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On uniqueness of solutions to martingale problems —
counterexamples and sufficient criteria
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Abstract

The dynamics of a Markov process are often specified by its infinitesimal generator
or, equivalently, its symbol. This paper contains examples of analytic symbols which
do not determine the law of the corresponding Markov process uniquely. These
examples also show that the law of a polynomial process in the sense of [4, 5, 11]
is not necessarily determined by its generator if it has jumps. On the other hand,
we show that a combination of smoothness of the symbol and ellipticity warrants
uniqueness in law. The proof of this result is based on proving stability of univariate
marginals relative to some properly chosen distance.
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1 Introduction

Consider a system whose state at time ¢ is represented by a vector X(t¢) in R
In applications the dynamics of such a system are often described by specifying how
X (t) changes as a function of the current state X (¢). In a deterministic setup this is
typically expressed in terms of an ordinary differential equation. If, on the other hand,
X (t) is random, it may be viewed as a Markov process whose local dynamics can be
specified in terms of a stochastic differential equation, its infinitesimal generator, its
local semimartingale characteristics, or its symbol. As in the deterministic case, this
immediately leads to the question of existence and uniqueness of a stochastic process
exhibiting the given local dynamics.

This can be rephrased in terms of existence and uniqueness of the solution to a
corresponding martingale problem. Existence is known to hold under relatively weak
continuity conditions, see, for example, [9, Theorem 4.5.4], [16, Theorem 3.15], [3,
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On unique solutions to martingale problems

Theorem 3.24], [23, Corollary 3.2], [24, Theorem 1.1], [8, Theorem 5.36], and Theorem
2.7 below. The solution can often be chosen as a strong Markov process, see once more
[24, Theorem 1.1] and Theorem 2.7, which both rely on the general sufficient conditions
in [9, Theorems 4.5.11(b) and 4.5.19].

For continuous processes uniqueness holds for Lipschitz- resp. Holder-continuous
coefficients or under some ellipticity condition, cf. e.g. [27]. The situation is less obvious
for processes with jumps, which are the main focus of this paper. Lipschitz conditions
only help for generators which have a natural representation as an SDE, which often is
not the case. Ellipticity, on the other hand, requires a continuous martingale part to be
present, which often is not the case either.

This piece of research is motivated by the desire to come up with a general uniqueness
result for Markov processes that may not have a continuous martingale part or a natural
representation as a SDE. In this context we share the point of view of [16, 20, 3] that it is
natural to study Markov processes through their symbol. Indeed, e.g. weak convergence
of a sequence of Levy processes corresponds to pointwise convergence of their symbols.

From the analogy to ODE’s one may expect uniqueness to hold if the symbol of the
process depends smoothly on the state X (¢). Unfortunately, smoothness alone does not
seem to suffice in order to warrant uniqueness. In Section 3 we present two examples of
even analytic symbols where uniqueness in law of the corresponding Markov process
does not hold. This is the first main result of this paper. These examples also show
that the law of a polynomial process in the sense of [4, 5, 11] is not in general uniquely
determined by its generator. This complements a positive result by [10, Theorem 5.3],
which states that uniqueness does in fact hold for univariate continuous polynomial
processes.

Section 4 contains a positive result, which is the second main contribution of this
paper. It is shown that the combination of sufficient smoothness and ellipticity warrants
uniqueness in law. In contrast to [30, Theorem 4.3] and related results, the continuous
martingale part may vanish. The probably closest relative to our Theorem 4.4 below is
[2, Theorem 2.8] which also relies on smoothness and ellipticity of the symbol. However,
Bottcher requires a certain boundedness for derivatives of any order while we need
this condition only for finitely many derivatives. Nevertheless, [2, Theorem 2.8] is not a
special case of our Theorem 4.4 below. Another closely related result is [16, Theorem
5.24] which, however, requires the symbol to be real.

Uniqueness results have been obtained by a number of different approaches, cf. [20]
for an overview. From a very rough perspective, the most commonly used techniques are

¢ SDE methods where uniqueness is often obtained from fixed-point arguments,

* construction of a solution to the backward equation, i.e. construction of solutions
for the associated abstract Cauchy problem, and
* so-called interlacing techniques which allow to add finitely many jumps.

By contrast, our approach is based on establishing stability of the univariate marginals
relative to a properly chosen distance. This kind of reasoning seems to be new and it
constitutes the third main contribution of this paper.

The paper is structured as follows. In Section 2 we recall various notions and
properties concerning symbols and martingale problems. Moreover, we prove the
existence of a Markovian solution under continuity conditions, making use of general
results in [9, Chapter 4]. Subsequently, we present examples showing that smoothness
of the symbol does not imply uniqueness of the solution to a martingale problem. In
Section 4 a uniqueness result under smoothness and some mild ellipticity of the symbol
is stated. Section 5 contains proofs. In the appendix, we recall some facts on complex
measures.
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1.1 Notation

d € IN generally denotes the dimension of the space under consideration. We denote
the trace of a matrix C' € R?*? by Tr(C). For any two vectors z,y € C? we define the
standard bilinear form zy := Zj:1 x;y;. Moreover, we set Cz := (22:1 Cikr)j=1,....d
and yCx := y(Cx) for any matrix C € C?*¢ and vectors x,y € C?. The set of positive
semidefinite d x d-matrices is denoted by S?. We fix a truncation function y : R¢ — R, i.e.
x is measurable, bounded and it equals the identity in a neighbourhood of zero. W.l.o.g.
we suppose that x(z) = z for |z| < 1, where |z| := (Z‘;zl |z;|?)*/? denotes the Euclidean
norm on R¢. We write B(z,7) := {y € R : |z — y| < r} for the open ball with radius r > 0
centered at z € R?. We denote the gradient of f € C'(R?,C) by Vf(z) := (01 f,...,04f),
x € RY, the Hessian of f € C*(R%,C) by Hf(x) := (87, f(x))%_,, © € R?, and the
Laplacian of f € C?(R? x R4, C) by Af(z) := Z?Zlaff(:c), r € RY. For functions
f:RYx R — C we write V1 f(z,y) := (Vf(,y))(z), z,y € R if f is differentiable with
respect to the first coordinate and A, f(z,y) := (Af(-,9))(z), =,y € R? for sufficiently
smooth f. If f is smooth enough in the second coordinate, Vs f(z,y) and Hy f(z,y) are
defined accordingly. By C'(R%) (resp. C(R?, C)) we denote the set of real-valued (resp.
complex-valued) continuous functions on R that vanish in co. Similarly, C(R¢) stands for
the set of bounded continuous functions on R¢. The Skorokhod space of cadlag functions
is denoted as D := Dya[0,00) := {a : Ry — R?: a cadlag}. The greatest integer less or
equal z € R is written as [z]. Further unexplained notation is used as in [9, 21].

2 The symbol and the existence theorem

We start by recalling the notion of the symbol and its associated martingale problem,
cf. [20, 3]. A systematic theory for symbols was first developed by Hoh [14, 15, 17].
Other important references include [18], which is more in view of strongly continuous
semigroups, and [1], who developed a theory for symbols on nuclear separable spaces.

Definition 2.1. 1. A measurable function q : R¢ x R? — C is a symbol if ¢(z,-) is a
Lévy exponent for all z € RY, i.e. there are functions b : R¢ — R?, ¢: R* — S9, and
F :R? x B(RY) — R¢ such that F(z,-) is a Lévy measure and

q(z,u) = iub(x) — %uc(x)u + /(eiuy — 1 —iux(y)) F(z,dy) 2.1)

for any z,u € R?. We call a symbol q : R x R — C (f-)Holder continuous if there
is a continuous bounded function f : R* — R, such that

lg(z,u) — q(y,w)| < flz —y)(1 + [u]*), x,y,uec R

2. If g denotes a symbol, an adapted cadlag R?-valued stochastic process X on some
filtered probability space (2, #, (F)i>0, P) is called solution to the ¢g-martingale
problem if the process

M, (t) := exp(iuX(t)) — /0 (X (s),u) exp(iuX(s))ds

is a local martingale for any u € R%. Uniqueness for the ¢-martingale problem
means that any two solutions X,Y to the q-martingale problem with the same initial
law (i.e. X(0) has the same law as Y (0)) have the same distribution. Finally, we say
that existence holds for the q-martingale problem if, for any probability measure pu,
there is a solution X to the g-martingale problem with initial law PX(©) = .
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Remark 2.2. The functions b, ¢ in the Lévy-Khintchine representation (2.1) are measur-
able and F is a transition kernel from R? to R?, which can e.g. be derived from the
construction in [21, Lemma II.2.44]. As opposed to c and F, the drift coefficient b depends
on the choice of x, cf. [29, Theorem 8.1]. We call (b(z), ¢(x), F(z,-)) Lévy-Khintchine
triplet of the Lévy exponent ¢(z, ).

For further use we make the following observation.

Remark 2.3. Let ¢ be a symbol. A simple Taylor approximation argument shows that for
any z € R¢ there exists C, < oo such that |g(x,u)| < C.(1 + |u|?), u € RY. Hence

/If(u)q(x,u)|du < 00

for any Schwartz function f in the sense of [12, Definition 2.2.1] and any = € R“.

In order to relate a symbol to a martingale problem in the sense of [9, Section 4.3],
we define an operator corresponding to the symbol.

Definition 2.4. Let ¢ be a symbol. The operator A associated with ¢ is defined as
Af(@) = [afer ) e du
where x € R?, f is any real-valued Schwartz function, and
fRE=C, ur 1 /f(x)e_i“mdﬂc
b (27T)d )

denotes the inverse Fourier transform of f.
This operator can be expressed in terms of the Lévy-Khintchine triplet.

Lemma 2.5. Let g be a symbol, A the operator associated with g, and (b, ¢, F') the triplet
of q. Then

1
Af(z) = Vf(2)b(z) + STr(H f(z)c(z) + /(f(x +y) = f(@) = VI(@)x(y)) F(z, dy)
for any real-valued Schwartz function f and any = € RZ.
Proof. This follows from [12, Proposition 2.3.22]. O
Let ¢ be a symbol with associated operator .A. Moreover, denote by 5 the restriction
of A to the set of real-valued Schwartz functions f such that Af is bounded. The
following lemma shows that any solution X to the g-martingale problem is a solution to

the martingale problem in the sense of [9, Section 4.3] for B. Under suitable conditions
the converse is also true, cf. Theorem 2.7(2) below.

Lemma 2.6. Let X be a solution to the g-martingale problem, f a real-valued Schwartz
function such that Af is bounded, and

t
My (0= FX@) ~ [ AFCX(s)ds
for anyt > 0. Then My is a martingale.

Proof. Proposition 5.1 states that X is a semimartingale. Furthermore, its local charac-
teristics is given by (b(X_),¢(X_), F(X_,")). Thus Ito’s formula for the local characteris-

EJP 25 (2020), paper 95. http://www.imstat.org/ejp/
Page 4/33


https://doi.org/10.1214/20-EJP494
http://www.imstat.org/ejp/

On unique solutions to martingale problems

tics [22, Proposition 2.5] together with Lemma 2.5 yield that

G(t, A) = /IA(f(Xt_ F o) — f(X ) Fi(de), A€ Bwith0 ¢ A,
A(t) = VX ()X ()Y F(X (1)),
B(t) = AF(X(t-)) + / (h(y) — y)G(t, dy),

is a version of the local characteristics of f(X) relative to the truncation function h. By
[21, Theorem I11.2.42]

FX (1) / AF(X(s)ds

is a local martingale. However, M} is bounded on compact time intervals and hence it is
a martingale. O

We now state an essentially well-known existence result which follows from [9,
Theorems 4.5.4, 4.5.11, 4.5.19]. The boundedness assumption on the function g in the
following theorem amounts to saying that b and c are bounded and that F' has bounded
second moment.

Theorem 2.7 (Existence). Let ¢ be a continuous symbol with associated operator A and
triplet (b, ¢, F'). Assume that

g:R* - RU {0}, @+ |b(x)] + Tr(c(z)) + ﬁy\QF(m,dy)

is bounded by some finite constant. Then the following statements hold.

1. For any probability measure ;. on R? there is a solution X to the ¢-martingale
problem with PX(©) = .

2. A stochastic process X is a solution to the q-martingale problem if and only if

My(0) = FX@) ~ [ AfX(s)ds, 1 e R

defines a martingale for any real-valued Schwartz function f (or, equivalently, any
smooth function with compact support), i.e. if and only if X is a solution to the
martingale problem A in the sense of [9, Section 4.3].

3. The operator A has the following properties:

(a) its range is contained in C’(Rd),
(b) it satisfies the positive maximum principle in the sense of [9, p. 165], i.e.

0 < f(wo) = sup f(z)
rERY

implies Af(xo) < 0 for any real-valued Schwartz function f and any zy € RY,

and
(c) it is conservative, i.e. there is a bounded sequence of real-valued Schwartz

functions (f,)nen which converges pointwise to 1 such that (Af,)nen is a
bounded sequence which converges pointwise to 0.

4. It is possible to choose measures (P,),cre on the Skorokhod space such that the
canonical process X is a solution to the ¢g-martingale problem with X (0) = z a.s.
under P,, v € R? and such that x — P,(X(t) € A) is measurable for any t > 0 and
any Borel set A C R¢. Moreover, (X, (P,),cgr4) is strong Markov.
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5. If the g-martingale problem has several solutions for some initial law PX() =,
then there are several families of measures (P;),cr« as in (4).

6. Finally,

E, uw(X(t)—x)) _ 1
q(z,u) = lim (e )

i ; , z,ueR?

where FE, denotes expectation relative to P,.
The proof is to be found in Section 5.1.

Remark 2.8. 1. Provided that uniqueness holds, the boundedness condition in Theo-
rem 2.7 can be relaxed by localisation, i.e. by applying [9, Theorems 4.6.2 or 4.6.3].
Without assuming uniqueness, the existence of a Markovian solution has recently
and independently been shown in [24, Theorem 1.1]. Instead of boundedness of g
in Theorem 2.7 Kihn requires

sup sup |g(z,u)| < o0, R€ERy, (2.2)
lz|<R |u|<1
lim sup sup |q(z,u)|=0. (2.3)

R=00 |3|<R |u[<1/R

A straightforward calculation shows that boundedness of g actually implies (2.2,
2.3).

2. For his related existence result [16, Theorem 3.15] (cf. also [3, Theorem 3.24]),
Hoh requires slightly weaker conditions. However, he focuses on statement (1),
i.e., the existence of a Markovian solution is not considered. The same is true for
[8, Theorem 5.36].

3. Statement (6) of Theorem 2.7 means that —q is a symbol in the sense of [20].

The assumption on the triplet in Theorem 2.7 can be replaced by a smoothness
condition on the symbol:

Corollary 2.9. Let ¢ be a continuous symbol such that v — q(x,u) is twice differen-
tiable with bounded gradient x — V1q(z,0) and bounded Hessian x — Hq(z,0). Then
statements (1-6) in Theorem 2.7 hold.

Proof. W.lo.g. |x(y)| = 0 for |y| > 1. Fix x € R? and define the finite measure F,(A) :=
F(x,A\B(0,1)), A € B(R%) as well as F,, :== F(z,-)—F,. We denote the Fourier transform
of I, by

F,(u) := /ei“yFm(dy), u € RY.

Observe that

. 1 ) — .
Fp(u) = q(z,u) — iub(x) + §uc(:c)u — / (" — 1 —iuy) Fy(dy) + Fy(0).
Dominated convergence and [ |y|>F,(dy) < oo yield that E, is twice differentiable

in 0. By [7, Lemma A.1], this implies that F, has finite second moments given by
Jy;F.(dy) = —F}/(0), j =1,...,d. Again by dominated convergence we obtain

(Haa(2,0))55 = ~cla)s; — [ 2Faldy) ~ [ 2Eula)
= —c(x);; — /y?—F(x,dy), ji=1,...,d.
Boundedness of Hsq(-,0) now yields that Tr(c(+)) and [ |y|*F(-, dy) are bounded as well.
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Once more from dominated convergence we conclude

Vag(w,0) =i (b<x> + - x(y))F(x,dw) .

Since [(y — x(y))F(-,dy) is a bounded function, b is bounded as well. Theorem 2.7 now
yields the assertion. O

A remarkable result by van Casteren indicates that uniqueness almost implies the
Feller property, cf. [25, Theorem 3.1] or [16, Proposition 5.18]. A missing growth
condition along with a complete proof has been provided by Kihn [23, Theorem 1.1].
Applied to our context it reads as follows.

Proposition 2.10 (Feller property). Let ¢ be a symbol satisfying the requirements of
Theorem 2.7. If uniqueness holds for the q-martingale problem, then there is a closed
extension C of A which generates a strongly continuous positivity preserving contraction
Semigroup on C (R?). In other words, any solution to the martingale problem A is a
Feller process.

Proof. Boundedness of g in Theorem 2.7 implies that A maps Schwartz functions on
a subset of C(]Rd). Since boundedness of g also implies the growth conditions in [23,
Lemma 3.1(i-iii)], the claim follows from [23, Theorem 1.1]. O

3 Counterexamples

In this section we provide an example of a real-valued analytic symbol which fails
to have the uniqueness property in the sense of Definition 2.1. Moreover, we present a
closely related example. Both correspond to polynomial processes in the sense of [4, 5],
i.e. the extended operator A in the sense of [5, Definition 2.3] maps polynomials on
polynomials of at most the same degree.

Example 3.1. There is an analytic symbol, namely

cos(zu)—1 £ 0
¢:RxRoR, (z,u)—{ & orz #0, 3.1)
—5 otherwise,

satisfying the requirements of Theorem 2.7 and having an entire extension to C x C
where, however, uniqueness does not hold for the ¢g-martingale problem.

Moreover, there are solutions X, Y to the ¢g-martingale problem with X (0) =0 = Y(0)
and PX(® = PY(® for any ¢t > 0. More generally, there are strong Markov processes X,
Y on R? with the above symbol which do not have the same law. Moreover, X, Y are
polynomial processes in the sense of [5, Definition 2.1] or [11, Definition 2.1]. Starting
in X(0) = 0 =Y/(0), their n-th moment at time ¢ is given by

n/ n/2
Eo(X™(t)) = Eo(Y™(t)) = 1]N(n/2)(;/22)' H (2%71-1), t>0, neN.
T k=1

Proof. Suppose that the truncation function y is continuous and anti-symmetric. Define
q as in (3.1). The function ¢ has an obvious entire extension. Define

b(x) 0,
C(l‘) = 1{120},
Oy +0_z
Flz,) = gz =5 (3.2)
EJP 25 (2020), paper 95. http://www.imstat.org/ejp/
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Figure 1: The picture shows simulated paths from three different Markov processes with
symbol (3.1). All of them are based on the approximate generator A ,, in the proof of
Example 3.1 with n = 10 and % = 1 (black line), k = /2 (red line) resp. k = /4 (green
line).

Then (b, ¢, F) is the corresponding triplet in the sense of Remark 2.2. Foranyn € IN, k£ > 0
we also define

T,u if || > k277,
Gkn(z,u) = {Q( ) =1 (3.3)

4”7“”(’”“,32_”)71 otherwise.
Then g, is a continuous symbol and the associated linear operator is given by

£@22)=2/(2)+£(0) if [2] > k27,

_ 212
Awnf(e) = {4” f(z+k2_n)72§,£§)+f(m7k2_n) otherwise.

The symbol g, satisfies the requirements of Theorem 2.7 whence there is a solution
Xk, to the martingale problem (Ay ,,,do) in the sense of [9, Section 4.3]. Since

Xpn(t) = ka(())‘i*/o b(Xkn(s))ds + Xi . (1)

+ (@ = x(@)) o () + x(@) * (X — ¥ ()
= axp () = AXpn(s)

s<t

and since AXy, ,,(t) € {£Xkn(t—),£k27"} by (3.2, 3.3), we conclude that X, takes
values only in the closed set M}, := k{£2% : z € Z} U {0}. Moreover, for any real-valued
Schwartz function f we have uniform convergence Ay, f — Af for n — oo, where A
denotes the operator associated with ¢. Using the proof of Lemma 5.2 and Chebyshev’s
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inequality, we have that the sequence (X,,) satisfies inequality (5.2) in [9, Remark 4.5.2].
The set of Schwartz functions is an algebra which separates points. By [9, Lemma 4.5.1,
Remark 4.5.2] there is a subsequence of (X}, ,)nen Which converges weakly to a solution
X}, of the martingale problem (A, §p). Note that X, takes values only in M.

Both X, X 5 are solutions to the martingale problem related to A and initial law &,
where X; takes values only in AM; and X 5 only in M 5. Their extended generator in
the sense of [5, Definition 2.3] is defined for all polynomials. Polynomials are mapped
to polynomials of at most the same degree, which means that X;, X 5 are polynomial
processes by [5, Theorem 2.10]. [5, Theorem 2.7] and its proof yields the moments. In
particular, E(X(t)?) = E(X s5(t)?) > 0 for any ¢ > 0, which means that X, (t), X 5(t)
are not concentrated in zero. Since M; N M 5 = {0}, this implies that X;, X 5 cannot
have the same law. O

We now turn to a related example with analytic symbol where uniqueness fails. It
corresponds to an increasing process. It is once more polynomial in the sense of [5,
Definition 2.1] or [11, Definition 2.1]. However, since its state space equals R, it is not
perfectly in line with the setup of this paper.

Example 3.2. Let

eiuT _1

for z # 0,

Ry xR—>C, (z,u)— 1 )
i otherwise.

This function clearly has an entire extension to C x C. There are solutions X,Y to the
g-martingale problem which start in 0 and are singular in the same sense as in the
previous example. More generally, there are strong Markov processes X and Y with
values in R; and symbol g, which do not have the same law. Once more X, Y are
polynomial processes. Starting in 0, their n-th moment at time ¢ is given by

Eo(X"() = Eo(Y" (1) = — (2 -1), t>0,neN.
T k=1

Exponent ¢(z,-) has Lévy-Khintchine triplet (x(z)/z,0,d,/z) for > 0 and (1,0,0) for
x = 0. Finally, observe that the continuous continuation given by

q(w,u) == 1u>01q(@,u) + 1pcoyiv, z,ue€R

on state space R yields the same process.

Proof. Forany n € N,k € R, and z,u € R we define the approximation

q(z,u) for z € [k27™, k27|,
Qe (z,u) =< q(k27" u) forx < k277,
q(k2™, u) for x > k2™.

of the symbol ¢. The claim follows now similarly as in Example 3.1. O

4 The symbol and the uniqueness problem

The obvious question to ask is what conditions are needed to ensure uniqueness of
the g-martingale problem for a given symbol ¢. For continuous processes the situation is
well understood, The fact that SDE’s have unique solutions under Lipschitz conditions
directly yields uniqueness for C?-symbols without jump part.
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Figure 2: The picture shows simulated paths from three different Markov processes.
Each of them uses the approximate generator A ,, appearing in the proof of Example
3.2 with k& = 1 (black line), k = {/2 (red line) resp. k = v/4 (green line) and n = 10 for all
of them.

Proposition 4.1 (no jumps). Let ¢ € C?(R? x R%, C) be a symbol which has the rep-
resentation q(z,u) = iub(z) — fuc(z)u for functions b : R — R%, ¢ : R? — R4, Then
uniqueness holds for the q-martingale problem.

Proof. Observe that c takes actually values in the set of positive semidefinite matrices.
Let o(z) be the positive square root of ¢(x) for all z € R%. Then [28, Theorem V.12.12]
implies that o is Lipschitz. [28, Theorem V.12.1 and Section V.22] applied to (b, o) yields
the claim. O

As Example 3.1 indicates, the previous theorem does not hold for processes with
jumps. One could express g-martingale problems for general symbols ¢ in terms of
an SDE, but it is not clear what conditions on ¢ warrant Lipschitz continuity of the
corresponding coefficients. Stroock-Varadhan type results, however, require the diffusion
part of the symbol to be non-singular. A systematic study of existence and uniqueness
property has been undertaken by Hoh in a number of papers. In [16, Theorem 5.7] he
shows that a real-valued symbol satisfying similar conditions as in Theorem 4.4 below
belongs to a unique strong Markov process. Hoh'’s result [15, Theorem 5.7] requires the
likewise real-valued symbol to be infinitely smooth in both variables and an ellipticity
condition to hold. His extension [17, Theorem 1.1] shows that uniqueness still holds if
a state-depend power is applied to a symbol as in [15, Theorem 5.7]. Finally, see the
related article [18, Theorem 9.4].

One of the main contributions of the present paper is the following uniqueness result.
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Theorem 4.2 (Uniqueness). Let ¢ € C(R? x R?,C) be a Hélder-continuous symbol
satisfying the requirements of Theorem 2.7. Moreover, suppose that there are K € R
and complex measures (Pt’u)te[o’l]yuemyd such that

1. Ft\u(a:) = [Py, (dv) = et(®%) forall z € RY,

2
2. [EEE P (dv) <14 Kt

Then existence and uniqueness holds for the g-martingale problem. In particular, there
is a unique Feller process starting in any given distribution and having symbol q.

Proof. The proof is to be found in Section 5.2. O

Example 4.3. Let g(z,u) := (1 — cos(z))y(u), z,u € R where ¢ is a real-valued Lévy
exponent on R which satisfies the requirements of Theorem 2.7, e.g. ¢¥(u) = _Tuz In
particular, ¢(0,u) = 0 for any u € R. Then existence and uniqueness for the ¢g-martingale

problem hold.

Proof. Instead of verifying the conditions in the previous theorem directly, we refer to
Lemma 5.14 below, which follows from Theorem 4.2. O

If the measure P; ,, in Theorem 4.2 happens to be nonnegative as in Example 3.1, we

have
/UPt,u(dU) /|’U|2Pt7u(d’v).

In this case condition (2) in Theorem 4.2 can be interpreted as first and second moment
condition on F,,, which can be vaguely viewed as a “smoothness” condition on g¢.
However, in particular for complex P, , it is less obvious how restrictive condition (2)
is and how one can verify it. We therefore provide a second uniqueness result which
follows from Theorem 4.2, but which is stated directly in terms of q.

Theorem 4.4. Let g be a continuous symbol with ¢(-,u) € C1¥/2+3(R¢, C) for all u € R?
and such that q satisfies the requirements of Theorem 2.7, cf. also Corollary 2.9. Let
¢ : R? — C be a characteristic exponent satisfying the following conditions

2
/wpt’u(dv) <1+ 2|u| +

1+ a2 1+ up?

L+ Juf?

Re(q(z,u))| > g1(z)|e(u)], (4.1)
108 q(z,u)| < go(x)|p(w)] (4.2)

for some bounded functions g, gs : R¢ — (0,00) and any o € N¢ with |a| < [d/2] + 3.
Then existence and uniqueness holds for the g-martingale problem.

Proof. The proof is to be found in Section 5.2. O

Condition (4.2) is a uniform smoothness requirement. Condition (4.1), however,
means that the symbol is bounded from below in an appropriate sense. Such an ellipticity
condition occurs in the Stroock-Varadhan existence and uniqueness result, cf. [30,
Theorem 4.3]. The advantage of the result in [30] is that continuity suffices and no
extra smoothness is needed. Moreover, the drift only needs to be measurable. However,
Stroock requires an ellipticity condition with respect to the explicit symbol ¢(u) = —%uz,
which means that a continuous diffusion part is present everywhere. His proof also uses
some extra regularity for the jump measure which, however, could be relaxed.

Since Stroock and Varadhan have published their result, some variants of the Stroock-
Varadhan theorem with a more general ellipticity condition have been established by

several authors, i.e. with a more general function ¢ than for the original result, cf.
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[20] for an overview. A recent result is due to Bottcher, cf. [2, Theorem 2.8], who
requires equations (4.1, 4.2) for arbitrary o and, moreover, a certain boundedness for
the derivatives with respect to u. Theorem 4.4 may be easier to apply in practice because
it involves only finitely many derivatives and no smoothness in w.

5 Proofs

5.1 Proof of the existence theorem

The proof of Theorem 2.7 relies on the general statements [9, Theorem 4.5.4] and
[9, Theorem 4.5.19], which yield existence of a solution and its strong Markov property,
respectively. In order for the solution to be conservative we need to verify that explosion
cannot happen. This is done with the help of Lemma 5.2, which yields finite second
moments. These finite second moments are also needed for the verification of the
conditions in [9, Theorems 4.5.11(b), 4.5.19], which are stated as Lemma 5.3 in our
context.

We start with the semimartingale property of solutions, cf. [31, Corollary 2.6] for a
more general setup.

Proposition 5.1 (Semimartingale characteristics). Let ¢ be a symbol and X a solution
to the g-martingale problem. Then X is a semimartingale which allows for local or
differential characteristics in the sense of [22, Definition 2.2]. Moreover, X is quasi-left
continuous, i.e. AXp = 0 almost surely for any finite predictable stopping time T'. If q is
represented by triplet (b, ¢, F) as in Definition 2.1, then

(w, 1) = (0(X(t=)), e(X (), F(X(t=), ")) (w) (5.1)
is a version of the local characteristics of X relative to truncation function y.

Proof. Except for quasi-left continuity this follows from the definition and [21, Theorem
11.2.42]. Quasi-left continuity is obtained from [21, Proposition I11.2.9(i)]. O

We continue with a lemma which yields a sufficient condition for the existence of
second moments.

Lemma 5.2. Let g be a symbol which satisfies the requirements of Theorem 2.7. More-
over, let X be a solution to the g-martingale problem. Then E(sup,c 4 | X (s) — X(0)?) <
oo foranyt € R,.

Proof. Proposition 5.1 implies that X is a semimartingale with local characteristics of
the form (5.1). Boundedness of g implies that it is a special semimartingale, cf. e.g.
[21, Proposition I1.2.29(a)]. The finite variation part A in its canonical decomposition
X = X(0) + M + A is of the form

a0 = [ (505620 + [0 = x@)FOKG5-. ) )i

and hence bounded on any compact interval. For the local martingale part M we have

10 = [ (et + [oFOKG) ) s, 1= 1

0

which is bounded on any compact interval as well. Doob’s inequality yields that

E( sup |Mi(s)2) < AB([M;, Mi)(t)) = AB((M;, Mi)(t)) < 00, i=1,....d

s€[0,t]
for any t € R, which yields the claim. O
EJP 25 (2020), paper 95. http://www.imstat.org/ejp/
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Lemma 5.3. We assume that the requirements of [9, Theorems 4.5.11(b) and 4.5.19]
hold in our setup. Specifically, let Ay C C(R%)xC(R¢) and denote by I the set of solutions
to the martingale problem for A, i.e. all laws on the Skorokhod space D such that
F(X@) - fot 9(X(s))ds is a martingale for any (f, g) € Ao, where X denotes the canonical
process. Writing D(Ay) := {f : (f,g) € Ao for some g € Ay}, suppose that the closure
D(Ay) contains an algebra that separates points and vanishes nowhere. Moreover, we
assume I, # @ for any probability measure v on R?, whereT', := {P € T": pX0) = v}.
Finally, suppose that for any compact set K C R¢ and any ¢,T € (0,00) there exists a
compact set K’ ¢ R® such that

P(X(t) € K' forallt < T, X(0) € K) > (1 - ¢)P(X(0) € K)

forany P €T.

Then there are measures (P,),cr« in I with X(0) = z a.s. under P,, r € R? and such
that x + P,(X(t) € A) is measurable for any t > 0 and any Borel set A C R¢. Moreover,
(X, (Py)zere) is strong Markov. Finally, if the g-martingale problem has several solutions
for some initial law PX(®) = v, then there are several such families of measures (P,),cpa.

Proof. Step 1: Let A be an extension of A as in [9, Theorem 4.5.19(a)]. Moreover,
let P, € I'5, forxz € R? such that P, solves the A-martingale problem, which exists
by [9, Theorem 4.5.19(c)]. We define the law P(z,t,dy) := P,(X(t) € dy) for z € R4,
t > 0. Then P(z,0,:) = 6,. Let f : R’ — R be continuous and bounded, which
implies that ¢t — f(X(¢)) is right-continuous and bounded. By dominated convergence
we have that ¢t — FE,f(X(t)) is right-continuous as well. Since z — E,(f(X(t))) is
measurable, (z,t) — E,f(X(t)) is measurable by [21, I.1.21 and I.1.26], applied to
the right-continuous process Y (z,t) := E, f(X(¢)). Since this holds for any continuous
bounded f, we conclude that (z,t) — P(z,t,A) = P,(X(t) € A) is measurable for any
A € B(RY).
Let s,t > 0. [9, Theorem 4.5.19(d)] yields

P(t+s,2,A)=P,(X(s+t) € A)

= E,(E,(1a(X(s + 1))
= B (Px)(X(s) € A))

_ /Py(X(s) e A)PX® (dy)
_ / Py, s, A)P(,t, dy)

and hence P is a transition function in the sense of [9, Page 156].

Step 2: From [9, Theorem 4.5.19(d)] we also get that X is a strong Markov process
in the sense of [9, Page 158] with transition function P. Indeed, let P be a solution
to the A-martingale problem, 7 a finite stopping time and C' € B(D). Then we have
E(1{x((rrn)+)ec}|Fran) = Px(ran)(C) for any n € IN by [9, Theorem 4.5.19(d)] because
7 A n is bounded. For the strong Markov property we have to show that equality holds
for 7 instead of 7 A n. Clearly, Px(rn)(C) — Px(-)(C) pointwise for n — co. Moreover,
Yo = 1x((ran)+)ec} = Yoo := l{x(r4.)ec} Pointwise and hence in L?(P) for n — co. We
obtain

E(Yn - Yoo|<7§zﬂr/\n) + E(Yoo‘ﬁT/wJ = E(Y;L|j‘r/\n) — PX(T)(O)
and E(Y;,, — Yoo|Fran) — 0 in L?(P) as n — oo because

E(|E(Yy, — Yoo Fran)|?) < E(|Y; — Yaol?) — 0.
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Moreover, E(Yoo|Zrnn) = E(E(Yoo| Z:)|Zran) — E(Ys|Zr) in L?(P) when n — oo.
Consequently,
Px((C) = E(Yoo| Z7).

Step 3: Now we turn to the last part of the claim. Here, we assume that I', contains
more than one element for some Borel measure v on R?. The proof of [9, Lemma 4.5.19]
actually constructs extensions A # B given in [9, Lemma 4.5.19(b)] which are maximal
in the sense that any further extension of A or B does not meet [9, Lemma 4.5.19(c)] any
more.

Then, B € A due to maximality. Thus there is (f,g) € B with (f,g) ¢ A. Assume
by contradiction that M(t) := f(X(t)) — fot g(X(s))ds is a P,-martingale for any = € R%.
Then

A ={(h+Af,k+ Ag): (hk) € A, X € R}

is a strict extension of A which is a linear operator and such that the canonical process
X solves the A, -martingale problem under P, for any =z € R?. [9, Proposition 4.3.5]
yields that A, is dissipative. This contradicts the maximality of .A. We conclude that
there is € R? such that M is not a P,-martingale. However, M is a ,-martingale if the
canonical process X is a solution to the B-martingale problem under @, for any = € R?.
Consequently, P, # Q.. O

Proof of Theorem 2.7. Step 1: Let f be a real-valued Schwartz function and ¢ > 0.
Boundedness of g implies

sup F(z,{y € R?: [y| > a}) < e
zeRd

for some sufficiently large ¢ > 0 such that the support of x is contained in B(0,a). Lemma
2.5 yields

Af(@)] < IV@)] \b(x) + [ W06 - x0) F<x,dy>\

t5 sw [H]() (Tr<c<x>>+ /

yEB(z,a)

ly|*F(z, dy))

(070’)

+ / @+ y) — ()| Flo, dy)
B(0,a)°

< (IW(I)I + sup IHf(y)> g(x) +2 sup |f(y)|e

yEB(z,a) yER?

— 2 sup [f(y)le
Tr—r00 ye]Rd

for any z € R?. Hence Af(z) — 0 for z — oc.

Define é(z) := c(z) + [ x(v)x(y) " F(z,dy). [21, Theorem VII.2.9] yields continuity of
b, ¢ and of z — [ h(y)F(x,dy) for any bounded continuous function 4 : R? — R which
vanishes in a neighbourhood of zero. Lemma 2.5 and linearity of the trace imply

Af(w) =V ()bl) + 5 Tr(Hf(2)e(x)
# () = 1) = V@) - THEI@XNT) ) Fads)

for any z € R?. Thus = — Af(z) is continuous. Together, this yields statement (3a).
Moreover, the indirect implication of statement (2) follows from Lemma 2.6.
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Step 2: Let f be any real-valued Schwartz function with maximum attained at
zo € RY, ie. sup,epa f(2) = f(z0). Then V f(z9) = 0 and H f(zo) is negative semidefinite.
Therefore

Af(eo) = 5Te(H  (o)elen)) + [(Fao + ) = Flao)) Plan,dh) <0,

i.e., A satisfies the positive maximum principle in the sense of [9, p. 165], whence
statement (3b) holds. Moreover, it is defined on a dense subset of C(Rd) because its
domain are the real-valued Schwartz functions.

Step 3: Let ¢ : R? — [0, 1] be an infinitely differentiable function which is constantly
1 on the unit ball in R* and whose support is contained in the centered ball with radius 2.
For any n € IN define the real-valued Schwartz function

frn:RY =S R, ze p(z/n).

Then f,, — 1 pointwise and the second derivatives of f,, are bounded by k/n?, where k is
a common bound for the first two partial derivatives of ¢. Step 2 yields

Afa(x) = / (Jule +9) — DF(z, dy)

for z € R? and n > |z|. Due to a remainder estimate for the Taylor series we have

kly|®
2n2

|fn(z+y) = 1] <
Thus the dominated convergence theorem yields

kly|®
2n2

Afu(2)] < / Fla.dy) >0, n— oo,
whence Af, () — 0 pointwise. Similar arguments yield |Af,(z)| < Kg(z) for any = € R,
n € IN and some constant K > 0 which does not depend on x and n. Thus we have f,, — 1
and Af,, — 0 for n — oo, where the convergence holds relative to the bp-topology, cf. [9,
p. 111]. This implies statement (3c). [9, Theorem 4.5.4 and Remark 4.5.5] yield that for
any probability measure i on R? there is a solution to the martingale problem (A, i) in
the sense of [9, Section 4.3].

Step 4: In order to show that there are solutions to the g-martingale problem, let
be a probability measure and X a solution to the martingale problem (A, 1) in the sense
of [9, Section 4.3]. Moreover, let u € R? and ¢ : R? — [0, 1] as in Step 3. Define

fulz) =™ p(x/n), zcRYnecN.

Similarly as in Step 3 one shows that there is a bound B < oo such that |f,(z)] < 1,
|Af.(z)| < B forany € RY, n € IN, and

U

fo(z) — ™7,
Afn(x) = q(z, u)e™

for any # € R?. Thus

t
My, ()5 M) i= X = [ X0 (X (5), s
0
a.s. for any ¢ € R. By dominated convergence, M, is a martingale which shows that X is
a solution to the g-martingale problem. Altogether, we obtain both the direct implication
of statement (2) and statement (1).
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Step 5: The set of real-valued Schwartz functions is an algebra that separates points.
Lemma 5.2 yields that that [9, (4.5.33)] holds for all choices of K, e and 7" where K’ can
be chosen according to Chebyshev’s inequality. Thus [9, Theorem 4.5.11(b)] implies that
the requirements of [9, Theorem 4.5.19] are met for I' := {P, : P, solves (A, p1) for some
probability measure ;2 on R?}. Lemma 5.3 now yields statements (4) and (5).

Step 6: Let z,u € R¢ and (Py)recre measures on the canonical space such that the
canonical process X is a solution to the ¢g-martingale problem with X (0) = = P,-a.s. for
any = € R?. Then

t
E (X0 = ¢ivr L B </ ei“X(s)q(X(s),u)ds) , t>0.
0

Hence right-continuity of X in 0 yields

E, (etuX® =)y _ 1 1 [t .
< 120 [ B e s, wys

t t Jo
— B, (e™X(O7")g(X(0), u)
= q(z, u)
for ¢t | 0, which is statement (6). O

5.2 Proof of the uniqueness theorems

The remainder of the paper is devoted to the proof of Theorems 4.2 and 4.4. The
idea is as follows. We aim at proving uniqueness of univariate marginals in the Fourier
domain, i.e. we show that for two solutions X, Y the characteristic functions ¢ x ), ¢y (1)
coincide. This will be done by a Gronwall argument. We proceed in two steps. First
we show that any solution can be approximated locally by a conditional Lévy process,
cf. Lemmas 5.7, 5.8. Secondly we try to find bounds for the deviation rate of two
piecewise Lévy processes, which leads to Theorem 4.2. In order to derive Theorem
4.4, the conditions are first verified for simple symbols. Moreover, the set of symbols
meeting the requirements has a certain closedness property, cf. Lemma 5.11. Then
we can deduce Lemma 5.14 which states that uniqueness holds if the symbol can be
locally approximated with a Fourier series satisfying some positivity condition. Finally,
we construct such a Fourier series for elliptic symbols, cf. Lemma 5.15.

The localisation procedure for martingale problems reveals that uniqueness is a local
property, cf. [9, Section 4.6] and [3, Theorem 3.28]. We restate a localisation theorem
suitable for our applications with slightly different assumptions than the very related [3,
Theorem 3.28]; the proof however is basically the same.

Proposition 5.4. Let ¢ be a symbol such that existence holds for the q-martingale
problem. Let U be an open covering for R¢ and for all U € U let qy be a symbol such that

q(x,u) = qu(x,u) forany z € U,u € RY,

existence and uniqueness holds for the qy-martingale problem,
q(-,u) is bounded for any u € R? and

4. qu(-,u) is bounded for any u € R?, U € U.

W=

Then existence and uniqueness hold for the q-martingale problem.

Proof. W.l.o.g. we may assume that U/ is countable. Let iz be a probability measure on
R¢ and U € U. Define

B = {(e™,q(-,u)e™) : u € R},
Bu = (e qu( we™) s u € R}
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for any U € U. Observe that a stochastic cadlag process is a solution to the B-martingale
problem if and only if it is a solution to the ¢g-martingale problem. In particular, existence
holds for the B-martingale problem. Let U € U/ and observe that a stochastic process is a
solution to the stopped martingale problem (B, i, U) if and only if it is a solution to the
stopped martingale problem (By, i, U) in the sense of [9, Page 216].

Moreover, [9, Theorem 4.6.1] yields that the stopped martingale problem (B, i, U)
has unique solutions. Hence (B, u, U) has unique solutions for any U € Y. [9, Theorem
4.6.2] yields uniqueness for the martingale problem (B, it). Since p was arbitrary, we
have uniqueness for the g-martingale problem. O

The next result is a Gronwall-type theorem with perturbation which will be useful
later.

Lemma 5.5. Let I = [0,T], ¢ € (0,00), and 5 : Ry — R4 such that lim;_,q 8(t)/t = 0. Let
¢ : Ry — R4 such that for all s,t € I with s <t we have

p(t) < (1+(t = s)c)p(s) + Bt — s).
Then ¢(t) < p(0)e for allt € I. In particular;, p = 0 if p(0) = 0.

Proof. Lett € R4 and N € IN. The inequality above yields

o <t”; 1) < (1+te/N)p (t5) + B(/N)

forn=0,...,N — 1. Hence
N-1
o(t) < (1+tc/N)Np(0) + Y (1 +te/N)FB(E/N).
k=0
Since (1 + tc/N)N < exp(tc), we have
N-1
o(t) < exp(te)e(0) + Z (1+tc/N)*B(t/N).
k=0

The geometric series sums up to

N-1
1+te/N)N —1 et —1
L4 te/N)s = & <N :
Z( +te/N) te/N - te
k=0
However, Nj3(t/N) converges to 0 for N — co. Hence
N-1
> (1 +te/N)FB(t/N) —
k=0
We conclude ¢(t) < exp(tc)e(0) as desired. O

In the sequel we will work with the norm

) CRE,C) - R — QIS

1 CRQ) = Res g sup {2

Remark 5.6. A sequence of characteristic functions which converges with respect to
Il - [19, Theorem
19.1] yields weak convergence of the corresponding sequence of random variables.
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As mentioned above, the proof of Theorem 4.2 is based on local comparison to condi-
tional Lévy processes. If we consider a symbol ¢, a solution X to the ¢g-martingale prob-
lem, s > 0, and an .%;-conditional Lévy process L with Lévy exponent ¢ (u) = ¢(X(s),u),
i.e. E(e(Ft2)=Lt))| 7} = exp((ty — t1)¥(u)), then the following lemma measures the
difference E(T'(¢, s, u)) between the characteristic functions of X (¢) and L(t) — L(s) + X (s)
in terms of an expected path integral over ¢(X, u). However, the conditional Lévy process
L appears in the statement and proof only through its characteristic funtion.

Lemma 5.7 (Comparison to conditional Lévy process I). Let ¢ be a continuous symbol
such that q(-,u) is bounded for all u € R?. Moreover, let X be a solution to the g-
martingale problem and for s > 0 let (), be a reqgular version of the conditional law of X
given Z, i.e.

e Qs Q X B(D]Rd [0,00)) — [0, 1] is a transition kernel from (2, %,, P) to D and
s E(f(X = [ f(p)Qs(dp) for any bounded measurable function f : D — C.

Define
t
D(t.su) o= [ XD [ 00 g(p(0), )~ g(p(s), w) Qs (dp)ir

s D

for s,t € Ry,u € RY. Then we have
ox(t,u) = E (exp((t — s)q(X(s),u) +iuX(s))) + E(T(t,s,u))
foranyt,s € R,,u € R? with s < t, where px(t,u) := E(e’*X®). Moreover,
t
BL (50| < [ Ela(X(r),0) - a(X () wldr

foranyz,u € R, 0 < s <t < oo.

Proof. Let s € Ry ,u € R?. Forallt € [s,00) we have

paltsu) = / w0, (dp)

)+ ] / u) expliup(r))drQ.(dp)
= M, (s) + / o(X (), u) exp(iuX (r))dr
/ | alptr). ) exi(iup(r))Qudp)ir
— X () 4 / / u) exp(iup(r))Qs(dp)dr

We can see that ¢t — ¢,(t,u) is P-a.s. continuous. Thus the canonical process on
(D, B(D), Qs(w,-)) is weakly continuous for P-almost every w € (). Consequently,

"o / ) exp(iup(r)) Qs(w, dp)

is continuous for P-almost every w € €. This shows that ¢t — (¢, u) is continuously
differentiable for P-almost every w € Q.
The fundamental theorem of calculus yields

Dypa(tu) = /D 4(p(t), ) expliup(£)) Qs(dp)

= (Ps(ta U)Q(X(S)v u) + g(s, t)
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for all ¢t > s P-a.e. where

o(5,1) = /}D expliup(t)(a(p(t), u) — a(p(s), 1)) Qs(dp).

Moreover, we have ¢,(s,u) = ¢wX(s) The variation of constants formula [13, Satz 98.5]

implies

t
ot 1) = et=DAX D) FinX(s) 4 / e (t=r)alX ()0 g (5 1) iy

= e(t=9)a(X(s),u)+iuX(s) 4 I'(t,s,u).
Thus we obtain
E(eiuX(t)) = E(ps(t,u))
- B (e(t—s)q(X(s),u)-l-iuX(s)) + E(I‘(t,s,u))

Finally, we have
[E(L(t,s,u))| < E (/ /]D [(q(p(r),u) — q(p(S),u))le(dp)dr>
= / E(|(¢(X(r),u) — q(X(s),u))]) dr

for any t > s. O

Lemma 5.8 (Comparison to conditional Lévy process Il). Let ¢ be a Holder continuous
symbol. Moreover; let I C R, be a bounded interval and X a solution to the g-martingale
problem. Then there is a function 5 : Ry — Ry such that lim;_,o 8(t)/t = 0 and

" Elg(X(r),u) — q(X(s),u)l
/S 1+ |ul? dr < B(t = s)

forall s,t € I,u € RY with s < t.
Proof. Let f be a bounded and continuous function such that

la(z,u) —q(y, w)| < flz —y)(1+ |uf*), 2,y,u€ R
Then

Elg(X(r), u) — ¢(X(s),u)|
L+ Jul?

< E(f(X(r) = X(s))):
Proposition 5.1 states that X is quasi-left continuous. Hence
H:Ri xRy —» Ry, (r,8) = E(f(X(r) — X(s)))
is continuous and H (s, s) = 0 for all s € R,. The mean value theorem theorem yields the
claim for 3(t) := tsup{H(r,s) : r,s € I and |r — s| < t}. O

We can now show that the univariate marginals of solutions to the martingale problem
are uniquely determined under certain conditions.

Lemma 5.9. Let ¢ € C(R? x R%, C) be a continuous and Hélder-continuous symbol.
Moreover, let K € Ry and I = [0,t,] for some t, > 0. Assume that for any t € I,u € R?
there is a complex measure P, ,, such that
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1. Igt\u(x) = et for all z € RY and

2
2. [l P |(dv) <14 Kt

If X,Y are solutions to the q-martingale problem with the same initial distribution, then
X(t) and Y (t) have the same distribution for allt € I.

Proof. Observe that condition (2) implies that the total variation measure |F; ,| is finite.

Define d(t) := ||ex(t,-) — @y (t,-)]| for all t € Ry where ¢x(t,-) and ¢y (¢,-) denote the

characteristic functions of X (t) resp. Y (t). Let g; . (z) := e!?®W+u2 Lemmas 5.7, 5.8

yield

‘E (gtfs,u(X(S») - F (gtfs,u(y(s)» |
1+ [ul?

(o) < sup {

for all s,t € I with s < ¢, where S is a function as in Lemma 5.8 with lim;_,o 3(¢)/t = 0.
Moreover, condition (1) and Fubini’s theorem imply

:ueRd}+B(t—s)

E(gi—su(X(s)) = // eivx(s)pt_m(dv)emX(s)dP
= /sox(s,uw)Pt_s,u(du)

and likewise for Y. We obtain

1+ |u+ vl?
d(t) < d(s)sup {/ Wm_s,uudu) fu € Rd} + Bt —s)

<d(s)(1+K(t—s)) + Bt — s).

By Lemma 5.5 we have d(t) = 0 for all ¢t € I. Thus the characteristic functions of X (¢)
and Y (t) coincide, whence they have the same law. O

Corollary 5.10. Assume that the requirements of Lemma 5.9 are fulfilled and that
existence holds for the q-martingale problem. Then uniqueness holds for the q-martingale
problem.

Proof. Let X,Y be solutions with the same initial law and let 7" € [0, o0] be maximal
such that X (¢), Y (¢) have the same law for all ¢ € [0,T"). By Proposition 5.1 X and Y are
quasi-left continuous, which implies that X (7') and Y (T") have the same law. Assume by
contradiction that T’ # co. Then X (t) := X (T'+t), Y (t) := Y (T + t) are solutions to the
g-martingale problem with the same initial law. Lemma 5.9 yields that X, Y have the
same one-dimensional distribution up to ¢y, and hence X, Y have the same univariate
marginals up to 7' + to. This contradicts the maximality of 7. Hence [9, Theorem 4.4.2]
yields the claim. O

Proof of Theorem 4.2. Theorem 2.7 implies existence and Corollary 5.10 yields unique-
ness. The second statement follows from Proposition 2.10. O

We now turn to the proof of Theorem 4.4.

Lemma 5.11. Let g be a symbol. Consider ¢, : R* x R¢ — C, complex measures Py un
on R¢, and K,, > 0 such that

. ﬁtun(a:) = exp(tgn(z,u)),

. |Pt,u,n‘(Rd) S 1/

Jv|Prunl(dv) =0,

: j ‘U|2|Pt,u,n‘(dv) <tKn(1+ |u|2),
q(m,u) = ZnG]N qn(m7u)' and

O W N =
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6. K:i=Y " K,<o0

foranyn € N, z,u € R%, t € [0,1]. Then there are complex measures P, , on R? such
that

1. Proy(z) = exp(tq(z,u)),

U ’L)2
2. [l P |(dv) <14 Kt

for any z,u € R4, t € [0,1].

Proof. Let t € [0,1], u € R% Observe that (®!_;|P un
sequence and denote its limit by ¢ € [0, 1]. Note that

(RMY))ew is a decreasing

!
=i P d
c lggonl;[ll ] (RY)
l
. d
pin T Pron )

l
hm exp (t Z qn(x ) ‘

— exp(tReq(z,u)))
> 0.

For a,, := P; . »(R?) = exp(tq,(0,u)), assumption (5) yields 115 ; a,, = exp(tq(0,u)) € C.

By (4), (6) and Proposition B.6 the infinite convolutions P; ,, of (P n)nen and Q; ., of
(|Pru,nl)nen exist and we have |P, | < @, in the sense that the density is bounded by
one. Moreover,

/eimptu(dv) _ llifgo pive (Pt w1 Kk Pt,u,l) (dU)

l
= l]gglo exp (tnz_:l an (2, u)>
= exp(tq(w, u))

for any x € R®. Hence, P, ,, satisfies (1).
By Proposition B.4 the infinite product measure Pt,u of (Piyn)nen exists. Let m, :
(Rd)]N — Rd, (xl)lE]N — x,,. Then we have

‘ / imn2d Py < / i 2d Py

_ c /
|Pt,u,n|(]Rd)
<K, (1 + |ul?)

v? | Py | (dV)

and

— c
Py = P, P,
/ Tt = R Py (B / ! t*“’"‘(dv)/ o)

:07
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where we used (3) and (4). We conclude that
l 2 l B
/ > | d[Pra| = /Z |7 2d[ Py |
n=1 n=1
l

<Y KL (1 |uf?)

n=1

<K (14 |ul?).

This implies

1 2
/ 02 Qya(dv) = Tim / (an> AP < tK(1+ [uf?).
l—00 1 ’

Similar arguments show that Q; ,(R?) < 1 and [vQ;,,(dv) = 0. Thus we have

1+ |u+ v /1—|—|u—|—v2
STRTO p lde) < [ T G d
[ APl < [ ARG

<1+tK
as desired. O

Recall from Theorem 4.2 that uniqueness holds for symbol ¢ in Lemma 5.11 if it
satisfies the requirements of Theorem 2.7. The functions ¢,, will later be chosen from
the following lemma.

Lemma 5.12. Let n € R?, a,b € C, k € R such that Re(a) > |b|. Then there is a complex
measure P, for any t € [0, 1] such that

. ISt(a:) = exp(t(bcos(knz) — a)),
- PJ(RY) <1,

. Jv|P(dv) =0,

. f\v|2|Pt|(dv) < t|b||kn|?.

W N =

[

Moreover, there is a complex measure (); such that

. Qi(x) = exp(t(bsin(knz) — a)),
Q| (®Y) <1,

- JlQ¢|(dv) =0,

- J1?1Q:(dv) < tbl[kn.

W N =

[

Proof. Let ;1 be a complex measure on R with total variation less or equal 1. Moreover,
let P; := exp(—ta) exp(tbu), cf. Appendix A. Then we have for all z € R

Py(x) = exp(—ta) exp(tbiu(z)),
|P,| < exp(—tRe(a)) exp(t]]|u]), (5.2)
[P;|(R?) < exp(t(|b] — Re(a))) <1,

il (a) < el ( [ 10l + | [ elultar) )

for any x € R?, where (5.2) means that the measure on the left is absolutely continuous
with density at most one relative to the measure on the right. The last inequality follows
from Lemma A.4. For the specific choice ;= %(&Lk + 0_nk), Lemma A.2 yields

Jeld(a) =0,
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which shows the first assertion. For the specific choice y = 2%(5% —d_nk), Lemma A.3
implies

/v|Pt\(dv) —0

and hence the second claim. O
Lemma 5.13. Let ¢ € CMO(R? x R, C) be a symbol such that (z,u) + fflu“l% and
(T, u) — vllf‘(;”l’;‘) are bounded. Then q is (f-)Holder continuous for
\%
f(x):=min< 2 sup |q(y,u)2| , x| sup M , xcR%
y,u€R4 1+ |’LL| y,u€R4 1+ ‘u|

In particular, if q satisfies the requirements of Theorem 4.4 for some , then q is Hélder-
continuous.

Proof. We have

|Q(Zav)| d
) - ) <2 T 1020 s Yy € R".
lq(z,u) = q(y,u)| < S T e DY

Moreover, the fundamental theorem of calculus yields

Viq(z,v
lg(@,u) — (g, )] < o —y] sup [V29E0)

d
— r,y,u€R
z,vERY 1+ ‘U‘Q 7 e

and hence
|q(x,u)—q(y,u)| Sf(x—y)7 I,y,UGRd

as claimed.

Now assume that ¢ satisfies the requirements of Theorem 4.4. Equation (4.2) yields
that |g(x,u)| < g2(z)p(u) for some continuous function g, : R? — R, which is bounded
by some constant C; < oo. Since |¢(u)| < Co(1 + |ul?) for some constant Cy < oo, we
get |q(z,u)] < C1C(1 + |u[?). Moreover, we have |9,,q(z,u)| < g2(x)p(u) and hence

(z,u) — Vllf‘(fjl’;) is bounded by C where C := CC4d. O

Lemma 5.14 (Fourier conditions). Let ¢ € C9(R¢ x R%,C) be a symbol with the
following properties.

1. q satisfies the requirements of Theorem 2.7.
2. There is a constant ¢ > 0 such that |q(x, u)|+|V1iq(z,u)| < c¢(1+|u|?) for all z,u € RY.

3. It has Fourier series representation, i.e. there are a,,(u),b,(u) € C for alln € Z4
and a constant k > 0 such that

q(z,u) = Z (an(u) cos(knx) + by, (u) sin(knz)) (5.3)

nezad
and the family (an, by )peza Satisfies:

(a) the real part of —ag(u) dominates the absolute sum of the other coefficients,

ie.
— Re(ap(u)) > Z (lan (u)| + |bn(u)]) (5.4)
nezZN\{0}
for all u € R% and
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(b)

by, (u)]
K :=|k|%su E n2<|an(u)|+|n ):uERd < 0. 5.5
| | p nEZd| ‘ 1+‘U|2 1+|u‘2 ( )

Then existence and uniqueness holds for the q-martingale problem.

Proof. Lemma 5.13 states that ¢ is Holder continuous.
Since the coefficient by does not play any role in the representation of ¢ we may
assume by = 0. Let u € R%, ¢ € [0, 1]. Then the Fourier series can be rewritten as

a@w) =ao(w)+ > ((an(w) cos(kna) — [an(w)]) + (bu(w) sin(kna)  ba(w)]) ),
nezZ\{0}

where ao(u) = ao(u) + X, cza\ (0} (lan (w)| + [bn(uw)]) and Re(ao(u)) < 0. By Lemma 5.12
there are complex measures F; , n, Q¢,u,n, Such that

Pun (@) = exp(t(an (u) cos(kna) — |an (u)])),
| Pl (RY) < 1,

fv|Pt,u,n|(dv) =0,

J 10 1Pyl (d0) < tlay (u)|[kn]

W N =

and

Q1w (%) = exp(t(bn (u) sin(knz) — [ba(w)])),
|Qt,u,n|(Rd) S 1,

fv|Qt,u,n|(dU) =0,

J10P1Qtunl(dv) < t[by(w)|[kn]?

for all n € Z\ {0}. Moreover, the measure P, ,, o := exp(tao(u))dp satisfies

W N =

- Pruo(z) = expltao(u)),

. |Pt7u,0|(Rd) = exp(tRe(ap(u))) < 1,
. fU|Pt7u70|(d’U) =0,

- [10]2] Py 0] (dv) = 0.

B W N =

Lemmas 5.11 and 5.9 yield uniqueness of the solution to the ¢-martingale problem. O

The Fourier conditions in Lemma 5.14 might seem hard to verify. However, ellipticity
and Fourier ellipticity are almost equivalent as can be seen from the proof of the next
lemma.

Lemma 5.15. Let ¢ be a continuous symbol such that q(-,u) € Cl4/2+3(R9 C) for all
u € R? and such that

1. q satisfies the requirements of the existence theorem 2.7 and

2. for every x, there is a neighbourhood V of xy and L < oo such that ¢ := g(zo, -)
satisfies

102 q(z,w)|
102 q(z,u)|

L|Re(¢(w))], (5.6)
L(1+ [ul?) (5.7)

forallz € V,u € R, B,a € N with |3| < [d/2] + 1 and |a| < [d/2] + 3.

Then existence and uniqueness hold for the q-martingale problem.
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Proof. Step 1: Set m := [d/2] + 1 and let u € R?¢. W.l.o.g. we may assume that V' is open,
convex, and bounded. The first inequality together with the mean value theorem implies

lq(z,u) — q(xo,u)| < Lz — 2ol [Re(¢(u))]

forall x € V. Let ¢ € C*([0,1]%,]0,1]) such that it is constant 1 on [1/4,3/4]¢ and
compactly supported in (0,1)%. Set

Oy = sup{|0®p(z)| : « € N, |a| < m + 2,2 € R},

let £ > 1 be large enough such that the cube centered at z( of radius 1// is contained in
V, and define

g [0,1]% x R = €, (y,u) = o(y)(q(ve(y), u) — (u)) + ¥(u),

where 7 : [0,1] — Viy — Y2 4z and h = (1,.... 3).
Step 2: For s € {1,...,m} we have

sup{|00qe(y,u)| : y € [0,1]%, 8 € N, |8| = s}

< sup{lg(e(y), u) — ¥(w)||8) o(y)| : y € [0,1]%,8 € N, |8| = s}
+2"Cy sup{|0}) (q(ve(y), u) — ()| : y € [0,1)%,8 € N, 1 < [8] < s}
< LCusup{|e(y) — ol : y € [0,1]"}Re(¢p(w))|
427, sup{|08 (gl w) — w(w)| 7 €V, 5 € N1 < B < 5)
- g [Re)

1
with K := (14 2™)LC,. By [12, Theorem 3.2.16] there is another constant Ky < oo

such that
Re(y(u
llge(- w)llacry < K2w

where ||g¢(-, )| ar) = 22,74\ {0y |en (1] is the absolute sum of the Fourier coefficients
cn(u) ::/ q(z,u)e " dy, n e 74
[0,1)¢

except for the coefficient ag(u) := ¢o(u), which appears to be missing in the statement of
[12, Theorem 3.2.16]. Thus there is ¢ > 2L such that

[Re(w(u))|

llge(- w)llacry < 1

We also have

[Re(ao(w)) — Re(y(u))]

IN

lao(uw) — ¥ (u)|
/ ge(y>u) — (20)|dy
[0,1]4

L|Re(v) |/ 1Ve(y) — zoldy

7 [Re(¥(

IN

IN

IN

[Re(t(w))]
2 b

IN

EJP 25 (2020), paper 95. http://www.imstat.org/ejp/
Page 25/33


https://doi.org/10.1214/20-EJP494
http://www.imstat.org/ejp/

On unique solutions to martingale problems

which implies |Re(¢(u))| < 2|Re(ag(u))|. For n € Z\{0} set

e27‘(17l(h—él‘g)cn7

an
bn = Z-eZﬂin(h—ng)Cn.
Then
> (an@+a@)])) < 2 > fen(u)]
neZ\{0} neZ4\{0}

= 2llge(-;w)llacry
_ [Re(w(w)]
- and, h2
< |Re(ao(u))|
= —Re(ap(u)),

which implies (5.4).

Step 3: (5.5) can be deduced by applying [12, Proposition 3.1.2(10)] and the same
arguments as in Step 2 to A;q and using (5.7) instead of (5.6).

Step 4: Let U be the cube centered at zy with radius 1/(4¢). For z € U with
y :=1, '(z) we have y € [1/4,3/4]% and

qe(y,u) = o) (q(ve(y), u) — P(u)) +P(u) = gz, u).

Define Gy, ¢(z,u) := Go(7, *(x),u), © € R, where §(-, u) denotes the periodic continuation
of q¢(-,u) to RY. The inversion formula [12, Proposition 3.1.14] yields

Two (@, u) = Ge(y, u)
= Z cn(u)eQM”y
nezd
_ Z e () 2T (h—t0) 2mitn
nezd
= Z (an(u) cos (2mlnax) + by (u) sin (2wlnz))
nezd

= Z (an(u) cos(knx) + by (u) sin(knz))

nezd

where k := 2x{. Thus (5.3) holds for gy, ¢.

Moreover, g(-,u) satisfies the requirements of Theorem 2.7 and, together with Steps
2, 3, those of Lemma 5.14. The localisation theorem 5.4 yields that existence and
uniqueness holds for the ¢g-martingale problem. O

Proof of Theorem 4.4. q satisfies the requirements in Lemma 5.15. O

A Convolutions and total variation

In this appendix we recall various properties of the total variation and the convolution
of complex measures on B(R?). A complex measure on R? is a function x : B(R%) — C
such that p(UaczA) = Y 4.z #(A) for any countable family Z C B(R?) of pairwise
disjoint sets, cf. [6, Section §3.4]. We denote the set of complex measures on R¢ by
C(R%). A decomposition of a measurable set A is a finite system Z of pairwise disjoint
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measurable sets such that UgczB = A. The total variation measure of 1 is the measure
defined by

|p£|(A) := sup { Z |Q(B)]| : Z is a decomposition of A} , AecB®RY).

BeZ

The total variation of p is defined by ||u|| := |u|(R?). The product measure of complex
measures u, v on R? resp. R" is the complex measure ;1 ® v on R? x R" given by

(L@ V)(Ax B)=pu(Av(B), AecB[RY,BecBR").

The convolution of complex measures y, v on R is the complex measure p * v on R?
defined by

(u*v)(A) = /u(A —x)v(dx), A e B(RY).

Complex measures j,v on R? are called orthogonal if there is A € B(R?) such that
u(B) = 0 for any Borel set B C A and v(C) = 0 for any Borel set C C R%\ A. The Dirac
measure concentrated in a € R? is denoted by §,. The Fourier transform of a complex
measure ; on R? is the function /i : R? — C given by

Alu) = /e"<w>u<dx>.

A complex measure p on RY is symmetric (resp. anti-symmetric) if u(A) = u(—A) (resp.
p(A) = —u(—A)) for any A € B(R?).

Let us recall several properties of complex measures, which can be found or easily
derived from results in [6].

Lemma A.1. Let 1, v be complex measures on R? and n a complex measure on R™. Then
the following statements hold.

|| is an R -valued (and hence finite) measure.

[1(A)| < |ul(A) for any A € B(R),

1 is a regular measure in the sense of [6, Definition §15.2.1].
| - || is @ complete norm on C(RY).

O L=

(Hahn-Jordan decomposition) There are R.-valued measures i, (2, 43, ft4 Such
that

p= (= p2) +i(ps — pa),
where 11, p1o are orthogonal and us, pu4 are orthogonal.
6. A measurable function f : R¢ — C is y-integrable if and only if it is |u|-integrable

and in that case
‘/fdu' < [l

7. Any bounded measurable function f : R* — C is u-integrable.
8. For any u x v-integrable function f we have

Jrexws @ = [ [fe+wuwr)

9. |p = v| is absolutely continuous with respect to |u| * |v| with density bounded by 1.
10 s vl < el

11. [p®n| = |ul @ |
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12. If u and v are orthogonal, then |+ v| = |u| + |v|.
13. (C(RY),+, %, | -||) is a complex commutative Banach algebra with unit d;.

14. The Fourier transform ~ is a one-to-one homomorphism of algebras which is contin-
uous with respect to the total variation norm and the uniform norm, respectively.

15. u is symmetric resp. anti-symmetric if its Fourier transform is a symmetric resp.
anti-symmetric function.

For an introduction to analytic functional calculus see e.g. [26, Definition 3.3.1]. For
a complex measure p and a function f : C — C which is holomorphic on a neighbourhood
of the spectrum o(u) := {2z € C : 209 — p is x-invertible} of u we write f(u) for the
complex measure obtained by the analytic functional calculus applied to x and f.

Lemma A.2. Let ;. be a complex measure on R?. If ;i is symmetric or anti-symmetric,
then |u| is symmetric. If f : C — C is holomorphic on a neighbourhood of the spectrum
of u and p is symmetric, then f(u) is symmetric. If f is an odd entire function and p
is anti-symmetric, then f(u) is anti-symmetric. If f is an even entire function and p is
anti-symmetric, then f(u) is symmetric.

Proof. Let y be symmetric or anti-symmetric and A € B(R?). Let ¢ > 0 and Z be a
decomposition of A such that

ul(A) < e+ Y |u(B).

BeZz

Then

ul(A) —e < Y |u(=B)| < [pl(=A).
BeZ
Hence |u|(A4) < |p|(—A) < |p|(A), which implies symmetry.
Let p be symmetric, f an entire function and z € C. Then 24y — p is symmetric. If z is
not in the spectrum of u, then the measure R(z, 1) with the property (20— u)*R(z, 1) = dg
is symmetric as well. Thus

1) = 57 [ £GIRG )z

is symmetric as well, where I is a suitable integration path.
Now let i be anti-symmetric and z € C outside of the spectrum of i. Then
1

(R(zp) = R(=2 ) () = s+ . ue Y

By Lemma A.1(15) o, := R(z, ) — R(—%, ) is symmetric. Similar arguments yield that
B. := R(z, 1) + R(—z, ) is anti-symmetric and we obviously have R(z, 1) = 1/2(a, + 5,).
Let I' be a symmetric path around the spectrum of p. Then

1 1
- Jdr+ — Ldz. Al
1) = 3 [ fGhasdz+ o [ repae (1)
Observe that the first summand is symmetric and the second summand is anti-symmetric.
If f is even, then the first summand vanishes and hence f(u) is symmetric. If f is odd,

then the second summand vanishes and hence f(u) is anti-symmetric. O

Lemma A.3. Let i = 2(0, — 6_,) for some a € RY, z € C. Then |exp(p)| is symmetric.
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Proof. For w € C with |w| > 2|z| define

Qo 2= R(w’:u) - R(_wuu)’

Buw = R(wv N) + R(iwa ,LL),
where R(w, u) is the complex measure such that R(w, ) * (wdg — u) = dp. From their
Fourier transforms we conclude that that a,, is supported on O := {ka : k € Z, k is odd}
and S, is supported on E := {ka : k € Z,kis even}. By (A.1) and the subsequent

observation, sinh(u) is concentrated on O while cosh(u) is concentrated on E. Proposition
A.1 yields

|exp(u)| = |sinh(u)| + | cosh(p)].

Lemma A.2 yields that | exp(u)| is the sum of symmetric measures and hence symmetric.
O

Lemma A.4. Let u be a complex measure on R? such that [ |v|?|p|(dv) < co. Then
exp(p) (R?) = exp(u(R?)),
Joespidn) = foutao) explu(re), (a2)

Jiof expl)ae) - ( [ioPuta) + ] Jonta

where existence of the integral on the left hand side of the third equality is implied by
assumption.

) exp(p(RY)) (A.3)

Proof. The first claimed equality follows from Lemma A.1(8).

In order to show (A.3), we start by verifying that [|v|?|exp(u)|(dv) < oo, which
implies that the integral on the left-hand side of (A.3) exists. To this end let a := |u|(R?),
b:= [v|u|(dv) and ¢ := [ |v|?*|u|(dv) be the zeroth, first, and second moment of the total
variation measure |u|. We have

Jeespula) < [l explul)
= Z%ﬁUIQ\u”I(dv)
n=0
_00i nU-2 Y VL Vs v v
_nz_:on'/ /<;|z| +Z<“ g>>|u|(d1)...|u|(dn)

4,5=1
i#]
— 1
= Z - (na"'e+n(n —1)a"?[b]?)
n!
n=0

= (c+[b]*) exp(a)

< Q0.

Repeating the equalities and defintions of a, b, ¢ with p instead of |u| yields (A.3).
Equation (A.2) follows easily similarly. O

B Infinite product measures and convolutions

In this section we recall the definition and properties for infinite product measures
and infinite convolution for complex Borel measures on R?. Denote by B(RY)N the
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o-algebra on (R%)™ which is generated by the mappings
Tn - (Rd)]N — Rd7 (mk)kE]N = Tp.
It is also generated by the algebra

R = U (T, ).

nelN

Definition B.1. Let (11,,).cw be a sequence of complex Borel measures on R? and define
Ay = un(Rd), n € IN. Assume that a := 1172, a,, exists in C. A complex Borel measure

on (RHN, B(R4)N) is the infinite product measure of (i, )nen if

a

/f(ﬂl,...,ﬂ,L)du:Hn a‘/~~~/f(x1,...,:L'n),ul(dxl),...,un(dxn) (B.1)
j=1%;

for any n € N and any bounded measurable function f : (R4)" — R.

If it exists, the infinite product measure is unique because it is unique on R. It is
denoted by ®52, i, The following existence statement is classical.

Proposition B.2. Let (P, ),en be a sequence of probability measures on R?. Then there
is a unique probability measure P on ((RY)N, B(R?)N) such that (7, ).cn is a sequence
of independent random variables with P™ = P,.

This can be easily lifted to finite measures as long as the product of their total mass
converges to a finite non-zero number.

Lemma B.3. Let (u,)nen be a sequence of finite Borel measures on R? and define
an = pn(R?) for any n € IN. Assume that a := 113> a,, € (0,00). Then the infinite product
measure of (p, )neN exists.

Proof. Define P, := p,/ay. Then (P,),cn satisfies the requirements of Proposition B.2
and, hence, there is a probability measure P as in Proposition B.2. The measure u := aP
has the required property. O

Proposition B.4. Let (u,),en be a sequence of complex Borel measures on R¢ and
define a,, := u,(RY) and ¢, := |u,|(R?) for any n € IN. Assume that c := 11> ;¢,, € (0, 00)
and that a := I3 ;a,, exists in C. Then the infinite product measure (fi,)necn €xists and
we have | @72 pn| = @724 |pin|-

Proof. By Lemma B.3 the infinite product measure v of (|un|)nen exists. Define a
mapping it : R — C via

a

() (A) = [ [ra @), e @2

n )
Hj:la]

for A € B(RY)",n € IN. It is easy to verify that ji is a well-defined finitely additive
measure on R. Since v is g-additive and hence continuous in &, this also holds for .
Carathéodory’s extension theorem yields that £ can be extended to a measure p on
B(Rd)]N. Equation (B.2) implies that (B.1) holds and hence p is the product measure of
(tin)nen. From Lemma A.1(11) it follows that |u| coincides with ®2° ; |u,| on R and hence
on B(RHN = ¢(R). O

Now we turn to infinite convolutions which roughly coincide with pushforward
measures of infinite sums of independent random variables.
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Definition B.5. Let (i, ),cn be a sequence of complex Borel measures on R¢. A complex
Borel measure 1 on R is the infinite convolution of (fi,)nen if

[ H@ntdn) = tim [ 5 (sioypm)(do)

for any bounded continuous f : R — R.
Observe that the infinite convolution is uniquely defined by the limiting property if it
exists. It is denoted as %2, i,,. We give a simple criterion for its existence.

Proposition B.6. Let (u,)nen be a sequence of complex Borel measures on R¢ and
define c,, = |u,|(R?Y) and a, := p,(R?) for any n € N. Assume that ¢ := 112 ¢, €
(0,00), that a := 1132 ,a, € C, that > oo, [|v|*|un|(dv) < oo, and that [ v|u,| dv) =0,
n € IN. Then the infinite convolutions of (u,)nen as well as (|un|)nen exist. Moreover,

| %021 tn] < #0521 |ftn-

Proof. The measure P := | @2, u,|/c is a probability measure and =, is a sequence of
independent random variables relative to P. Since lim,,_,~, ¢, = 1, we have

Z/|7rn|2dP: chl/|v|2|un\(dv) < 00
n=1 n=1

and hence (}_;_, T )new converges in L?((RY)N, B(R?)N, P) and hence in probability to
some random variable S. Set 7 := (2% ,u,)°. For any bounded continuous function
f:RY = R we obtain

’/(f( <ij>) ) <

for n — oo and hence

[ r@mias

/ F(S) (@5 )

= nll}rgo f(Zm)d(@ff 1tn)

1
:nlgrolo e 1%/ / ( wk)#l(dffl)"'ﬂn(dxn)

= lim [ f(2) (=) (de)
as desired for the infinite convolution. The existence of %2 ;|u,,| follows along the same
lines by setting v := | ®5%; 1, |°.
The last statement follows from |(2°%; u,)%| < | @5 |, O
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