, — ¢): O — R.
Hence, Remark 4.1 and the assumption that w,, is a viscosity solution of F,, = 0 show that

F, (xn, Uun(2n), (Vo) (xy), (Hess ¢)(xn)) <0 (41)

for all n € {ng,no + 1,...}. Continuity of Fy, equation (40), assumption (37), inequality (41) and compactness
of the set Upeng {(@n, un(zn), (Vo) (xy), (Hess ¢)(x,))} therefore yield that

Fo o, u(z0), (V@)(wo), (Hess §)(zo)) = i Fo(zn, wn(zn), (Ve)(zn), (Hess 6)(zn))
= lim Fy (20, un(2n), (V6)(2), (Hess ¢)(2,)) < 0.

n—oo

(42)

We thus have proved that F (z,u(z), (V¢)(xz), (Hess ¢)(x)) < 0 for all ¢ € {y) € C*(O,R): = is a strict maximum
of (u—1): O — R} and all z € O. Step 2: In this second step assume that there exists an o € O and a
function ¢ € C*(O,R) such that ¢(z¢) = u(z¢) and ¢ > u. Define functions ¢.: O — R, e € (0,1), through
de(x) = ¢(x) + €|z — x0]|? for all z € O and all € € (0,1). Note that x¢ is a strict maximum of the function
(u—¢e): O — R for every € € (0,1). Step 1 can thus be applied to obtain

F(a:o, u(zo), (Voe)(x0), (Hess gf)s)(xo)) <0 (43)

for all € € (0,1). Moreover, observe that (V¢.)(zo) = (V¢)(xo) and that (Hess ¢c)(xo) = (Hess ¢)(z0) + 2ely
for all € € (0,1) where I; € S is the d x d-unit matrix. Consequently, we see that lime« o (Ve )(70) = (V) (z0)
and that lim.\ o (Hess ¢.)(zo) = (Hess ¢)(zo). Continuity of Fy and inequality (43) hence yield

Fy (:L'o, u(zo), (Vo) (xo), (Hess ¢) (xo)) = ;{% Fy (xo, u(zo), (Voe)(z0), (Hess ¢5)(:c0)) <0. (44)

We thus have proved that F'(z,u(z), (V¢)(z), (Hess ¢)(x)) < 0 for all ¢ € C?*(0,R) with ¢(z) = u(x) and ¢ > u
and all z € O. This shows that u is a viscosity subsolution of F' = 0. In the same way, it can be shown that u
is a viscosity supersolution of F' = 0 and we thereby obtain that u is a viscosity solution of F' = 0. The proof of
Lemma 4.2 is thus completed. [

4.3 Uniqueness of viscosity solutions of Kolmogorov equations

The main result of this subsection (Corollary 4.6 below) establishes uniqueness of viscosity solutions of a second-
order linear PDE within a certain class of functions and is apparently new. This uniqueness result is based
on the well-known concept of superharmonic functions or — in the PDE language — on the idea of dominating
supersolutions. More precisely, let d € N and let (2, F,P) be a probability space with a normal filtration
(Ft)ie[0,00)- For solution processes X*: [0,00) x Q — R?, z € R? of many SDEs, there exists a function
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V e C*(R% (0,00)) (often R? 3 z + 1+ ||z||?> € (0,00)) and a real number p € R such that the stochastic
processes [0,00) x 3 (t,w) — e Pt V(X*(t)(w)) € (0,00), * € R?, are non-negative supermartingales (so
that E[V(X®(t))] < et - V(z) for all (t,z) € [0,00) x R9); see, e.g., the examples in Section 4 in [35]. For these
stochastic processes to be supermartingales, it suffices that the Lyapunov-type function (0,00) x R? > (¢, x)
e’t -V (z) € (0,00) satisfies

2 (e’ V() — (Vu(e’ - V(2)), u(x)) — %tr(a(x) [o()]" Hess, (e - V(x))) >0 (45)

for all (t,z) € (0,00) x R? where the function p: RY — R is the infinitesimal mean and where the function
oo*: R — R¥? is the infinitesimal covariance matrix of the solution processes X%, z € R? of the considered
SDE. In other words, it suffices that (0,00) x R 3 (t,z) — e”* - V(x) € (0,00) is a classical supersolution of the
Kolmogorov equation. For T' € (0,00), d € N and an open set O C R?, a function G: (0,7) xOxRxR4xS; — R
is here called degenerate elliptic if G(t,z,r,p, A) < G(t,x,r,p, B) for all t € (0,T), x € O, r € R, p € R? and all
A, B € Sqwith A < B (see, e.g., inequality (1.2) in Appendix C in Peng [61] and compare also with Subsection 4.1
above). The next lemma is a slightly modified special case of Theorem 2.2 in Appendix C in Peng [61].

Lemma 4.3 (A domination result for viscosity subsolutions). Let T' € (0,00), d € N, let O C R? be an open
set, let G: (0,T) x O xR xR? xSq — R be a degenerate elliptic function and let u: [0,T] x O — R be an upper
semicontinuous function such that ul ryxo s a viscosity subsolution of

%u(t, z) — G(t, z,u(t,z), (Vyu)(t,z), (Hessyu)(t,z)) =0 (46)

for (t,x) € (0,T) x O. Moreover, assume that

lim sup sup u(t,z)| <0 (47)
o wE{yEO: dist(y, R"\O)< % or Hy|\>n} t€[0,T]

and that
G(t,x,r,0,0) <0 and u(0,2) <0 (48)

for all (t,z,7) € (0,T) x O x (0,00). Then u(t,z) <0 for all (t,z) €[0,T) x O.

Proof of Lemma 4.3. First of all, we define a family S5 € (—o0, 0], § € [0, 1], of extended real numbers through
s

S5 1= SUP(; »)c[0,7]x O (u(t,x) — W) € (—o00,00] for all 6 € [0,1]. Assumption (47) implies that there exists
a natural number ng € N such that u(t,z) < 1 for all t € [0,7] and all z € {y € O: dist(y,R"\O) <
% or |ly|| > no}. Moreover, the upper semicontinuous function u is bounded from above on the compact set
{(t,x) € [0,T] x O: dist(z, R"\O) > - and ||z[| < ng}. Therefore, we infer that Sy < oo and hence, we obtain
that S5 < Sy < oo for all § € [0,1]. In the next step we show that S5 < 0 for all § € (0,1]. Aiming at a
contradiction, we assume that there exists a real number 6 € (0, 1] such that Ss > 0. Assumption (47) implies
that there exists a natural number ns € IN such that u(t,z) — ﬁ < u(t,z) < % for all ¢ € [0,7] and all

z € {y € O: dist(y,R"\O) < 7710 or |ly| > no}. This together with upper semicontinuity of « implies that the
function [0,7] x O > (t,z) — u(t,z) — ﬁ € [—00,0) attains its supremum Sy in the compact set {(¢,z) €
[0,T]xO: dist(z, R\O) > n%) and ||z|| < ng}. Let (to, xo) € [0,T]x O be such that U(to,IO)fﬁ = S;5. Note
that w(T, xg) — ﬁ = —00 < Sy implies that g # T. Moreover, observe that u(0, z) — % < u(0,20) <0< S5
implies that to # 0. So, we see that (tg,z¢) € (0,7) x O. The function ¢: (0,7) x O — R defined through
o(t,x) = S5 + ﬁ for all (¢t,z) € (0,T) x O is twice continuously differentiable and satisfies ¢(tg, o) =

Ss + ﬁ = u(to,xo) € (0,00), (V49)(t,z) =0, (Hess,¢)(¢t,z) = 0 and
u(t,x) = u(t,z) — ﬁ + ﬁ < Ss+ ﬁ = ¢(t,z) (49)
for all (¢,z) € (0,T) x O. As u|(o,1)x0 is a viscosity subsolution of (46), we conclude that

0< ﬁ = (£¢)(to,z0) < G(to, 0, d(to, 0), (Vo) (to, zo), (Hess, ¢)(to, z0))

(50)
- G(t07 Zo, ¢(t0a l‘()), 07 O) S 0

where the last inequality follows from assumption (48). This contradiction implies that S5 < 0 for all § € (0, 1].

Therefore, we obtain that u(t,z) < ﬁ for all § € (0,1] and all (¢,z) € [0,T) x O and hence, we get that

u(t,z) <0 for all (¢,z) € [0,T) x O. This finishes the proof of Lemma 4.3. O
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Lemma 4.4 (Scaling of viscosity subsolutions). Let T € (0,00), d € N, let O C R be an open set, let V €
C?((0,T)x 0, (0,00)), let G: (0,T)xO xR xR*xSq — R be a degenerate elliptic function, letu: (0,T)x0 — R
be a viscosity subsolution of (46) and let G: (0,T) x O x R x R x Sq — R be a function defined through

G(t,z,rp,A) = (51)
ﬁ G(t, z,rV(t,2),pV(t,x) +r (Vo V)(t,2), AV(t )+ 2p [(VaV)(t,x)]" + 7 (Hess, V) (t, m)) —r %,‘{;;?

for all (t,z,7,p,A) € (0,T) x Ox RxR?*xSy. Then G is degenerate elliptic and the function @: (0,T)x0 - R
defined through a(t,x) = ‘qj(tt?) for all (t,z) € (0,T) x O is a viscosity subsolution of

Za(t,z) — G(t,x,a(t, z), (Vai)(t, z), (Hess, @) (¢, 2)) = 0 (52)
for (t,z) € (0,T) x O.
Proof of Lemma 4.4. First, observe that @ is upper semicontinuous and that G is degenerate elliptic. In the
next step assume that there exist a vector (t,z) € (0,7) x O and a function ¢ € C*((0,T) x O,R) satisfying
é(t,z) = a(t,x) and ¢ > @. Then the function (0,T) x O > (s,y) — ¢(s,4) V(s,y) € R is in C*((0,T) x O, R)
and satisfies ¢(¢t,2) V(t,z) = a(t,z) V(t,z) = u(t,z) and ¢ -V > @-V = u. As u is a viscosity subsolution
of (46), we get

Vt,z) Lot x)+o(t,x) LV (t )

= 2 (g(t,2) V(t,7)) < G(t,x, é(t, ) V(t,2), (Va(@V)) (t, 2), (Hessw(qbV))(t,x)). (53)
Rearranging this inequality results in
So(t,z)
< iy G (62,66 )V (L), (Ta(0V)) (1), (Hess, (6V) (¢, 2)) = é(t,) av (o)
= s G (12, 01, )V (,2), (T26) (1,2) V(8 ) + 9(t,2) (VaV) (1), (Hessed)(1,) V (1, 2) (54)

+ (Vad) () [(VaV) (6 2)] + (T2 () [(Vad) (t,2)] + 6l 2) (Hess, V) (1,2)) = ot ) e
= G’(t, z,d(t, x), (Vo) (t, z), (Hess, ) (t, 2)).
This proves inequality (54) for all ¢ € {p € C*((0,T) x O,R): ¥(t,z) = a(t,z) and ¢ > @} and all (t,z) €
(0,T) x O. Therefore, @ is a viscosity subsolution of (52) and the proof of Lemma 4.4 is completed. O

Corollary 4.5 (A comparison result for viscosity solutions). Let T € (0,00), d € N, let O C R? be an open set
and let G: (0,T) x O x R x RY x Sy — R be a degenerate elliptic function which satisfies the linearity property

G(t,m,cr1 +ra,cp1 + p2,cAr + Az) = cG(t, m,71,p1, A1) + G(t, 2,72, P2, A2) (55)
for all (t,x) € (0,T)x0, 11,79 € R, p1,p2 € R, c € R and all Ay, Ay € Sq. Moreover, let uy,us: [0,T]xO — R
and V: [0,T] x O — (0,00) be continuous functions such that u1|o,ryxo s a viscosity subsolution of (46), such
that us| 0,10 is viscosity supersolution of (46) and such that V| ryxo € C*((0,7) x O, (0,00)) is a classical
supersolution of (46). Furthermore, assume that u1(0,z) < uz(0, ) for all x € O and that

lim sup sup (ua(t,) = ua(t, ) <0. (56)

e zE{yEO: dist(y, R"\O)< % or Hy\|>n} t€[0,T] V(t’ Z‘)

Then uy < ug, i.e., it holds that ui(t,z) < us(t,z) for all (t,x) € [0,T] x O.

Proof of Corollary 4.5. Define the function u: [0,7] x O — R through u(t,z) := W for all (t,x) €
[0,T] x O. Due to assumption (55), the function (u1 —u2)|(0,1)x0 is a viscosity subsolution of (46). Lemma 4.4
thus yields that the function u|, )0 is a viscosity subsolution of (52) with G:(0,T)xOxRxR*xS; — R
defined as in (51). For applying Lemma 4.3, observe that assumption (56) implies inequality (47). Moreover,
note that assumption (55) and the assumption that V' is a classical supersolution of (46) ensure that

G(t,2,7,0,0) =y G(t, 2, V(t,2), 7 (Vo V) (t,2), 7 (Hess, V)(t,2)) —r 200
= v (G(t,x,V(t,z), (VaV)(t,z), (Hess, V)(t, ) — %V(t,x)) <0 (57)

<0 since V is assumed to be a classical supersolution of (46)

for all (t,z,r) € (0,T) x O x (0,00). Therefore, the assumptions of Lemma 4.3 are satisfied for the function u
and Lemma 4.3 together with continuity of u; —ug hence yields that u (¢, z) < us(t, z) for all (t,2) € [0,T] x O.
This finishes the proof of Corollary 4.5. O
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The next corollary proves uniqueness of viscosity solutions for a class of second-order linear PDEs. It follows
immediately from Corollary 4.5 above and its proof is therefore omitted.

Corollary 4.6 (Uniqueness of viscosity solutions). Let T € (0,00), d € N, let O C R? be an open set and let
G: (0,T) x Ox R xR%xS; — R be a degenerate elliptic function which satisfies the linearity property (55).
Moreover, let ui,ug: [0,T] x O — R and V: [0,T] x O — (0,00) be continuous functions such that ui|o,r)xo
and us|oryxo are viscosity solutions of (46) and such that V| rxo € C*((0,T) x O, (0,00)) is a classical
supersolution of (46). Furthermore, assume that ui(0,z) = uz(0, ) for all x € O and that

t — t
lim sup sup ua () = uz(t, o) =0. (58)

nmee xe{yGO: dist(y,R"\O)< % or Hy”>n} te[0,T] V(t’ JJ)

Then uy = usg, i.e., it holds that uyi(t,x) = us(t, x) for all (t,x) € [0,T] x O.

The next result, Corollary 4.7, specifies Corollary 4.6 to the case where the Lyapunov-type function V': [0, 7] x
O — (0,00) in Corollary 4.6 is of the form V'(t,z) = e - V(z) for all (t,z) € [0,T] x O where p € R is a real
number and where V: O — (0,00) is a twice continuously differentiable function. Corollary 4.7 is thus an
immediate consequence of Corollary 4.6 and its proof is therefore omitted.

Corollary 4.7 (Uniqueness of viscosity solutions). Let T € (0,00), d € N, p € R, let O C R? be an open set,
let o: O — R be a continuous function, let v: (0,T) x O — R, p: (0,T) x O — R? and A: (0,T) x O — {B €
Sa: B > 0} be functions, let V: O — (0,00) be a twice continuously differentiable function satisfying

ot @) V() + (u(t, 2), (VV) (@) + tr(A(t, ) (Hess V)(2)) < p- V() (59)

for all z € O. Then there exists at most one continuous function u: [0,T] x O — R which fulfills u(0,z) = ¢(x)
. . u(t,x) .

for all x € O, which fulfills lim,,_, SUD(; 2)€[0,T]x {y€O: dist(y. RNO)<1/n or [ly|[>n} \‘E(x))l = 0 and which fulfills

that ulo,myx0 15 a viscosity solution of

%u(t,x) —v(t,x)u(t,z) — (ut,x), (Vau)(t, x)) — tr(A(t, =) (Hess,u)(t,2)) =0 (60)
for (t,z) € (0,T) x O.

4.4 Viscosity solutions of Kolmogorov equations

The main result of this subsection, Theorem 4.10 below, establishes that the transition semigroup associated with
a suitable SDE with locally Lipschitz continuous coefficients is the unique viscosity solution of the Kolmogorov
equation of the SDE. To establish this result, we first prove two auxiliary results, Lemma 4.8 and Lemma 4.9.
The proof of Lemma 4.8 makes use of Lemma 4.2 above.

Lemma 4.8 (Existence of viscosity solutions of Kolmogorov equations with globally Lipschitz continuous co-
efficients with compact support). Let d,m € N, let (Q,F,P) be a probability space with a normal filtration
(Ft)te[0,00) let W [0,00) X @ — R™ be a standard (Fi)ie[o,00)-Brownian motion, let O C R? be an open set, let
©: O = R be a continuous function and let p1: O — R and o: O — R¥™ be locally Lipschitz continuous func-
tions with compact support. Then there exists a family X*: [0,00) x Q@ — O, x € O, of up to indistinguishability
unique adapted stochastic processes with continuous sample paths satisfying

t

XI(t)::r—i-/ u(XgC(s))ds—k/O o (X% (s)) dW (s) (61)

0
for all t € [0,00) P-a.s. and all z € O and the function u: (0,00) x O — R given by u(t,x) = E[p(X*(t))] for
all (t,z) € (0,00) x O is a viscosity solution of

Du(t,z) — (Vou)(t,z), u(x)) — %tr(a(x) o(z)]" (Hesswu)(t,x)) =0 (62)
for (t,x) € (0,00) x O.

Proof of Lemma 4.8. First of all, observe that the local Lipschitz continuity of p and ¢ and the assumption
that p and o have compact supports show that p and o are also globally Lipschitz continuous. This implies the
existence of a family X7 : [0,00)xQ — O, x € O, of up to indistinguishability unique adapted stochastic processes
with continuous sample paths satisfying (61) (see, e.g., Theorem 1 in Krylov [46]). It thus remains to show that
the function u: (0,00) x O — R introduced above is a viscosity solution of (62). For this we use the notation

supp(f) :=={x € O: f(x) # O}O C O for all functions f: O — RF and all k € N. In the next step let U C O be
a relatively compact open set in O with the property that (supp(u) U supp(o)) C U. By assumption supp(u)
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and supp(c) are compact sets and hence, such a set does indeed exist. Next, let u(™ € ngt(O,le), n € N,

and ¢ € Copt(O,R), n € N, be sequences of smooth functions satisfying lim, . sup,¢y [|p(z) — p™ (z)|| =
limy, .o SUp,cy [|o(z) — a(”)(x)HL(Rm’Rd) =0 and supp(,u(”)) U supp(a(")) C U for all n € N. By using the
fact that dist (8U, supp(u) U supp(a)) := infycov Infesupp(u)usupp(o) 14 — || > 0 and by using the convolution
of two functions with compact support, it can be shown that such sequences do indeed exist. Furthermore,
observe that the global Lipschitz continuity of (™, n € N, and ¢(™, n € N, implies the existence of a family
X®™: [0,00) x Q@ — O, x € O, n € N, of up to indistinguishability unique adapted stochastic processes with
continuous sample paths satisfying

t t
X*n(t) =1’+/ u(")(X”’"(S))dSJF/ g (X7 (s)) dW (s) (63)
0 0

for all t € [0,00) P-a.s., x € O and all n € N. Moreover, let K C O, k € N, be a sequence of compact
sets such that O = Upen Ky and such that Ky C Kyiq1 for £ € N. Then the Stone-Weierstrass theorem
implies that there exists a smooth function ¢, € C*(O,R) satisfying sup,cg, |¢(z) — ¢r(z)| < 4 for each
k € N. Consequently we have that limy_,o sup,cg |¢(z) — ¢r(x)| = 0 for all compact sets K C O. Now we
define functions u™*: (0,00) x O — R, n,k € N, and u(™: (0,00) x O — R, n € N, through u™*(t,z) :=
E[on(X®™(t))] and u®) (¢, 2) := E[pp(X®(t))] for all t € (0,00), 2 € O and all n,k € N. The fact that ¢y,
k € N, are smooth functions and the fact that u(™, n € N, and (™), n € N, are smooth functions with compact
support imply that the functions u™*: (0,00) x O — R, n, k € N, are infinitely often differentiable and globally
Lipschitz continuous (see, e.g., Corollary 2.8.1 and Theorem 2.8.1 in [21]) and Theorem 4.3 in [59] hence yields
that

(%u”’k)(t,x) - <(Vmu”’k)(t,x),u(”) (z)) — Ltr <0(") (x) [a(") (x)]* (Hesszu"’k)(t,m)) =0 (64)

for all (¢,z) € (0,00)xO and all n, k € N. In the next step we define functions F}, : (0,00)x OxRxR¥*!xS;, 1 —
R, n €N, and F: (0,00) x O x R x R4 x S;;1 — R through

F(ta Z, TP, A) =p1— <(pi)i€{2,...,d+1}7/~”(x)> - %tr(a(x) [O’(SL’)]* (Ai’j)i,je{z}...,dJrl}) ) (65)

,,,,,

for all (t,x) € (0,00) x O C R*™! r € R, p = (p1,...,pa+1) € R and all A = (A;;); jeq1,. . a+1} € Sat1-
Combining this definition with (64) shows for every n,k € N that the function u™* is a classical solution of
F,, = 0. Remark 4.2 hence shows for every n, k € N that the function u™F is also a viscosity solution of F},, = 0.
Furthermore, observe that the smoothness of the functions ¢, € C*(0O,R), k£ € N, and the global Lipschitz
continuity of the functions (u™),en, (6)nen, 1 and o imply that

lim sup sup ’u(k) (t,x) — u”’k(t,x)| = lim sup sup|E[pp(X*"(t)] — E[pr(X*(1))]|
n—=0¢e(0,T] z€O =% 1e(0,T) zelU

< lim sup sup B [[pp(X7" (1) — i (X7(1))]|
N0 4c(0,T) zeU

T te(0,T) 2 el

< <sup ||w;<x>||L<Rd,R>>-(um sup supE[\va”u)—X“(t)ﬂ) -
zeU

<oo =0

for all T € (0,00) and all £ € N. Combining (66), the fact that for every n, k € N the function u™* is a viscosity
solution of F,, = 0, definition (65) and Lemma 4.2 shows for every k € N that u(®) is a viscosity solution of
F = 0. In addition, note that

lim sup |lu(t,z) — u® (¢, z)| < lim sup E[o(X*(t)) — on(X*(1))|]
k=00 (¢,2)€(0,00)x K k=00 (¢ 2)€(0,00)x K

< lim - sup fp(y) — ¢r(y)[ =0
T yeUuUK

(67)

for all compact sets K C O. Combining (67), the fact that for every & € N the function u*) is a viscosity
solution of F' = 0 and Lemma 4.2 finally shows that u is a viscosity solution of F' = 0. This completes the proof
of Lemma 4.8. O

The next result, Lemma 4.9, is a generalization and a consequence of Lemma 4.8 above. Its proof makes use
of both Lemma 4.2 and Lemma 4.8.
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Lemma 4.9 (Existence of viscosity solutions of Kolmogorov equations with locally Lipschitz continuous co-
efficients). Let d,m € N, p € R, let O C R? be an open set, let ¢: O — R be a continuous function, let

p: O — R and o: O — R¥>™ be locally Lipschitz continuous functions and let V € C2(O, (0,00)) be such that

limsup,, ~; Sup,co % < 00, such that

(VV) (), n(x)) + %tr(a(m) [o(x)]" (Hess V') (a:)) <p-V(z) (68)

for all z € O and such that lim, . inf (V(z) € (0,00): z € {y € O: dist(y, R*\ O) < L or |ly[| > n}) = .
Moreover let (2, F,P) be a probability space with a normal filtration (F)icjo,00) and let W: [0,00) x Q@ — R™
be a standard (F;)ic(o,00)-Brownian motion. Then there exists a family X®: [0,00) x Q@ — O, x € O, of up to
indistinguishability unique adapted stochastic processes with continuous sample paths satisfying

XT(t) = a + /O u(X%(s)) ds + /O o (X%(s)) dW (s) (69)

for all t € [0,00) P-a.s. and all z € O and the function u: (0,00) x O — R given by u(t,z) = E[p(X*(t))] for
all (t, ) € (0,00) x O is a viscosity solution of

Du(t,z) — (Vou)(t,z), u(x)) — %tr(a(x) o(z)]" (Hesswu)(t,x)) ~0 (70)
for (t,z) € (0,00) x O and satisfies limy—co SUP(; 1) (0, 7] x {yeO: dist(y,RI\O)<1/n or ||y]|>n} % = 0 for all
T € (0,00).

Proof of Lemma 4.9. First, note that Corollary 2.6 in Gyoéngy & Krylov [25] guarantees the existence of a family
X?:[0,00) x Q@ — O, z € O, of up to indistinguishability unique adapted stochastic processes with continuous

sample paths satisfying (63). It thus remains to show that the function u: (0,00) x O — R introduced above is a

viscosity solution of (70) and that u satisfies limy,— o SUP(; 2)c[0,7)x {yeO: dist(y,RN\O)<1/n or [lyl|>n} %f))l =0 for

all T € (0,00). For this we first observe that the function u: (0,00) x O — R introduced above is well-defined.

Indeed, the assumption limsup,, ~; sup,co % < oo implies the existence of a real number p € (0,1) such

that ¢ :=sup,co (Hlﬁﬁ% < 0o and combining this and assumption (81) with Jensen’s inequality shows that
E[le(X*(t)|] <c(1+ E[V(Xz(t))])p <c(l+e” V(x))p < cemxPO (1 4|V (2)P) < oo (71)

for all (t,z) € (0,00) xO. The assumption lim, . inf {V(z) € (0,00): z € {y € O: dist(y, R\ O) < L or [ly|| >
n}} = oo and the condition p < 1 hence yield that

lim |u(t, z)|
sup
1=00 \ (1.2)€(0,T]x {y€O: dist(y,RINO)<1/n or [yl|>n} V (Z)

c emax(p,O)t z)|P
SHm( - [ ‘%;wnq> )

N0\ (t,2)€(0,T)x{y€0: dist(y,RI\O)<1/n or ||y||>n}

=c.emxeOT . iy sup
N0 \ ze{ye0: dist(y,RI\O)<1/n or ||y||>n}

1 n 1 _
V) v@) )

for all T € (0, 00). It thus remains to show that u is a viscosity solution of (70). For this let O,, C O, n € N, be
a sequence of open sets defined through O, := {z € O: dist(z, R"\O) > L and |z|| <n} for all n € N. Then
let uM: 0 = R4 neN,and 0™ : 0 — R n €N, be sequences of locally Lipschitz continuous functions
with compact support and with (|0, = ulo, and o™ |o, = o|o, for all n € N. Partition of the unity shows
that such sequences do indeed exist. Partition of the unity also shows that there exists a sequence ¢: O — R,
k € N, of continuous functions with compact support, with ¢|o, = ¢i|o, for all k € N and with |pg(x)] < |¢(x)]
for all z € O and all k € N. In the next step we define functions F,: (0,00) x O x R x R! x Sg11 — R,

n €N, and F: (0,00) x O x R x R¥*! x §z41 — R through

Ft,2,r,p, 4) == p1 — ()i, asny 1(0) = 3 60(0(0) 0] (Ai)sseo,asy ) )

for all (t,l‘) S (0,00) x O C Rd+1, reR,p= (pl,. .. ,pd+1) € R and all A = (Ai,j)i,je{l,..‘,dJrl} S Sd+1.
This definition together with the fact that u(™|o, = ulo, and oo, = oo, for all n € N proves that

lim sup |F(t,z,r,p, A) — F(t,x,r,p, A)| =0 (74)
=0 (¢ x,r,p,A)EK
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for all compact sets K C (0,00) x O x R x R% x Sy4. Furthermore, combining the fact that u(™: O — R,
n e N, and 0™: O — R¥™™, n € N, are locally Lipschitz continuous functions with compact support and
Lemma 4.8 shows the existence of a family of up to indistinguishability unique adapted stochastic processes
X*":[0,00) x Q@ — O, z € O, n € N, with continuous sample paths satisfying

o) = o [ a0 ds+ [ o xen(s) aws (75)

for all t € [0,00) P-a.s., all # € O and all n € N. In addition, Lemma 4.8 implies that the functions u™*: (0, 00) x
O — R, n,k € N, defined through u™*(t, z) := E [ (X" (t))] for all (t,z) € (0,00) x O and all n, k € N satisfy
that for every n, k € N the function u™* is a viscosity solution of F;, = 0. Define functions u*: (0,00) x O — R,
k € N, through u*(t,z) := E[@(X*(t))] for all (t,x) € (0,00) x O and all k € N. Next we show for every k € N
that u™* converges uniformly on compact subsets of (0,00) x O to u(¥) as n — oo. To do so, we define a family
T72: 0 — [0,00], € O, n € N, of stopping times through 7% (w) := inf({t € [0,00): X*(t,w) € O\O,} U {o0})
for all x € O, n € N and all w € 2. Then observe that

[ (@) = u Bt )] = [B[op(X7"(0) = ou(X*(0)]| < E[lon (X" (1) = on(X“(0))]]
< E[Ljurg [on (X5 (1) = ou(X2(0)]] + B[ Lrgy [or(X™" () = ox(X7 (1)) (76)

= B[ (X7 (0) = (X7 (0)]] < 2 (s3p ()] ) Pz <] <

for all t € [0,00), € O and all n,k € N. To bound the right-hand side, we employ assumption (68) to obtain
that E[V(X*(t A T))] < emax(P 0l V(z) for all t € [0,00), 2 € O and all stopping times 7: Q — [0, 0c]. Using
this estimate together with Lemma 1.4 in Krylov [47], we get

P[ry <t] = P[Hs €10,t): X%(s) € O\On} < IF’[ sup V(X®(s)) > inf V(y)

s€[0,t] ~ y€O\On (77)
< Sup, . Q—[0,00] is stopping time E [V(Xx (t A T))] emax(p,O)t . V(IL‘)
B infycono, V(¥) ~ infyeono, V()
for all t € [0,00), z € O and all n € N. Inserting this inequality on the right-hand side of (76) implies
limsup | sup sup |u™F(t,z) — u(k)(um)’ <2 (sup |<pk(y)|> <lim sup sup P77 < T])
n— 00 z€K t€(0,T] yeO n—oo xzeK (78)

=0

) e OT (sup, e V()

<2
< <sup lon(y) lim inf,, oo (infyeo\on V(f’/))

yeO

for all compact sets K C O, k € N and all T € (0,00). Combining (74), (78), the fact that for every n,k € N
the function u™* is a viscosity solution of F}, = 0 and Lemma 4.2 shows for every k € N that u(*) is a viscosity
solution of F' = 0. In the next step we observe that the identity |o, = ¢k|o, for all k& € N, the inequality
lok(x)] < |e(x)| for all z € O and all k € N and the Holder inequality imply

Ju(t, @) = u®)(t,2)| < E[[p(X7(1) = pu(X* )] = B[ 1 <y | (X (8) = or(X* (1))
< E[ Lz <y (Je(X ()] + o (X=O)])] <2 ELrz iy lo(X(1)]

< 2CE[1{T;<” 1+V (X””(t)))p} <2 (Plrg < )P 1+ E[V(X*(1)])"

emax(p70)t . V((E) ) (1-p) »
<2 ——m 2~ 1+ emax(P0t v/ (4
<1ﬂfye0\ok V(y) ( ( )>

(79)

for all (t,z) € (0,00) x O and all k € N where we used estimate (77) for the last step. Therefore we conclude

1 max(p,0)T V4
limsup sup sup |u(t,z) — u(k)(t,az)| <2c te GUTs (x()l)_ s = 0 (80)
k—oo t€(0,T)zeK liminfy_, o (infyGO\Ok V(y)) P

for all T' € (0,00) and all compact sets K C O. Combining (80) and that for every k € N the function u(*) is a
viscosity solution of F' = 0 with Lemma 4.2 shows that u is a viscosity solution of F = 0. This completes the
proof of Lemma 4.9. O
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The next Theorem 4.10 is the main result of this section. It is a direct consequence of Lemma 4.9 and
Corollary 4.7.

Theorem 4.10 (Existence and uniqueness of viscosity solutions of Kolmogorov equations). Letd,m € N, p € R,
let O C R? be an open set, let p: O — R be a continuous function, let p: O — R and o: O — R¥>™ be locally
Lipschitz continuous functions and let V€ C*(O, (0,00)) be such that lim Sup,, ~1 SUP,¢co (1&0\/(*% < 00, such
that

(VV)(2), u(x)) + 5 tr (a(ac) [o(x)]" (Hess V) (a:)) <p-V(x) (81)

for all x € O and such that lim,_, inf (V(z) € (0,00): z € {y € O: dist(y, RN\O) < L or |y| > n}) = .

Then there exists a unique continuous function u: [0,00) X O — R which fulfills u(O,;) = o(x) for all z € O,

which fulfills 1imy, oo SUP(; 4)e[0,T)x {ycO: dist(y,RI\NO)<1/n or |ly||>n} % =0 for all T € (0,00) and which

Julfills that u|(o,00)x0 s a viscosity solution of

Du(t,x) — (Veu)(t,2), ulx)) — %tr(a(x) [o(2)]* (Hesszu)(t,:c)) =0 (82)

for (t,z) € (0,00) x O. Moreover, if (2, F,P) is a probability space with a normal filtration (Ft)icp0,00) and if
W:[0,00) xQ — R™ is a standard (F4)ie(0,00)-Brownian motion, then there exists a family X*: [0,00) xQ — O,
x € O, of up to indistinguishability unique adapted stochastic processes with continuous sample paths satisfying

t

Xo(t) = x + / W(X%(s)) ds + /0 o (X% (s)) dW (s) (83)

0
for all t € [0,00) P-a.s. and all x € O and in that case, the unique function u: [0,00) x O — R enjoys the
probabilistic representation u(t, z) = E[p(X*(t))] for all (t,z) € [0,00) x O.

Proof of Theorem 4.10. Lemma 4.9 implies the existence of a function u: [0,00) x O — R satisfying the desired
properties. Uniqueness of such a function follows from Corollary 4.7. The probabilistic representation of u also
follows from Lemma 4.9. The proof of Theorem 4.10 is thus completed. O

In the literature, there are many results proving an assertion similar to Theorem 4.10 under various assump-
tions on the functions p and o. Theorem 4.3 in Pardoux & Peng [59] implies that the transition semigroup
associated with the SDE (83) is a viscosity solution of (82) if u and o are globally Lipschitz continuous; see also
Peng [60]. Theorem C.2.4 in Peng [61] can be applied if y is locally Lipschitz continuous and if ¢ is constant and
then proves the same assertion. Uniqueness of the viscosity solution of (82) with given initial function follows
from Thereom 8.2 in the User’s guide Crandall, Ishii & Lions [7] if u is globally one-sided Lipschitz continuous,
that is, if there exists a constant ¢ € R such that (v — y, u(x) — u(y)) < cllz — y||? for all z,y € R?, and if o is
globally Lipschitz continuous. Moreover, Theorem 5.13 in Krylov [47] with implies that the transition semigroup
solves the Kolmogorov equation (82) in the sense of distributions if x4 and o are globally Lipschitz continuous.
In addition, Theorem 7.1.3 and Theorem 7.1.4 in Evans [18] show that there exists a unique weak solution of
the PDE (82) if the coefficients p and o are bounded and if the PDE (82) is uniformly parabolic.

In many situations the open set O € R? and the Lyapunov-type function V: O — R in Theorem 4.10 satisfy
O=R%and V(z) = (1+ ||x||2)p for all x € R? where p € [1,00) is an arbitrary real number. This is subject of
the following Corollary 4.11. It is a direct consequence of Theorem 4.10 and its proof is therefore omitted.

Corollary 4.11 (Existence and uniqueness of at most polynomially growing viscosity solutions of Kolmogorov
equations). Let d,m € N, let ¢: R? — R be a continuous and at most polynomially growing function, let
p: R — RY and o: R* — R¥™ be locally Lipschitz continuous functions with SUp,cRrd fenlo)) 5o and

A+=1?)
SUP,cRd ”U(x()l“jf#md) < 0o. Then there exists a unique continuous function u: [0,00) x O — R which fulfills

u(0,x) = ¢(x) for all x € O, which fulfills imsup,,_, o, SUP;c(o,7] SUP R4 (lli(ﬁfu))lp < oo and which fulfills that
ul(0,00)x0 18 a viscosity solution of

Du(t,z) — (Veu)(t,7), pulx)) — %tr(a(m) [o(z)]" (Hesswu)(t,x)> —0 (84)
for (t,z) € (0,00) x O. Moreover, if (2, F,P) is a probability space with a normal filtration (Ft)e[0,00) and if

W:[0,00) xQ — R™ is a standard (Ft)ie(0,00)-Brownian motion, then there exists a family X*: [0,00) xQ — O,
x € O, of up to indistinguishability unique adapted stochastic processes with continuous sample paths satisfying

X7(t) =z + /0 W(X7(s)) ds + /0 o (X(s)) dW (s) (85)

for all t € [0,00) P-a.s. and all x € O and in that case, the unique function u: [0,00) X O — R enjoys the
probabilistic representation u(t,z) = E[p(X*(t))] for all (t,z) € [0,00) x O.
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Note that all examples in this article fulfill the assumptions of Corollary 4.11. In particular, observe that
p and o from the SDE (9) in Section 2, u and o from the SDE (18) in Section 2, 4 and ¢ in Theorem 3.4 in
Section 3, p and o from the SDE (20) in Section 3 as well as 1 and o from the SDE (99) in Section 5 all fulfill
the assumptions of Corollary 4.11.

4.5 Solutions of Kolmogorov equations in the distributional sense

Roughly speaking, Proposition 4.12 proves that the semigroup associated to an SDE with smooth coefficients
solves the corresponding Kolmogorov equation in the distributional sense. For formulating this result, we
introduce more notation. More precisely, for d € N, an open set O C R? and a locally Lebesgue integrable
function u: O — R, we denote by v, : Ccpt(O R) — R the distribution associated with the function u, i.e., the
linear mapping from Ccpt(O,R) to R given by v, (¢ fo x)dx for all ¥ € CZ,(O,R). The following
result is well-known in the case of globally Lipschitz continuous Coefﬁments defined on the whole space; see
Theorem 5.13 (ii) in Krylov [47].

Proposition 4.12. Let d,m € N, let O C R? be an open set, let u = (p1,...,1q) € C°(O,RY), 0 =
(Gij)ieq1,....apje{1,...m} € CC(O,R¥™™) et ¢ € Cy(O,R), let (Q, F,P) be a probability space with a normal fil-
tration (Fy)icjo,00), let Wi [0,00) xQ — R™ be a standard (Fy)ic[o,00)-Brownian motion, let X : [0,00) xQ — O,
x € O, be a family of adapted stochastic processes with continuous sample paths satisfying

X7(t) =z + /0 w(X%(s)) ds + /0 o (X% (s)) dW (s) (36)

for allt € [0,00) P-a.s. and all x € O. Then the distribution v,,: C*((0,00) x O,R) — R corresponding to the
continuous function u: (0,00) x O — R given by u(t,z) = E[p(X*(t))] for all (t,z) € (0,00) x O satisfies

d m d
1 >
Fvu=) (a%vu) RSP (ﬁ”u) (il O (87)

i=1 1=114,j=1

In other words, the continuous function u: (0,00) x O — R satisfies

// ut,z) - (&)t z)dtde = — Z// ult, z) - 2 (d(t,7) - i) di de
T3 ZZ// u(t, ) ailal (W(t,x) - oiy(x) - 05(x)) dt da

for all ¢ € CZ,((0,00) x O, R).

(88)

Proof of Proposition 4.12. First of all, we observe that Theorem 1.7 in Krylov [47] combined with Lebesgue’s
theorem of dominated convergence proves that the function u: (0,00)xO — R given by u(t,z) = E[¢(X*(t))] for
all (¢,x) € (0,00) x O is continuous (see also Remark 5.9 in Krylov [47]). Next, let O,, C O, n € N, be a sequence
of open sets defined through O, := {z € O: dist(z, R"\O) > L and |z|| <n} for all n € N. Furthermore, let

p = (W, ) € C2(0,RY), n e N, and 0™ = (0)icq1, gy jeqi,m} € Coy(O,R>™), n € N, be
sequences of functions with (™ |o, = ulo, and ¢™|p, = o|o, foralln € N. The fact that (™, n € N, and (™),
n € N, are globally Lipschitz continuous functions then ensures that there exists a family X®": [0,00) x Q — O,

x € O, n € N, of up to indistinguishability unique adapted stochastic processes with continuous sample satisfying

t t
X)) oot [ () ds+ [ o0 (s) aws) (39)
0 0

for all t € [0,00) P-a.s., all x € O and all n € N. Next, let ¢, € C*°(O,R), k € N, be a sequence of smooth
functions with ¢ := supen SUp,co ||k ()| < 0o and limg_,o SUp i [l9(z) — @i (z)|| = 0 for all compact sets
K C O. Such a sequence does indeed exist since the function ¢: O — R is assumed to be continuous and
globally bounded. In the next step let u(®): (0,00) x O — R, k € N, and u™*: (0,00) x O — R, n,k € N, be
functions defined through u¥) (¢, z) := E [} (X (t))] and u™F (¢, 2) := E[p (X ™ "( )] for all (¢,z) € (0,00) x O
and all n, k € N. Note that the functions u™*, n, k € N, satisfy

// o) (b, dtdf—Z// (2 (W) (@) ) ded
1 m d
+2l§—;i;1/

o

(90)
/O () - (5 (0t ) - ol (@) o) () ) dt de = 0
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for all ¢ € C7,((0,00) x O,R) and all n,k € N according to Theorem 5.13 (ii) in Krylov [47]. In addition,
observe that the estimate |pr(X*(t,w)) — r(X®"(t,w))| < 2¢ < oo for all w € 2, x € O and all ¢t € [0,00)
together with Lebesgue’s theorem of dominated convergence implies

hmsup‘ ®) (¢, ) — u™k(t, m)‘ < limsup E[ |pr (X7 (t) — or(X®"(t)]] =0 (91)

n—oo n—oo

for all (¢,x) € (0,00) x O and all k € N. Next, note that

lim sup ‘u(k) (t,z) — u(t,x)‘ < limsup B[ [pr (X7 (t)) — o(X*(1))] ]

k—o0 k—o0
< 2¢-PIX*(t) ¢ K] +11msupE[]1{xm mexy [pe(X7 (1) — (X7 (1)]] (92)
< 2¢- PIXT(t) ¢ K]+ limsup sup [ox(y) — ¢(y)] = 2¢- PIX(?) ¢ K]

for all (¢,x) € (0,00) x O and all compact sets K C O and hence, we obtain
li ®)(t,2) —u(t,z)| < 2c- inf PX*(t) ¢ K] =0
msup [ul)(t.0) —u(t, )] < 2 inf PLX(1) ¢ K] (93)

for all (¢,z) € (0,00) x O. In the next step we fix an arbitrary ¢ € C7,((0,00) x O,R) and we now show (88)
for this 1. Let x € C25,((0,00) x O,R) and x™ € CZ,((0,00) x O,R), n € N, be given by

d m
x(t,z) = (%w) (t,x) — Z az,l (¢(t z Z Z awla% ,T) - Ui,l(x) ’ UjJ(x))

=1 l 14,5=1

d 1 m d (94)
Xt a) = (G (ta) = D 52 (Wlta) - w @) + 530 Y 5% (W) ol (@) -0l (@)
i=1 I=11,j=1
for all (¢,x) € (0,00) x O and all n € N. Using this notation, (90) reads as
/ / W () ™ (¢, ) dbda = 0 (95)
0 Jo

for all n,k € N. Moreover, observe that the fact that ¢ has compact support ensures that there exists a
natural number ng € N such that x(™) = x for all n € {ng,ng + 1,...}. Combining this, (91), the estimate
|uk)(t,2) — umF(t,2)| < 2¢ < oo for all (t,z) € (0,00) x O, n,k € N and Lebesgue’s theorem of dominated
convergence implies that

lim [/ / Ft,x) - x™(t, x)dt dm] / / lim F(t,x) - X(")(t,x)} dt dzx
:// u® (¢, x) - x(t, ) dt de
0Jo

for all k € N. Equation (95) hence shows that [, [, u®)(t,2) - x(t,z) dtdz = 0 for all k € N. Equation (93),

the estimate ’u(k) (t,x)] < cfor all (t,x) € (0,00) x O, k € N and again Lebesgue’s theorem of dominated
convergence therefore prove that

/ / u(t,z) - x (¢, z) dt dx —/ / Lhm ul® (t m)] -x(t,x) dt dx

(96)

(97)
= klim [/ / x(t, x) dtdx] =0.
This shows (88) and the proof of Proposition 4.12 is thus completed. O

5 A counterexample to the rate of convergence of the Euler-Maru-
yama method

In this section we use the results of Section 3 to establish the existence of an SDE with smooth and globally
bounded coefficients for which the Euler-Maruyama method convergences slower than any arbitrarily small
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polynomial rate of convergence. Thereby, we will prove Theorem 1.3 in the introduction. We consider the
following setting. Let p = (1, pto, pi3, pta) : R* — R* and B € R*** be given by

1(1,00) (24) - exp(m) - cos ((.’L’g — o eu:i?) du) - exp((atg)g))

0 0 0 O
0 01 00
px) = 1 -1 e 0u0
(_1,1)(554) : eXP((lf(uV)) 0000
1
(98)

for all & = (x1,22,23,24) € RY. The function R 3 2 — L(_11y(z) - exp(—1/(1 — 2?)) € [0,1] that appears
in u has been suggested as a mollifier function in Lemma 1.2.3 in Hérmander [33]. Note that p: R* — R* is
infinitely often differentiable and globally bounded. Moreover, let (2, F,P) be any probability space supporting
a four-dimensional standard Brownian motion W: [0,00) x Q — R* with continuous sample paths. Then there
exists a unique stochastic process X: [0,00) x Q — R* with continuous sample paths which fulfills X (t) =
fot (X (s))ds + BW(t) for all t € [0,00). The stochastic process X = (X7, Xa, X3, X4): [0,00) x Q — R* is
thus a solution process of the SDE

dX, (1) = (17w)(X4(t))~exp(Wh) ~cos((X3(t)—f01 e’l/(1’“2)du) .exp([Xz(t)F'))dt

for t € [0,00) satisfying X(0) = 0. In the next step we define the Euler-Maruyama approximations for the
SDE (99) using the following notation. Let |-|: [0,00) — [0,00), h € (0,00), be a family of mappings defined
through

[t]n := max{s € {0,h,2h,...}: s <t} (100)

for all t+ € [0,00) and all h € (0,00). Then let Y" = (Y/*, Y, Y2 V]): [0,00) x Q@ — R* h € (0,00), be
Euler-Maruyama approximation processes defined recursively through

Yh0):=0 and  Y™(t) = u(Y"([t]n)) - (E = [t]n) + B (W () = W([t]n) (101)

for all ¢t € (nh, (n+1)h], n € {0,1,...} and all h € (0,00). Observe that this definition ensures that

—1

t - S S 1 -
Ylh(t) = /1 ]1(1,00)(|_3Jh) eLlsIn?—1 COS<(ZOH[0,1)(|_UJFL) e =1lwln® dy — (j)‘e(l—zlﬁ) d’u,) e({W2(\_th)}3)) ds (102)

for all t € [1,00) and all h € (0,00). The following Theorem 5.1 proves that the Euler-Maruyama method (101)
for the SDE (99) convergences slower than any arbitrarily small polynomial rate of convergence. Theorem 5.1
together with an elementary transformation argument implies then Theorem 1.3.

Theorem 5.1 (A counterexample to the rate of convergence of the Euler-Maruyama method). Let X =
(X1, X2, X3,X4): [0,00) x Q — R?* be a solution process of the SDE (99) with continuous sample paths and
with X(0) = 0. Then E[X (t)] — E[Y{"(t)] > exp(—14|In(h)|*/?) for all h € (0,55] and all t € [2,00) and
therefore, we obtain

_yh _ h : =
lim (E[IX(t)haY <t>||]> — lim (||E[X<t>]hf[y <t>1||) _ {0 a=0 (103)

R\0 h\0 oo a>0

for all a € [0,00) and all t € [2,00). In particular, for every t € [2,00) and every a,C, hy € (0,00) there exists
a real number h € (0, ho) such that |[E[X ()] — E[Y"(t)]| > C - h*.

The proof of Theorem 5.1 is deferred to the end of this section. To the best of our knowledge, the SDE (99) is
the first SDE with smooth coefficients in the literature for which it has been established that the Euler-Maruyama
scheme converges in the strong and numerical weak sense slower than any arbitrarily small rate of convergence.
Using the results of Section 3, one can show that the SDE (99) is not locally Holder continuous with respect
to the initial value. This is summarized in the next corollary. Its proof is a straightforward consequence of
Lemma 3.3 in Subsection 3 and is therefore omitted.

Corollary 5.2. Let X%: [0,00)xQ — R*, x € R*, be solution processes of the SDE (99) with continuous sample
paths and with X*(0) = z for all x € R*. Then for every t € (0,00) the function R* > x — E[X*(t)] € R* is
not locally Holder continuous.
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In the following, the size of the quantity |[E[X(T)] — E[Y*(T)]|| € [0,00) is analyzed for sufficiently small
h € (0,00) and thereby Theorem 5.1 is established. To do so, we first establish a few auxiliary results. We begin
with an elementary estimate for the numerical integration of concave functions.

Lemma 5.3 (Numerical integration of concave functions). Let |-|p: [0,00) — [0,00), h € (0,00), be given by
(100), let b € (0,00) be a real number and let ¢: [0,b] — R be a continuously differentiable function with a
non-increasing derivative. Then

[0/(0) - h2 4 (bl = ) = 0(0)) -+ /(b)) - (b= [])?]  (104)

DN | =

b
/0 ((s) — (L)) ds <

for all h € (0, 5)].

Proof of Lemma 5.3. The fundamental theorem of calculus and monotonicity of ¢’ imply

/bw() ds—/ M}w duds</ Mth 1) duds

[b]n
/ / ' ([s]n duds+/ ' (1s]n )duds+/ d/([s]h)duds
GJ h S’J h LbJ h LSJ h

(105)
/ h? h / (bA, Lbjh)Q
nh<|b]n
h2 h b— [b]n)?
= 0/(0) - 5 + ({16 — h) =(0)) - 5 +'(1b]n) - %
for all h € (0,b]. This finishes the proof of Lemma 5.3. -

Using Lemma 5.3, we establish in the next lemma a simple lower bound for the numerical integration of the
function 1(_q,1)(x) - exp(—1/(1 — 2?)), € R, in the third component of x: R* — R*.

Lemma 5.4 (Numerical integration of the function 1(_y 1y(z) - exp(=1/(1 — z?)), z € R). Let |-]p: [0,00) —
[0,00), h € (0,00), be given by (100). Then

h > ! .

for all h € (0, §].
Proof of Lemma 5.4. First of all, observe that
d —1/(1—332) N —2.’17 . 6_1/(1_3:2) d2 _1/(1 z ) 6 e 1/(1_3:2) 4 1
% (e ) = —(1 _ :1:2)2 and @ ( ) 7(1 _ :E2)4 xr — § (107)

for all # € (—1,1). We hence obtain that the function [0,372/4] 5 s — ¢~%/(1=%") ¢ R has a non-increasing
derivative. Applying Lemma 5.3 and using that the function [0,00) > 5 — Ljg1)(s) - e~1/(1-5") ¢ R is non-

increasing therefore results in
=1 ) .
eXp((l—lLsmz)) exp (k) ds

/Ooo]l[o,l)(LSJh) 'eXp((1—|Ls1Jh|2)> dS—/OleXp((l_iz)) ds > /03

—1/4

h B _ 3714, em 1/ A=A 12 (3714314 )
s 1) _ 1 2:[37 “ne M
=2 (eXp((lo"‘)) eXp<(1|L31/4th2))> + [1-[13-1/41a]"] 2
h h (e_1 — 6_4/3) h
> . -1 _ -1 > . -1 _ =1 T S =
=2 ( eXp((ws—wth))) =2 ( eXp((l[éﬁ)) YT 7w
(108)
for all h € (0, £]. Moreover, note that (107) implies that
o0 1
-1
/O Lo,y (Ls)n) 'GXP<(1U)> ds = /O exp(ufsz)) ds
1 2 - e~ 1/ (1—z%)
< =1 ) _ < .
< h+/0 exp<(1_“s”2)> eXp(( ) ds < h+ m;lopn l (1= 22)° h (109)

6

=h+ + .
[31/4 (V31 'eﬂmn]

h <2h

9.3-1/4 ., o—1/(1-37"/%)
(1-3-1/2)°
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for all h € (0,00). Combining (108) and (109) completes the proof of Lemma 5.4. O
We are now ready to prove Theorem 5.1. Its proof uses Lemma 5.4 as well as Lemma 3.3 in Section 3 above.

Proof of Theorem 5.1. First of all, note that
N t
—1
B[] ~ B 0] = [ e (k) = Loalshn) - exp (b s
¢ -1 o0 = - .
e R TT s (o1 e a) s
1 0

0

t D S 0o -1 1 —1 5
> [ L) T [1 = cos( (T Loy (L) T = [ du) W) ) s
3/2 0 0

for all t € [2,00) and all h € (0,00). The estimate [s], > [3], > 2 —h > & for all s € [3,00), h € (0, 4],
Lemma 5.4 and Lemma 3.3 therefore show that

E[X1(t)] — E[Y{"(¢)]
v oo 1

> eXp((gl,l)) /3 E[l B Cos((({ Loy (L)) e~ Y/ O Iunl®) gyy — ({671/(1773) du) 6({w2<tsjh>}s))] ds
2

64
2/3
ds

—64 [V -8
> e 57 exp
3 Ls]n

m
1
n<2 (fgo ]1[0,1)(Mh) ce—1/=1lwJnl?) du — fOl e—1/(1-u?) du))

_3
> L) (5t g )

for all h € (0, min{3, %exp( v3/2)}], t € [v,00) and all v € [2,00). Hence, we finally obtain that E[X(t)] —
E[Y{"(t)] > exp(— In(8) — \111(1071')|2/3 % |1n(h)|2/3) for all h € (0, 22] and all t € [2,00) and this completes
the proof of Theorem 5.1. O

In the next step we illustrate the lower bound on the weak approximation error in Theorem 5.1 by a numer-

ical simulation. More precisely, we ran Monte Carlo simulations and approximatively calculated the quantity
T

|E[X(T)] —E[Y~ (T)]|| for T =2 and N € {2!,22,...,229 230} We approximated these differences of expecta-

tions Wlth an average over 100000 1ndependent Monte Carlo realizations. Moreover, we discretized the integrals

X1(2 fl exp((s2 1)) ds and X3(2 fo exp( )) ds in the exact solution with a uniform grid and mesh

size 75r = 2730, Figure 1 depicts the resultlng graph

Approximation error of the mean

_1o| | =—©=— Approximation error of the mean ~
[| = A function with order 0
+==Order line 1/2

= = =Order line 1

100 102 104 1 6 8 10
Number N of time discretizations

Figure 1: The norm ||E[X (T)] — E[Y ¥ (T)]|| of the difference between the mean of the solution of the SDE (99)
and the mean of the Euler-Maruyama approximations (101) for T = 2 and N € {2%,2%,...,229 230} The
function with convergence order 0 is given by (110).

In addition to the weak approximation error |E[X (T)] —E[Y & (T)]|| for T =2 and N € {21,22,...,229 230},
we also plotted the function

1 o2 30 1 1 (1N — L (In 2\ 3
(21,22, 2 }9N»—>15'(ln(N))éexp( L (1 (N) = 5= (In(N)) ) )e(0,1] (110)
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(a function with order 0), the function {2',2%,...,230} 5 N 15.1/N € (0,1] (order line %) and the function

{21,22,...,239} 5 N — 5 € (0,1] (order line 1) in Figure 1. In the standard literature in computational
stochastics (see, e.g., Kloeden & Platen [42]) the Euler-Maruyama scheme is shown to converge in the numerically
weak sense with order 1 if the coefficients of the SDE are smooth and globally Lipschitz continuous (see Chapter 8
in Kloeden & Platen [42] for the precise assumptions) and therefore, the order line 1 is plotted in Figure 1.
Moreover, the function with order 0 is included in Figure 1 so that one can compare the graph visually with a
function which has convergence order 0. According to our simulations, the approximation error for the mean
E[X (2)] does not drop far below 1# even for N = 230 > 10° time discretisations. This indicates that calculating
the mean E[X (T")] with the Euler-Maruyama method up to a high precision requires a huge computational effort.
In particular, this suggests for applications that an approximation cannot, in general, be assumed to be very

close to the exact value even after a very high computational effort.
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