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Abstract

Construction methods for Feller processes which require bounded coefficients are extended to the
case of unbounded coefficients.

Technically speaking, the global condition lim¢|_,o sup, |q(x, )| = 0 which is usually posed on the
symbol g of the generator of a Feller process can always be replaced by the weaker condition:

lim sup sup |q(y,&)| = 0.

(09)
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1 Introduction

Feller semigroups and Feller processes on R? are well studied objects, which have many appli-
cations (see [5]). But their construction is in general difficult, moreover most of the existing
construction methods (see below for details) only allow the construction of Feller processes with
bounded coefficients, i.e., they require that the symbol of the generator is bounded uniformly with
respect to the space variable.

In contrast, our approach will provide a technique by which any known construction method can
be used to construct Feller processes with unbounded coefficients. The main idea is to construct
the process with unbounded coefficients as a limit of Feller processes with bounded coefficients.
We show that this can be done under general conditions. But first we have a brief look at the
known construction methods.

The standard examples of construction methods are:

e Using the Hille-Yosida theorem and Kolmogorov’s construction [12, 10].
o Solving the associated evolution equation (Kolmogorov’s backwards equation) [4, 3, 14, 15].

e Proving the well-posedness of the martingale problem [2, 10, 23].
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e Solving a stochastic differential equation [11, 13, 24].
e Using Dirichlet forms [1, 22].

Based on the martingale problem, there is a Lyapunov function technique (Chapter 5 in [16])
for the construction of processes with unbounded coefficients. This method adapts the underlying
function space based on the growth of the coefficients, in contrast we will always consider Feller
semigroups on the set of continuous functions vanishing at infinity.

Moreover, also the approach for diffusion processes via SDEs and the approach by Hoh (Chapter
9 in [10]) discuss unbounded coefficients. In the latter also processes with jumps are considered,
therein the symbol q of the generator is required to be real valued, and it has to satisfy the condi-
tion

p(x, &) <c (&) forall x| > 1 and some constant c,

SUpy 1= ¥ (1)
where 1 is a continuous and negative definite reference symbol 1.

Our condition is similar to the above, but we also allow complex valued symbols and do not
introduce an additional reference function. Furthermore note that the condition in [10] was only
applied to a specific construction method.

Besides the construction methods for general Feller processes listed above there is also a special
technique for the construction of affine processes (see [8]). Affine processes are Feller processes
with linearly growing (and thus unbounded) coefficients. In contrast to this, we allow nonlinearity.
Our condition is strongly related to a condition which ensures that a time homogeneous strong
Markov process is conservative, see Theorem 5.5 in [17] and Theorem 2.1 in [25]. But note that in
these references the existence of such a process was assumed and no construction methods were
given.

Next we will state our main theorem, the required definitions and notations will be explained in
Section 2.

Theorem 1.1. Let q(.,.) : R x RY — C be a function such that

lim sup sup |q(y, &) =0. (1.1

00
TTylsr gt

For each k € IN let (X*),5( be a Feller process with semigroup (TF),sq, such that its generator A
satisfies C2° C 9(Ay) and the symbol q;(x, &) ofAk{Coo satisfies

lgx(x, &)l < lq(x,8)  forall x,E € RY, (1.2)
q(x, &) = q(x,&) forall |x|§k,§€IRd. (1.3)

Then the operator (—q(x,D),C>) has an extension which generates a Feller process and the corre-
sponding semigroup is given by
T,u= lim Tru

k—oo ¢

for u € C,,, where the limit is meant in the strong sense, i.e., with respect to ||.||s-

Note that the theorem does not state uniqueness, i.e., (—q(x, D), C>°) might have further exten-
sions which also generate Feller processes. The uniqueness is equivalent to C:° being a core for
the domain of the generator. Sufficient conditions for this are non trivial, but they can be obtained
by various methods (see for example Chapter 5 in [16]).

The theorem will be proved in several steps. The two main steps are:
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e The operators A, converge to —q(x,D) on C* with respect to ||.||,. (See Section 3.)

e The semigroups (Tfk)tZO form a Cauchy sequence on C,, with respect to |.||,. (See Section
4.)

Each step will be proved under conditions on the symbol which appear to be natural for the given
setting. In Section 5 it will be shown that these conditions are implied by (1.1) and in fact some
are equivalent to (1.1). Based on this the main theorem will be proved. The paper closes with an
example in Section 6.

2 Preliminaries

A Feller process is a strong Markov process (X,);>, on R? (with d € IN) for which the family of
operators (T,),>o defined by

Tou(x) :=E,(u(X,)) forueCy

with
Co, :={u:R?— R | u continuous, |llim u(x) =0}
X|—00

is a Feller semigroup, i.e., (T;);>q is a strongly continuous contraction semigroup on C,, which is
positivity preserving. Note that there is a one-to-one correspondence between Feller semigroups
and Feller processes.

The generator A of a Feller semigroup is defined by

. Tiu—u
Au =lim
t—0 t
on the domain
. Tu—u
2(A) :={ueCy | hné Au — =0},
t—

[ee)

where [|ul|s := sup,epe [u(x)|. This generator satisfies the positive maximum principle

u(xy) =supu(x) >0 = Au(xy) <0,

since, with u*(x) := max(u(x),0) for all x € R,
Tou(xo) < Tut (x0) < ITeu" [l < [lut]loe = ulxo).

Thus, if the arbitrary often differentiable functions with compact support C>° are a subset of 2(A),
the generator has (by [7]), for u € C* a representation as pseudo differential operator

Au(x) = —q(x,D)u(x) = —J e™q(x,&)a(g) d&, 2.1)
]Rd

where (&) = (2m) ¢ f]Rd e~ ™¢y(x) dx is the Fourier transform of u and the function q : R¢xR¢ —
C, called negative definite symbol, is measurable and locally bounded in (x, &). Furthermore q is
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a continuous and negative definite function (in the sense of Schoenberg) with respect to &. That
is, £ — q(x, &) has for each x € R a Lévy-Khinchine representation

q(x, &) = k(x) —il(x)€ + EQ(x)E +J

(1—eiy5+ Ly ) N(x,dy),
y#0

1+]yl?

.....

bE - on R4\ {0}. In the following we will use the

1+ly?
abbreviation c.n.d.f. for continuous and negative definite functions.

Conversely, one can also define for each negative definite symbol an operator —q(x, D) by (2.1).
Moreover, note that by Fourier inversion this operator has for u € C* also the representation

and N(x,.) is a measure which integrates

—q(x, DJu(x) = — k(x)u(x) + 1(x)Vu(x) + Z q;k (%) 3; Gu(x)

+f (e =)= T30 ) wexdn)
u(x —u(x) - X, .
» ¢ 1+ Iy ’

Based on this representation we will prove in the next section a condition which ensures that the
sequence of generators A; defined in the main theorem converges to —q(x, D) on C° with respect
t0 ||.[]oo-

The support of a function u € C will be denoted by supp u, and Br(x) denotes the open ball
around x € R? with radius R > 0.

(2.2)

3 The sequence of generators
We start with a general result about the range of an operator with negative definite symbol.
Lemma 3.1. Let q(.,.) : R x R? — C be a function such that

£ —q(x,&)is acn.df foral x € RY. 3.1
Then for each u € C° with R > 0 such that supp u C Bg(0) and all |x| >R

|q(x, D)u(x)| < |lullo ¢ sup Re q(x,&), (3.2)

lEl< iz
where the constant c is independent of q. (In fact ¢ depends only on the dimension d.)
Remark 3.2. Suppose that, in addition to the assumption of the lemma, for all R > 0

‘ llim sup Req(x,£)=0 3.3)
TR g

and
x — q(x, &) is continuous for all &.

Then q(x,D)(C°) C C,. The decay is implied by (3.3) and the continuity is a consequence of
representation (2.1) and the dominated convergence theorem.
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Proof of Lemma 3.1. Let q : R x R? — C be a function satisfying (3.1). Then the corresponding
operator —q(x, D) can be defined on C* by (2.1) and it has also the representation (2.2). Note
that the latter simplifies for x ¢ supp u to

—q(x, Dju(x) = f u(x +y) N(x,dy).
y#0

Furthermore note that, as mentioned in Section 4 of [6] and Lemma 6.1 in [19], there exists some
exponentially decaying density g on R? with
2|y
Lp:oy(¥) < 2% = | (1 —cos(ny/R))g(n)dn
1+ 2yl RY

for any R > 0 and y € R®. Thus, by Tonelli’s theorem, for any fixed x € R and R > 0

2|yl?
N(x,B5(0)) < f 2R N(x,dy)

1
v 1+l

= J (1—cos(ny/R))g(n) dn N(x,dy)
y#0 JR4
1
= J (Re q(x,mn/R) — k(x) — };nQ(X)n) g(n)dn
Rd
< f Re q(x,n/R)g(n) dn
Rd

< | (@+InD*g(n) dn sup Re q(x, &),
R4 lEl<3

where we used for the last line the fact that also 7 — Re q(x,n/R) is a c.n.d.f. and any real valued
c.n.d.f. ¢ satisfies
P(n) < (1+Inl)* sup (&)
1g1=1
for all n (see for example the proof of Lemma 6.2 in [19]).
Finally let u € C° and R > 0 such that supp u C Bg(0). Then, since Bg(—x) C B ,(0), we get for
x >R

lg(x, D)u(x)| < f [u(x + y)I N(x,dy)
y#0

< [Julloo N(x, Br(=x))

< llulloo NCx, B, _p(0))

< lullsoc sup Req(x,&)

< 1
lels

with ¢ := [, (1+[n1)°g(n) dn. O

Now we are able to prove a condition for the sequence of generators in the main theorem to
converge to —q(x, D) on C°* with respect to ||.||«.
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Proposition 3.3. Let ¢ : R x RY — C satisfy for allR > 0

lim sup |q(x,&)|=0, (3.4)

|x|—00 1
lels s

and for each k € IN let there be a function q; : R? x RY — C such that

E—qu(x,&)isacndf (3.5

and (1.2) and (1.3) hold.
Then for u € C°
Jlim [lgCx, DYu — qi(x, D)ulloo = 0.

Proof. Let q and q; be given, such that g satisfys (3.4) and g satisfy (3.5), (1.2) and (1.3).
Then, by Lemma 3.6.7. in [12] Vol. 1, & — q(x, &) is for each x € R? a negative definite function,
since it is (by (1.3)) the pointwise limit of negative definite functions. Moreover the limit is locally
uniform and £ — q;(x, &) is continuous for each k, thus & — q(x, &) is a c.n.d.f.
Now fix u € C* and & > 0. Thus by Lemma 3.1 we have for |x| > R, with R > 0 such that
supp u C Bg(0),
lq(, D)u(x)| < llullsoc sup [q(x, &)l
[€]<

1
|x|-R

and with (1.2) also

|9k G, DJu(x)] < fulloo e sup  |gi(x, E)| = lullog e sup lq(x, &)

< 1 < 1
[HE= €< ks

with C independent of k. Thus there exists a y > 0 such that for all |x| >y

lqx(x, DJu(x)| v |q(x, D)u(x)| <

N ™

Finally for k > y we get

llg(x, D)u — q;(x,D)ulls, < €+ sup

lx|<y

J ™% (q(x, &) — qilx, (&) dg| =,
R4

where the integral term vanishes by (1.3). O

Next we will look at the corresponding semigroups.

4 The sequence of semigroups

For this section the following result is fundamental.
Theorem 4.1. Let (X,),>o be a Feller process with generator A, C>* C 9(A) and symbol q. Then for

any x e RY and r,t > 0
P (tp,oy <t)<ct sup sup |q(y,&)l,

ly—xl<rig<t

where
Th,(x) -= inf{t > 0| X, ¢ B,(x)},

and the constant ¢ does not depend on q.
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Proof. The statement can be found in [21], Theorem 1.1. But note that we will only apply it to
Feller processes with bounded coefficients, and in this case the statement is already a consequence
of Lemma 6.1, Corollary 6.2 and Lemma 5.1 in [18] (see also Theorem 5.5 in [17]), for an
alternative proof see Proposition 4.3 in [20]. O

Similar to the decay estimate for the generators in Lemma 3.1 we are now able to prove a decay
estimate for the semigroups.

Lemma 4.2. Let (X,);>o be a Feller process with semigroup (T,),>o, generator A, C>* C 9(A) and
symbol q. Then for all € > 0, u € C.,, R > 0, such that |u(y)| < ¢ for all |y| > R, and x € R? with
|x| >R

ITou(x)| < flullote  sup  sup [q(y,E)+e,

—x|< — 1
ly—x|<|x| Rigl< %

where the constant c¢ does not depend on q.

Proof. The proof is an adaptation of the proof of Proposition 3.8 in [21]. Let (X,);>0, (Tt)i>05 G5
€, U, R and x be given as in the statement above. Then an application of Theorem 4.1 yields

|Teu(x)] < J lu()I P (X, €dy)
R4

Sf [uW)I P (X, €dy)+e
BR(0)

< lullo P (X[ <R) +¢
< Hulloo P (X —x[ = x| —R)+ &
= Hu”ooIPx(TB‘x‘,R(x) = t) +e

<llullote sup  sup |q(y,E) +e.
y=xl<lxl-R jg|<

IR
]
Now we can prove that the semigroups (Ttk)tzo form a Cauchy sequence.
Proposition 4.3. Let q : R x RY — C satisfy for allR > 0
‘Xl‘iinoo o fﬁ;ﬁi I—R|§|Ssu£+R la(y. &)l =0, 4.1
lim sup sup|q(y,&)] =0. 4.2)

TP lylsr+R g <2
:

For each k let (XF) 50, (TF) >0, Ar and gy be as in Theorem 1.1, in particular (1.2) and (1.3) hold.
Then forall t = 0 and u € C,

lim ||T/'u— T"ull, = 0.
n,m—00

Moreover for any fixed K > 0 this convergence is uniformly for all t <K.

Proof. Let the assumptions from above hold. Fix u € C,, t > 0 and ¢ > 0. Then, by Lemma 4.2,
there exists a y > 0 such that for all |x| > y and uniformly in k

k
T u(x)l <

N ™
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since (4.1) holds and |q;(x, &)| < |q(x, &)| for all x, & € RY, k € N by (1.2).
Now let n,m € IN. Then, without loss of generality, for n < m

IT{u— T ulloo < ‘Sl‘lp I, (uX() — E (X)) +¢
x|<y
= S0P [ (WX () = Bt (D) 6
x|<y
S 2||u||oo sup HDx(TBn(x) S t) +é

|x|<y

< 2lJull tc sup sup sup |q,(y,&)|+¢€

Ixl<y ly—x|<n|g|<2

<2||lull tc sup sup sup |q(y,&)|+¢

x|y ly—x|<n|g|<d

=2llulles te sup sup lg(y, &)l +e,
lylsnty|g<i

where we used for the second line the fact that the processes have, by (1.3), the same distribution
until exiting B,(x). The same argument also implied the third line, since also the distributions
of the exit-times from B,(x) coincide for both processes. The fourth line was obtained by an
application of Theorem 4.1, and the fifth line is a consequence of (1.2).

Now (4.2) and the fact that ¢ was arbitrary imply the convergence. The uniformity for t < K is
obvious, since we can estimate t by K in the last line. O

Finally this enables us to prove Theorem 1.1.

5 Proof of Theorem 1.1

Let the assumptions of the theorem be satisfied.
First of all, note that any negative definite function 1) satisfies [1y)(n&)| < n?p(&)| for any n € IN
and all £ (e.g. Lemma 3.6.21 in [12] Vol. 1). This yields

sup sup |q(y, &) < sup sup |q(y, &)

lyl<3rig<d lyl<3rig<!

< sup sup |q(y,3n)

< 1
lyl<3r Inl<4

<9 sup sup |q(y,n)l.
lyl<3rigl< L

Hence
lim sup sup |g(y,&)]=0 <= lim sup sup |q(y,&)| =0. (5.1

r—oo r—o00
Tyl gl T®lylsr gt

This implies that (1.1)<=(4.2), since for allR > 0

lim sup sup |q(y,€)| < lim sup sup |q(y,€)| < lim sup sup lq(y, )|

T ylr gt TR ylsr+Rg|<L Clyl=3rg<t
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Moreover for allR > 0

lim sup lg(x,&)| < lim  sup sup lq(y, &)

xl=00 1g< L hel=00 |y —x|<|x|-R|g|< L

[x|-R \IR

< lim sup sup lq(y, &)

x|—00 |y |<2|x| R|g\<‘ ~

=lim sup sup |q(y,&)l

"7 y|<2r+R|g|<l
;

< lim sup sup |q(y,&),

T yIs3rg|< L
:

and therefore (5.1) implies that (1.1)=(4.1)=(3.4).
Thus by Proposition 3.3

lim |4 = (—q(x, D)u)lloo =0 forallue C° UN 2@y

1 n>l

and by Proposition 4.3
lim ||T/u— T ull, =0 forallueC,.
n,m—oo

Now, since C*° is dense in C,,, there exists (by Theorem 2 and Remark 2 in [9]) a closed extension
of (—q(x, D), C) which generates the semigroup (T,),>o given by T.u = lim,_,,, T u, where the
limit is taken w1th respect to ||.||,, for all u € C,. The semigroup is defined on C,, and for each
t > 0 the operator T, is a positivity preserving contraction, since each Ttk is a positivity preserving
contraction. Moreover, by Proposition 4.3, the convergence T,u = lim;_,, Ttku is uniform for all
t < 1. Thus for u € C,, € > 0 and there exists a k such that

sup || T,u — TskullOO <eg/2.
s<1

Furthermore, since (T[k)tZO is a Feller semigroup, there exists an r < 1 such that |ju— T[kulloo <eg/2
forall t <r.Henceforallt <r

l|lu— Toulle < llu— Tku||Oo +sup||Tku— Tull, <e/2+¢e/2=E¢,

i.e., (T,);>o is strongly continuous. Thus (T,),s is a Feller semigroup and the theorem is proved.

6 Example

There is a vast amount of possible examples, since basically for any sequence of Feller processes
with symbols q; (with bounded coefficients) we might get, under the assumptions of the main
theorem, a Feller processes with unbounded coefficients. Therefore we decided to give only one
rather simple example which illustrates the technique. It will also explain, why we speak about
bounded and unbounded coefficients.

Let ¢ : R — R be a c.n.d.f. such that ¢(0) = 0, ¥(—&) = ¢y(&) and (&) increases for |E| — oo.
Furthermore, let ®(x) = |x|# v 1 for some 8 € (0, 1). Then condition (1.1) is fulfilled for q(x, &) :=
YP(@(x)E) since

lim sup sup [g(x, &) = lim ¢(|r|’3 2)=v(0)=0.

TTRylsr gt
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The symbols q(x, &) := Y ((@(x) A k)E) satisfy (1.2) and (1.3). The corresponding processes are
(see [19] Section 3) the solutions to the stochastic differential equations with bounded coefficients

dxk=(e(xF )rk)dz,

where (Z,),>¢ is a Lévy process with characteristic exponent v (i.e., (Z,),>¢ is a Feller process with
symbol (x, &) — 1 (&)). Moreover these solutions (Xf)IZO are Feller processes (see for example
Corollary 3.3. in [19]). Hence Theorem 1.1 yields that —q(x, D) generates a Feller process. Note
that this process is a solution to the stochastic differential equation with unbounded coefficient

dx, = ®(X,_) dZ,.

Acknowledgment: The author is grateful to R. Schilling and J. Wang, in particular for providing a
prepublication copy of their paper [21]. Their paper gave the essential impulse for the presented
result.
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