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from catalytic branching networks
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Abstract
We establish existence and uniqueness for the martingale problem associated with
a system of degenerate SDE’s representing a catalytic branching network. For example, in
the hypercyclic case:

X = 0t + o (X)X XD, X0 20, 1= L.,

where X (1) = X1 existence and uniqueness is proved when ~ and b are continuous
on the positive orthant, v is strictly positive, and b; > 0 on {z; = 0}. The special case
d=2,b; =0; —x; is required in work of [DGHSS] on mean fields limits of block averages
for 2-type branching models on a hierarchical group. The proofs make use of some new
methods, including Cotlar’s lemma to establish asymptotic orthogonality of the derivatives
of an associated semigroup at different times, and a refined integration by parts technique
from [DP1]. As a by-product of the proof we obtain the strong Feller property of the
associated resolvent.
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1. Introduction. In this paper we establish well-posedness of the martingale problem
for certain degenerate second order elliptic operators. The class of operators we consider
arises from models of catalytic branching networks including catalytic branching, mutually
catalytic branching and hypercyclic catalytic branching systems (see [DF] for a survey of
these systems). For example, the hypercyclic catalytic branching model is a diffusion on
Ri, d > 2, solving the following system of stochastic differential equations:

dx) = (0, — X\"ydt + \/Q’Yi(Xt)Xt(iH)Xt(i)dBfa i=1,...,d (1.1)

Here X(t) = (Xt(l),...,Xt(d)), addition of the superscripts is done cyclically so that
x4 = xM 9, >0, and ; > 0.

Uniqueness results of this type are proved in [DP1] under Holder continuity hy-
potheses on the coefficients. Our main result here is to show the uniqueness continues to
hold if this is weakened to continuity. One motivation for this problem is that for d = 2,
(1.1) arises in [DGHSS] as the mean field limit of the block averages of a system of SDE’s
on a hierarchical group. The system of SDEs models two types of individuals interacting
through migration between sites and at each site through interactive branching, depend-
ing on the masses of the types at that particular site. The branching coefficients ~; of
the resulting equation for the block averages arise from averaging the original branching
coefficients at a large time (reflecting the slower time scale of the block averages) and so
are given in terms of the equilibrium distribution of the original equation. The authors
of [DGHSS] introduce a renormalization map which gives the branching coefficients ; of
the block averages in terms of the previous SDE. They wish to iterate this map to study
higher order block averages. Continuity is preserved by this map on the interior of ]Ri,
and is conjectured to be preserved at the boundary (see Conjecture 2.7 of [DGHSS]). It is
not known whether Holder continuity is preserved (in the interior and on the boundary),
which is why the results of [DP1] are not strong enough to carry out this program. The
weakened hypothesis also leads to some new methods.

The proofs in this paper are substantially simpler in the two-dimensional setting
required for [DGHSS] (see Section 8 below) but as higher dimensional analogues of their
results are among the “future challenges” stated there, we thought the higher-dimensional
results worth pursuing.

Further motivation for the study of such branching catalytic networks comes from
[ES] where a corresponding system of ODEs was proposed as a macromolecular precursor
to early forms of life. There also have been a number of mathematical works on mutually
catalytic branching ((1.1) with d = 2 and ~; constant) in spatial settings where a special
duality argument ([M], [DP2]) allows a more detailed analysis, and even in spatial analogues
of (1.1) for general d, but now with much more restricted results due in part to the lack of
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any uniqueness result ([DFX], [FX]). See the introduction of [DP1] for more background
material on the model.

Earlier work in [ABBP] and [BP| show uniqueness in the martingale problem for
the operator A7) on C2?(R%) defined by

d 2
A®) f(z) = Z <bz($)g7f + %(@%%) , w€RY.

i=1 i

Here b;,~; i = 1,...,d are continuous functions on Rﬁlr, with b;(z) > 0 if ; = 0, and also
satisfy some additional regularity or non-degeneracy condition. If b;(z) = > ; %jq5; for
some d x d Q-matrix (g;;), then such diffusions arise as limit points of rescaled systems
of critical branching Markov chains in which (g;;) governs the spatial motions of particles
and ~y;(x) is the branching rate at site ¢ in population x = (z1,...,24). In both [ABBP]
and [BP] a Stroock-Varadhan perturbation approach was used in which one views the
generator in question as a perturbation of an independent collection of squared Bessel
processes. The perturbation argument, however, is carried out on different Banach spaces;
in [ABBP] it was an appropriate L? space, while in [BP] it was a weighted Holder space. In
this work we again proceed by such a perturbation argument on an appropriate L? space
(as in [ABBP]) but the methods of [ABBP] or [BP| will not apply to systems such as (1.1)
because now the branching rates 7; may be zero and so the process from which we are
perturbing will be more involved. In fact the appropriate class of processes was introduced
in [DP1]. So it would appear that a combination of the ideas of [ABBP] and [DP1] is
needed, but we will see that we will in fact have to significantly extend the integration by
parts formulae of [DP1] and an invoke a new analytic ingredient, Cotlar’s Lemma, to carry
out the proof. Admittedly the choice of operator from which one perturbs and Banach
space in which to carry out the perturbation is a bit of an art at present, but we feel the
set of methods introduced to date may also handle a number of other degenerate diffusions
including higher order multiplicative catalysts.

We will formulate our results in terms of catalytic branching networks in which the
catalytic reactions are given by a finite directed graph (V, £) with vertex set V = {1,...,d}
and edge set £ = {e1,...,er}. This will include (1.1) and all of the two-dimensional
systems arising in [DGHSS]. As in [DP1] we assume throughout:

Hypothesis 1.1. (i,i) ¢ £ for all i € V and each vertex is the second element of at most
one edge. O

The restrictive second part of this hypothesis has been removed by Kliem [K] in
the Holder continuous setting of [DP1]. It is of course no restriction if |V| = 2 (as in
[DGHSS]), and holds in the cyclic setting of (1.1).
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Vertices denote types and an edge (i, ) € £ indicates that type i catalyzes the type
j branching. Let C' denote the set of vertices (catalysts) which appear as the first element
of an edge and R denote the set of vertices that appear as the second element (reactants).
Let ¢ : R — C be such that for j € R, ¢; denotes the unique i € C such that (¢,7) € &,
and for i € C, let R; ={j : (i,j) € £}.

Here are the hypotheses on the coefficients:

Hypothesis 1.2. For i € V,
Vi :]Rji_ — (0,00), b; :Ri — R,

are continuous such that [b;(z)| < ¢(1 + |z]) on R4, and b;(z) > 0 if z; = 0. O

The positivity condition on b;|,,—¢ is needed to ensure the solutions remain in the first

orthant.

If D C R%, CZ(D) denotes the space of twice continuously differentiable bounded
functions on D whose first and second order partial derivatives are also bounded. For
feC? (]Ri), and with the above interpretations, the generators we study are

Af(@) = AP f(z) =" i (@)ae, x5 f5(@) + > vi(@)as fi5 (@) + D bi() fi(x).
JER j€R jEV
(Here and elsewhere we use f; and f;; for the first and second partial derivatives of f.)

Definition. Let Q = C(Ry,R%), the continuous functions from Ry to R%. Let X;(w) =
w(t) for w € €, and let (F;) be the canonical right continuous filtration generated by X.

If v is a probability on RY, a probability P on € solves the martingale problem M P(A,v)
if under P, the law of Xy is v and for all f € CZ(R%),

My (1) = f(X2) — f(Xo) — / Af(X,) ds

is a local martingale under P.
A natural state space for our martingale problem is

S:{xE]Ri: H (mi+xj)>0}.
(i,5)€E

The following result is Lemma 5 of [DP1] — the Hélder continuity assumed there plays no
role in the proof.

Lemma 1.3. IfP is a solution of M P(A,v), where v is a probability on Ri, then X; € S
for all t > 0 P-a.s.

Here is our main result.
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Theorem 1.4. Assume Hypotheses 1.1 and 1.2 hold. Then for any probability v on S,
there is exactly one solution to MP(A,v).

The cases required in Theorem 2.2 of [DGHSS] are the three possible directed graphs
for V= {1,2}:
(i) €=10;
(i) € ={(2,1)} or & = {(1,2)}:
(iii) € ={(1,2),(2,1)}.

The state space here is S = R?—{(0,0)}. In addition, [DGHSS] takes b;(z) = ; —z;
for ; > 0. As discussed in Remark 1 of [DGHSS], weak uniqueness is trivial if either 6;
is 0, as that coordinate becomes absorbed at 0, so we may assume #; > 0. In this case
Hypotheses 1.1 and 1.2 hold, and Theorem 2.2, stated in [DGHSS] (the present paper is
cited for a proof), is immediate from Theorem 1.4 above. See Section 8 below for further
discussion about our proof and how it simplifies in this two-dimensional setting. In fact, in
Case (i) the result holds for any v on all of R? (as again noted in Theorem 2.2 of [DGHSS])
by Theorem A of [BP].

Our proof of Theorem 1.4 actually proves a stronger result. We do not require that
the ~; be continuous, but only that their oscillation not be too large. More precisely, we
prove that there exists g > 0 such that if (1.2) below holds, then there is exactly one
solution of M P(A,v). The condition needed is

For each i =1,...,d and each x € Ri there exists a neighborhood N, such that
Osc N, Yi < €0, (1.2)

where Osc 4 f =supy f —inf4 f.

As was mentioned above, the new analytic tool we use is Cotlar’s lemma, Lemma
2.13, which is also at the heart of the famous T1 theorem of harmonic analysis. For a
simple application of how Cotlar’s lemma can be used, see [Fe], pp. 103—104.

We consider certain operators 7; (defined below in (2.18)) and show that

ITell2 < ¢/t. (1.3)

We require L? bounds on fooo e~ MTy dt, and (1.3) is not sufficient to give these. This is
where Cotlar’s lemma comes in: we prove L? bounds on T; T and T} Ty, and these together
with Cotlar’s lemma yield the desired bounds on fg e MT, dt. The use of Cotlar’s lemma
to operators arising from a decomposition of the time axis is perhaps noteworthy. In all
other applications of Cotlar’s lemma that we are aware of, the corresponding operators
arise from a decomposition of the space variable. The L? bounds on T;T7 and T; T are the
hardest and lengthiest parts of the paper. At the heart of these bounds is an integration by
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parts formula which refines a result used in [DP1] (see the proof of Proposition 17 there)
and is discussed in the next section.

Theorem 1.4 leaves open the question of uniqueness in law starting at points in the
complement of S, that is at points where the reactant and catalyst are both zero. For
such starting points the generator from which we are perturbing will be too degenerate to
have a resolvent with the required smoothing properties. In the simple two-dimensional
case, the question amounts to showing uniqueness in law starting from the origin for the

martingale problem associated with

2

Af(@) = yj(@)arwafi; (@) + bi(x) f(x),

j=1

or
2

A f(2) = i (@)a1 fr1(2) + y2(@) 122 far (2) + Y bj(2) f(2).
j=1

If v; and b; (as in Hypothesis 1.2) are Lipschitz we can use different methods to prove
pathwise uniqueness until the process hits the axes, necessarily at a strictly positive time.
Hence uniqueness in law now follows from Theorem 1.4. The question of uniqueness
starting in the complement of S, assuming only continuity of the coefficients or in higher
dimensions, remains open.

In Section 3 we give a proof of Theorem 1.4. The proofs of all the hard steps, are,
however, deferred to later sections. A brief outline of the rest of the paper is given at the
end of Section 2.

Acknowledgment. We would like to thank Frank den Hollander and Rongfeng Sun
for helpful conversations on their related work. We also thank Sandra Kliem and an

anonymous referee for a careful reading of the paper.

2. Structure of the proof.
We first reduce Theorem 1.4 to a local uniqueness result (Theorem 2.1 below).

Many details are suppressed as this argument is a minor modification of the proof of
Theorem 4 in [DP1]. By the localization argument in Section 6.6 of [SV] it suffices to fix
2% € S and show that for some rg = ro(z") > 0, there are coefficients which agree with
i, b; on B(z% ), the open ball of radius ¢ centered at z°, and for which the associated
martingale problem has a unique solution for all initial distributions. Following [DP1], let
Z={ieV:2) =0}, Ny =UjezncRi, Nt = NyU(ZNC), and Ny =V — N;. Note that
N1 N Z = () because z° € S. Define

zjv;(x) if j € Nu
Yi(x) = ¢ xze;v5(x) ifj€(ZNC)U (NN R);

v;(x) if 7 € Ny N RC,
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and note that 7 = 4;(z°) > 0 for all j because z° € S. We may now write

AP fa) = Y [Z Fj(w)zs fi5(x ]Jr%(w)xifii(x)

1€ZNC jER;
+ ) Ai(@)ai fii (@) + > b)) fi(x)
JEN2 JeEV

Let § = §(2°) = min;ez b;(2°) > 0 (set it equal to 1 if Z is empty), and define

~ [ b(x) if 5 € Nq;
0 = s i) g

and let bg = Bj(xo), so that b? > 0 for j ¢ N;. Although b;(z°) < 0 is possible for
Jj € NaN Z¢ (and so b; may differ from b; here), a simple Girsanov argument will allow
us to assume that b;(z°) > 6 for j € No N Z¢ (see the proof below) and so b; = b, near
2%, With this reduction we see that by Hypothesis 1.2 and the choice of 8, b;(x) = b;()

0

for x near z”. By changing b and 4 outside a small ball centered at 2 we may assume

v; > 0 for all j, Z;j > 0 for j ¢ Ny, 7, Z;j are all bounded continuous and constant outside

a compact set, and

d
0= (IF = lloe + 1155 = 3loc) (2.1)
j=1

is small. For these modified coeflicients introduce

Z [Z ¥i()zi fi(w } + i(x)z; fii(x)

i€ZNC jER;
+ D Fi@)wifi@) + Y bi(@) f(w), (2.2)
JEN> JjeV

and also define a constant coefficient operator

= 3 [0 Wi @) + 85 @)] + 0 fule) + )

i€ZNC jER;

+ 3 A fi(w) + ) (=) (2.3)

JEN2

=) A+ D> A

i€ ZNC JEN2

As bg < 0 and b~j|zj:0 < 0 is possible for j € Ny (recall we have modified 13]-), the natural
state space for the above generators is the larger

SO=8(") ={reR%:x; >0 forall j ¢ N;}.
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When modifying 7; and Bj it is easy to extend them to this larger space, still ensuring all of
the above properties of l;j and 7;. If vy is a probability on S°, a solution to the martingale
problem M P(A, 1) is a probability P on C(R, S°) satisfying the obvious analogue of the
definition given for M P(A,v). As we have Af(z) = Af(x) for 2 near 2°, the localization
in [SV] shows that Theorem 1.4 follows from:

Theorem 2.1. Assume 7; : S(z°) — (0,00), b; : S(2°) — R are bounded continuous and
constant outside a compact set with l;j > 0 for j ¢ Ny. For j < d, let fy? > 0, b? € R,
b?>0ifj§éN1,and
— 0 (~0\=1 [30 0y—1
My = rjngg(vj, (7)), 1651) v ]n;?\])f(bj) : (2.4)
There is an &1(My) > 0 so that if g9 < &1(My), then for any probability v on S(z), there
is a unique solution to MP(A,v).

Proof of reduction of Theorem 1.4 to Theorem 2.1. This proceeds as in the proof
of Theorem 4 in [DP1]. The only change is that in Theorem 2.1 we are now assuming
1~)j>Oandb?>Of0rallj¢N1,notjustI~)jZOon{xj:0}forj§éN1 and b9 > 0
for j € Z N (RUC) with b} > 0 for other values of j ¢ Ny. If b;(z°) > 0 for all
J € Na, then the proof of Theorem 4 in [DP1] in Case 1 applies without change. The strict
positivity is needed (unlike [DP1]) to utilize Theorem 2.1. We therefore need only modify
the argument in Case 2 of the proof of Theorem 4 in [DP1] so that it applies if b;(z%) <0
for some j € N,. This means :1:? > 0 by our (stronger) Hypothesis 1.2 and the Girsanov
argument given there now allows us to locally modify b; so that b;(z°) > 0. The rest of
the argument now goes through as before. O

Turning to the proof of Theorem 2.1, existence is proved as in Theorem 1.1 of
[ABBP|-instead of the comparison argument given there, one can use Tanaka’s formula
and (2.4) to see that solutions must remain in S(z°).

We focus on uniqueness from here on.

The operator A? is the generator of a Feller branching diffusion with immigration.
We denote its semigroup by Q7. It will be easy to give an explicit representation for the
semigroup P} associated with A} (see (3.2) below). An elementary argument shows that
the martingale problem associated with A° is well-posed and the associated diffusion has

p= [ A II @ (2:5)

i€EZNC  JEN,

semigroup

and resolvent Ry = [ e * P, dt. Define a reference measure p on S° by

pu(dx) = H [H d:zsj} x??/ﬁ_ldxi X H x??/v?—ldxj = H L4 H -

i€ZNC jER; JEN i€ZNC  JEN,
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The norm on L? = L?(S°, ) is denoted by || - [|2-
The key analytic bound we will need to carry out the Stroock-Varadhan perturba-

tion analysis is the following:

Proposition 2.2. There is a dense subspace Dy C L? and a K(My) > 0 such that
Ry : Dy — CZ(SY) for all A > 0 and

3 Y I Bapsslla] + lwaBapalla) + [ D s (Bafsllz] + | D IR l2]

1i€ZNC jER; JEN2 JeEV
< K| fll2 forall f € Dy and X > 1. (2.6)

Here are the other two ingredients needed to complete the proof of Theorem 2.1.

Proposition 2.3. Let P be a solution ofMP(./Zl, v) where dv = pdu for some p € L* with
compact support and set Sy f = E]p(fooo e MF(Xy) dt). If

g0 < (2K (M)~ A (48dMJ5) T, (2.7)

then for all A > 1,

2
ISxl] := sup{[Sxf] : [ f]l2 < 1} < H§||2 -

Proposition 2.4. Assume {P? : z € S°} is a collection of probabilities on C(R, SY) such
that:

(i) For each x € S°, P* is a solution of MP(A,3d,).

(ii) (P*, X}) is a Borel strong Markov process.

Then for any bounded measurable function f on S° and any \ > 0,

Shf(z) = E“f(/ooo e—Mf(Xt)dt)

is a continuous function in x € S°.

Remark 2.5. Our proof of Proposition 2.4 will also show the strong Feller property of
the resolvent for solutions to the original MP(A, v) in Theorem 1.4-see Remark 6.2.

Assuming Propositions 2.2-2.4 the proof of Theorem 2.1 is then standard and quite
similar to the proof of Proposition 2.1 in Section 7 of [ABBP]. Unlike [ABBP] the state
space here is not compact, so we present the proof for completeness.

Proof of Theorem 2.1. Let Qg,k = 1,2, be solutions to MP(A, v) where v is as in
Proposition 2.3 and define S¥f = Ek<f e_)‘tf(Xt)dt>, where E; denotes expectation
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with respect to Q. Let f € CZ(SY). The martingale problem shows that there is a local
martingale M7 satisfying

F(X0) = £(Xo) + MY (8) / Af(X (2.8)

Note that for ¢ > 0,
t
Balsup [M7(5)) < 20floc + [ BL(AF(K) D ds

§21|fuoo+c/ £y X{+1)ds < oo,

JEN1

where the finiteness follows by considering the associated SDE for X7 and using the bound-
edness of Bj. This shows that M/ is a martingale under Qj. Let g € Dy. Multiply (2.8) by
Ae~ M integrate over ¢, take expectations (just as in (7.3) of [ABBP]), and set f = Ryg € C?
to derive

Shg = /RAg dv + S¥((A — A°)Ryg).
Taking the difference of this equation when k = 1,2, we obtain
(5% = SR)gl < (157 = SR (A = A" Ragll2 < (1S} — S3l|=0 K (Mo) g2,

where we have used the definition of ¢y (in (2.1)) and Proposition 2.2. Set ¢1(My) =
(2K (Mp))~! to conclude ||St — S%|| < 1|5} — S3||. Proposition 2.3 implies the above
terms are finite for A > 1 and so we have

|53 — S3|| = 0 for all XA > 1. (2.9)

To prove uniqueness we first use Krylov selection (Theorem 12.2.4 of [SV]) to see
that it suffices to consider Borel strong Markov processes ((Q%)zes0, Xt), k = 1,2, where
Q7 solves MP(A,6,), and to show that Qf = Q% for all z € S° (see the argument in the
proof of Proposition 2.1 of [ABBP], but the situation here is a bit simpler as there is no
killing). If S§ are the resolvent operators associated with (Q%,z € S9), then (2.9) implies
that

[ Sir@p@nte) = [ $ir@paldnto)
for all f € L?, compactly supported p € L?, and A > 1.

For f and X as above this implies S} f(z) = S f(z) for Lebesgue a.e. z and so for all =
by Proposition 2.4. From this one deduces Qf = Q3 for all x (e.g., see Theorem VI.3.2 of
[B98]). O
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It remains to prove Propositions 2.2-2.4. Propositions 2.3 and 2.4 follow along the
lines of Propositions 2.3 and 2.4, respectively, of [ABBP], and are proved in Sections 5 and
6, respectively. There are some additional complications in the present setting. Most of
the work, however, will go into the proof of Proposition 2.2 where a different approach than
those in [ABBP] or [DP1] is followed. In [DP1] a canonical measure formula (Proposition 14
of that work) is used to represent and bound derivatives of the semigroups P} f(z) in (2.5)
(see Lemma 3.8 below). This approach will be refined (see, e.g., Lemmas 3.11 and 7.1
below) to give good estimates on the derivatives of the the actual transition densities
using an integration by parts formula. The formula will convert spatial derivatives on the
semigroup or density into differences involving Poisson random variables which can be used
to represent the process with semigroup P; from which we are perturbing. The construction
is described in Lemma 3.4 below. The integration by parts formula underlies the proof
of Lemma 7.1 and is explicitly stated in the simpler setting of first order derivatives in
Proposition 8.1.

In [ABBP] we differentiate an explicit eigenfunction expansion for the resolvent
of a killed squared Bessel process to get an asymptotically orthogonal expansion. We
have less explicit information about the semigroup P, of A° and so instead use Cotlar’s
Lemma (Lemma 2.13 below), to get a different asymptotically orthogonal expansion for
the derivatives of the resolvent Ry—see the proof of Proposition 2.2 later in this section.

Notation 2.6. Set d = |Z NC| + |N2| = |Nf| < d. Here | - | denotes cardinality.

Convention 2.7. All constants appearing in statements of results concerning the semi-
group P; and its associated process may depend on d and the constants {bg-),'y? :j < d},
but, if My is as in (2.4), these constants will be uniformly bounded for My < M for any

M > 0.
We state an easy result on transition densities which will be proved in Section 3.

Proposition 2.8. The semigroup (P;,t > 0), has a jointly continuous transition density
pe 1 S° x 8% — [0,00), t > 0. This density, ps(x,y) is C® on S° in each variable (x or y)
separately, and satisfies the following:

(a) pe(y, x) = p(x,y), where p; is the transition density associated with AY with parame-
ters 4% = % and

-0 {—b? ifj € Ny

by = )
J bg otherwise.

In particular
/pt(fc,y)u(dy) = /pt(w,y)u(dw) = 1. (2.10)
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(b) If D" is any nth order partial differential operator in x € S and 0 < n < 3, then

—n—(d—d)— 0 /~0
Sup | Dy (2, )| < cogt @D Liem, W/ [T+t forailyes, (211)
N JEN2

and

sup | D7 py (2, )| < cagt "D 2ign, CTI 0+ /02 forallze SO, (212)
v JEN>

(c) If 0 <n <3,
Sup/\Dypt(:v Y)ldu(y) < cast™™. (2.13)

(d) For all bounded Borel f : S° — R, P,f € C3(S°), and for n < 2 and D" as in (b),

DIP, f( /Dxpt z,y) f(y)du(y) (2.14)

and
1Dz Prflloo < c2.8t™" | flloo- (2.15)

Notation 2.9. Throughout D, will denote one of the following first or second order
differential operators:

D,,, j <d, x;D2

X J)J’

teZNndC,je R, orij2m,j§éN1

A deeper result is the following bound which sharpens Proposition 2.8.

Proposition 2.10. For Dm as above and all t > 0,

SUP/ | Dape(, )| u(dy) < ca10t™ " (2.16)

sup / Dupi(,)l(de) < crot ™ (2.17)
Yy

This is proved in Section 4 below. The case D, = mng,jl,j for 5 € Z N C will be the most
delicate.

For D as in Notation 2.9 and ¢ > 0, define an integral operator T} = T;(D) by
T f(x /Dxpt z,y) f(y)u(dy), for f: S° — R for which the integral exists. (2.18)

By (d) above T} is a bounded operator on L, but we will study these operators on
L2(S°% ).
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Lemma 2.11. Assume K : S° x S° — R is a measurable kernel on S°.
(a) If

H/IK(-,y)\u(dy)Ho@ < ¢ and H/!K(:U,-)Iu(dx)Hoo <o,
then K f(z) = [ K(z,y)f(y)p(dy) is a bounded operator on L? with norm | K| < \/cica.

(b) I
KP = | [ [ 1Kl 1K )i utdo)]| < oo,

then K f(-) = [ K(-,y)f(y)u(dy) is bounded on L?(u) and its norm satisfies || K|| < |K]|.

Proof. (a) is well known; see [B95], Theorem IV.5.1, for example, for a proof.
(b) Let K*K(-,-) denote the integral kernel associated with the operator K*K. The
hypothesis implies that

H/'K*K(%'W(dy)Hw < K%

By (a) and the fact that K*K is symmetric, we have | K||? = ||[K*K]|| < |K|?. O

Corollary 2.12. (a) For f € L*(p) and t, A > 0, |Pifll2 < ||fll2 and ||Rafll2 < A7 f]|2-
(b) If g € CZ(S°) N L?(n) and A%g € L*(p), then t — Pyg is continuous in L?(u).

Proof. (a) This is immediate from Lemma 2.11(a) and (2.10).
(b) By (MP(A°%v)), if 0 < s <t, then

Py~ Pl = [ AR,

t
< / |2, Ag|adr

< (t—5)| A%ll2.
We have used (a) in the last line. O
Proposition 2.10 allows us to apply Lemma 2.11 to T; and conclude
T; is a bounded operator on L? with norm ||T}|| < co.10t ™" (2.19)
Unfortunately this is not integrable near ¢ = 0 and so we can not integrate this bound to

prove Proposition 2.2. We must take advantage of some cancellation in the integral over ¢
and this is where we use Cotlar’s Lemma:
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Lemma 2.13 (Cotlar’s Lemma). Assume {U; : j € Z,} are bounded operators on
L?(p) and {a(j) : j € Z} are non-negative real numbers such that

[UURINV AT Ul < a(j — K)* - all 5, k. (2.20)
Then
N oo
H Z UjH <A:= Z a(j) for all N.
7=0 Jj=—0c
Proof. See, e.g., Lemma XI.4.1 in [T]. O

The subspace Dy in Proposition 2.2 will be
Do ={Py-59:j €N,g € C;(S°) N L*(n), A% € L*(n)}. (2.21)

As we can take g € C? with compact support, denseness of Dy in L? follows from Corol-
lary 2.12(b). To see that Dy is a subspace, let Py—j; g; € Dy for i = 1,2 with jo > j;. If
g1 = Py-—s1 _9-3»1, then g is in L? by Corollary 2.12 (a) and also in CZ(S°) by Proposition
2.8(d). In addition,

A1 |2 = || Py—sr —9-32Ag1 |2 < A1 |2 < oo,

where we have used Corollary 2.12(a) again. Hence P,-j, g1 = P,-j,§1 where §; satisfies
the same conditions as g;. Therefore

Py g1+ Po-js g2 = Py—is (gl + 92) € Dy.

We show below how Cotlar’s Lemma easily reduces Proposition 2.2 to the following result.

Proposition 2.14. There is an n > 0 and co.14 so that if Dm is any of the operators in
Notation 2.9, then

TS T fll2 < conas™ 772772 f||5 and
ITST7 fll2 < conas™ 772702 £l
for any 0 < t < s <2, and any bounded Borel f € L*(p). (2.22)

Assuming this result, we can now give the
Proof of Proposition 2.2. Fix a choice of D, (recall Notation 2.9), let A > 1, and for
k € Z., define

g—k+1

Uy, = U,(D,) = / e MT, ds.

2—k
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By (2.19), Uy is bounded operator on L2. Moreover if k > j then

o—i+1 g—k+1
winste=| [ [, eeonma
2—3J 2—k 2

9—i+1 g—k+1

< / [/ Coqus— LT/ 21H0/2 dt} ds|| £
2—J 2—k

< 02,142_(n/2)(k_j)|’fH2-

If £ = j a similar calculation where the contributions to the integral from {s > ¢} and
{t > s} are evaluated separately shows

1U;U; fll2 < 214l f]2-

Cotlar’s Lemma therefore shows that
N
H 3 UjH < Vea2(1 — 27N =1 .= O(p) for all N. (2.23)
=0

Now let f = P,-~ng € Dy where g is as in the definition of Dy, and for M € N set
h = hM = P27N(1_27M)g. Then

DIRAf:Dx/ e MP, o v nhdt
0

— exp(/\2_M_N) [DI [/QN y e PR du] + D, [/OO e MP,h duH
2-N- 2

M+N [e’e)

k+2
= exp(A2~ M) [ Z Ujh + Z e M / e_’\(“_k)Tu_k(th) du} .

In the last line the bound (2.15) allows us to differentiate through the ¢ integral and (2.14)
allows us to differentiate through the p(dy) integral and conclude D,P,h=T,h. A change
of variables in the above now gives

M+N o
DuRyf = exp(\2~M—N) [ S U+ Y e_’\ka(th)] .
§=0 k=1

So (2.23) shows that

|2 Rafllz < expM2~ M= N)C )| harllz + D ™| Pehall
k=1

< exp(A2~ M) C(n) (1 — ™) 7 2. (2.24)
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Corollary 2.12(b) shows that ||hys|l2 = || Pe-~_o-n-mg|l2 — [|f]l2 as M — oo. Now let
M — oo in (2.24) to conclude

|DaRxfll2 < Cn)(1—e )7 fll2,
and the result follows. O

For Proposition 2.14, an easy calculation shows that for 0 < s <'t,

T*T,f(x) = / K (2,9) £ (y)duy) and T.T; f(z) = / K (o) f(w)duty),  (2.25)

where

Ké,lt) (y7 Z) = /Dxps (.ZIJ, y)[)a:pt(x, Z)d/J(:E), (226)

and
KS)(z,y) = / Dops(a, 2) Dypi(y, 2)dp(z). (2.27)

Lemma 2.11(b) shows that (2.22) follows from

sup / / KD (@, y)| |K (2, )] duly) dule) < canas™ 1472+
Yy

foral 0 <t <s<2andi=1,2. (2.28)

This calculation will reduce fairly easily to the case Ny empty and Z N C a singleton (see
the proof of Proposition 2.14 at the end of Section 4 below). Here there are essentially 4
distinct choices of D,, making our task one of bounding 8 different 4-fold integrals involving
first and second derivatives of the transition density p;(z,y). Fairly explicit formulae (see
(4.7)—(4.9)) are available for all the derivatives except those involving the unique index j
in ZNC, and as a result Proposition 2.14 is easy to prove for all derivatives but those with
respect to j (Proposition 4.3). Even here the first order derivatives are easily handled,
leaving Dm = Z;Dy,.,. This is the reason for most of the rather long calculations in
Section 7. In the special case d = 2, of paramount importance to [DGHSS], one can avoid
this case using the identity A°Ryf = AR, f — f, as is discussed in Section 8.

We give a brief outline of the rest of the paper. Section 3 studies the transition
density associated with the resolvent in Proposition 2.2 for the key special case when
Z N C is a singleton and Ny = (). This includes the canonical measure formulae for
these densities (Lemmas 3.4 and 3.11) and the proof of Proposition 2.8. In addition some
important formulae for Feller branching processes with immigration, conditional on their
value at time ¢, are proved (see Lemmas 3.2, 3.14 and Corollary 3.15). In Section 4, the
proofs of Propositions 2.14 and 2.10 are reduced to a series of technical bounds on the
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derivatives of the transition densities (Lemmas 4.5, 4.6 and 4.7). Most of the work here
is in the setting of the key special case considered in Section 3, and then at the end of
Section 4 we show how the general case of Proposition 2.14 follows fairly easily thanks to
the product structure in (2.5). Propositions 2.3 and 2.4 are proved in Sections 5 and 6,
respectively. Lemmas 4.5-4.7 are finally proved in Section 7, thus completing the proof of
Theorem 2.1 (and 1.4). The key inequality in Section 7 is Lemma 7.1 which comes from
the integration by parts identity for the dominant term (see Proposition 8.1 for a simple
special case). In Section 8 we describe how all of this becomes considerably simpler in the
2-dimensional setting required in [DGHSS].

3. The basic semigroups. Unless otherwise indicated, in this section we work with the
generator in (2.3) where Z N C = {d} and Ny = (). Taking d = m + 1 to help distinguish
this special setting, this means we work with the generator

[Z bo_ + 71 Lm+1 822 + bm+1i + 'Ym+1xm+1a—2,
Ox OLm41 o} Lm+1

with semigroup P; on the state space S, = R™ x Ry (m € N). Here we write b = b0, ;,
v =70, and assume

’y?>0,b9€R for j < m, and v>0,b>0.

Our Convention 2.7 on constants therefore means:
Convention 3.1. Constants appearing in statements of results may depend on m and
{09,95: j<m4 1} If

Mo = Mo(7",0") := max (v (%) VBV (Bya) ™ < o0,
then these constants will be uniformly bounded for My < M for any fixed M > 0.
Note that My > 1.
It is easy to see that the martingale problem M P(A!,v) is well-posed for any initial
law v on S,,. In fact, we now give an explicit formula for P;. Let X; = (Xt(l), e ,Xt(mﬂ))
be a solution to this martingale problem. By considering the associated SDE, we see that

X (m+1) is a Feller branching diffusion (with immigration) with generator

/ d §
AO b— +’Yil§'d 59

— (3.1)

and is independent of the driving Brownian motions of the first m coordinates. Let P, .,

be the law of X (™*1 starting at z,,,; on C(Ry,R,). By conditioning on X™*! we see
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that the first m coordinates are then a time-inhomogeneous Brownian motion. Therefore
if I, = fg XD ds and py(2) = (2mt)~1/2e=*/2t then (see (20) in [DP1))

Ptf(xlv s 7$m+1) = IE517m+1 |:/ f(yla R 7ymaXt(m+l)) HpQ’Y?It(yj — &5 = b(J)t) dyj]' (32)
j=1

Ifex=(x1,...,Zmy1) = (x(m)7$m+1) € S,,, let
b _q
plda) = &), de = det™ g1 (dm ).

Recall (see, e.g., (2.2) of [BP]) that X ™1 has a symmetric density ¢ = ¢*” (z,y) (z,y >

0) with respect to fi,41(dy), given by

@ (@y) = (07" exp{ _xvt_ y} [Z m!F(m1+ b/7v) (%)m (%)m} ’ (3.3)

m=0

and associated semigroup Q; = in. Let

t
et d) = B,y ([ X0 ds € dul X0 = i),
0

or more precisely a version of this collection of probability laws which is symmetric in
(Tm+1,Ym+1) and such that (Tm41,Yms1) — Tt(Tmt1, Ymr1, dw) is a jointly continuous
map with respect to the weak topology on the space of probability measures. The existence
of such a version follows from Section XI.3 of [RY]. Indeed, Corollary 3.3 of the above states
that if v = 2, then

—)\2
L()‘vx,y) ::/exp{Tw}Fl(az,y,dw)

TR exp{ (%)(1 — Acoth A)}L,(%g)/],,(\/x_y) if zy > 0;

(ﬁ)w exp{ (Z52) (1 = Acoth \) | if 2y = 0.

(3.4)

m=0 i T o1 \ 3 is the modified Bessel function

of the first kind of index v > —1. The continuity and symmetry of L in (z,y) gives the

2m—+v
Herey:g—land I,,(z):zoo 1 +(2)

required continuous and symmetric version of 71 (41, Ym+1). A scaling argument (see

the proof of Lemma 3.2 below) gives the required version of 7; for general v > 0.
Now define Tt (xTrH-lv Ym+1, dw) = qgﬁ(xm-i-b ym-l—l)ft(xM-i-lv Ym+1, dU)), so that

(Tmt1s Ymt1) — Tt(Tmt1, Ym+1, dw) is symmetric and weakly continuous (3.5)
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and

/ / sty ) Ersts Yot 1 )t 1 (i)

—E,. (X" L)) for all 2,41 >0 and Borel ¢ : R2 - R,.  (3.6)

(Weakly continuous means continuity with respect to the weak topology on the space of
probability measures.) Combine (3.6) and (3.2) to conclude that X has a transition density
with respect to u(dy) given by

o m
pe(z,y) = / HPQV?w(yj Ty bgt)rt(mm-l-laym-i-ladw)
0 .
7j=1

() (m)

Y1) = pe(@™ — g™ a0, Y1)

= Pt y Tm+41,Y
= pg (x(m) - y(m),me, ym—i—l); (37)
here we write = (2("™), z,,,1) and similarly for y, we write 0 for 00™), and we use

translation invariance to get the third equality. In particular we see that conditional on
the last component at time ¢, the first m components are translation invariant. Moreover
if we set ¥ = (b9,...,b9 ) € R™ and write p?o (z,y) for pi(x,y), then (3.5) implies

—p0

o (,y) = ;¥ (y. ) for all 2,y € Sy (3.8)

The next result is a refinement of Lemma 7(b) of [DP1].

Lemma 3.2. For any p > 0 there is a c3.2(p) such that for all x,y > 0 and t > 0,
' 1) 7\ Py (m)
Em<</ X(m+ )ds) | X, = y) = /w_pft(x,y,dw)
0
<eczolr+y+t) PP

Proof. Assume first v = 2, ¢ = 1 so that we may use (3.4) to conclude (recall v = % — 1)

o =1 ()
L()\,x,y): (sinh,\> L,(VZy)

L\ x,0

Y Y

exp{$(1 — Acoth\)} if 2 > 0;

exp{§(1 — Acoth \)} if x =0.

A bit of calculus shows

A
sinh \

AcothA > 1, a()) = € [0,1] for all A > 0, (3.9)
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with the first inequality being strict if A > 0. The above series expansion shows that
I (az) < a’I,(z) for all z>0, a € [0,1], and so using (3.9) in the above ratio bound, we
get

L\ x,y) < L\ z,0) for all \,z,y > 0. (3.10)

We have

/w‘pﬂ(fb,y’dw) - 2p/ 1 (2, y, [0,u”])u™* " du
0
< 2p\/5/ Lu™" z,y)u=?P " du
0
< 2p\/E/ L(u™',z,0)u"?’"tdu (by (3.10))
0

sinh =1

o0 -1 b/2
= cp/o (u—) exp{%(l —u "t cothu™ ) }u=?P"tdu

— Cp/ ( w ) exp{Tx(w cothw — 1)}w? dw
0

sinh w
1
<c¢p [/ exp{—cxw? }w*~ dw
0
oo
+/ exp{ —caw — wb/2}2° 2wt/ 21 gy ||
1

where in the last line ¢ > 0 and we have used (3.9), infp<uy<1 % =c >0, and
w cothw—1

infwz 1 w

= ¢g > 0. For z < 1 we may bound the above by (recall Convention 3.1)

1 00
cp[/ w1 dw +/ (e 2uw)b/ 2?1 dw} < c1(p),
0 1

and for z > 1 we may, using (2we~")%2 < 1 for w > 1, bound it by

oo

1
p [/ exp{—cwa}MQP_ldw+/ e_cmwaP_ldw} < co(p)zP.
0 1

These bounds show that [ w™P7 (z,y, dw) < ¢(p)(1 + )P and so by symmetry in x and
y we get

/w_p'r_‘l(x,y,dw) <c(p)1+x+y) P foral z,y > 0.

For general v and ¢, X, = %th is as above with 4 = 2 and b =22 We have

2.
" Xds = (22) [} X, du, and ing the ab
Jo Xsds = (=52 ) [, Xudu, and so, using the above case,

24\ —P P o 2r 2
Jurttenan = ()7 furedte (2.2 )
vty
o /ty\ 7P 20 2y\ P
<cr?(3) (1+ 5+
< c(p) ) +t7+t7
<cp)tPt+a+y) P
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We observe that there exist ¢1,ca (recall Convention 3.1 is in force) such that
e 77 iml < T(m+b/y) < cam® 7 tm! for all m € N. (3.11)

To see this, suppose first b/ = r > 1 and use Jensen’s inequality to obtain

F r
(m + T) _ /xrxm—le—a: dx m—l 2 (/il? . xm—le—m dx ) m—l — mT—l.
ml T(m) T'(m)

Next suppose r € [1,2] and again use Jensen’s inequality to see that

L(m+r) / 1 om —p dT
— = [ " T —m
m)! I'(m+1)

- dx r=1 1 1
< . m xX — T < T .
_(/x xe —F(m+1)) (m+1)"""<2m

These two inequalities imply (3.11) by using the identity I'(m +r+1) = (m +7r)I'(m +r)
a finite number of times.

Lemma 3.3. There is a c3.3 so that for all t > 0, Z,41, Yma1 > 0:
(a) Qf’”(a:mﬂ, Ymi1) < c33[t77 + Lo /v<1/2) (Tma1 A Y1) /27017172,

(b) For all t > 0, (z,y) — p¢(z,y) is continuous on S?2, and

sup  py(z,y) < egat™™ Y7,
T, YESm

(¢) B,y (exp(=AXTV)) = (14 Ayt) =2/7 exp(—2m 1A/ (14 Ayt)) for all A > —(yt) L.
(d) If 0 < p < b/ then

B (K )7) S eas(Grimg + 1) @ 07

(€) By, (X{™)2) < e5.3(@min +1)2.

—p
(f) For any p >0, E,, ., <<f(f X§m+1) ds) ) < c32(P)tP(t+ Tpy1) P
(g) supyz()’fooo(m — y)xb/Vngt(x,y)dx‘ < c33.

Proof. (a) If qlz,y) = ¢ ™Y Xy srtadarye then ai(@,y) = (v) =" a(a/vt,y/11)
and it suffices to show

q(z,y) < ca(1+ 1 y<1/2)( A y)l/z_b”) for all z,y > 0. (3.12)
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By (3.11) and Stirling’s formula we have

= (2m)! 2,/Ty)%m
q(z,y) < Cl—le—w—y Z ﬂg—Qmml—b/W% +e YD (b/~) !

Im) |
= mlm! (2m)!
< c[l + e YTV Z mt/2=b/v _(2 V xy_)me_z\/@]
- 1 m)!
m=

<[4 e VIVI 2/ 4 1)1/2 ),

where in the last line we used an elementary Poisson expectation calculation (for b/y > 1/2
see Lemma 3.3 of [BP] ). If b/y > 1/2, the above is bounded and (3.12) is immediate.
Assume now that p=1/2 —b/y > 0 and x > y. Then the above is at most

e+ "V (Vo)) < et VP (VI + (Vi = Vi) )e VY
<c(l+y” +y7%) < c(1+9P).

This proves (3.12) and hence (a).
(b) The continuity follows easily from (3.7), the continuity of ¢:(-,-), the weak continuity
of 7(+, -, dw), Lemma 3.2 and dominated convergence. Using Lemma 3.2 and (a) in (3.7),
we obtain (recall Convention 3.1)

pt(xa y) < C(t + Tmy1 + ym+1)7m/2quv(xm+1a ym+1)tim/2
C[t—m/2t—b/'yt—m/2 + 1(b/fy<1/2) (-rm—i—l + ym+1)b/'y—1/2t—m/2+1/2—b/v

IN

X (Tmg1 A Yma1)
< ct—mb/7,

(c) This is well-known, and is easily derived from (3.3).
(d) The expectation we need to bound equals

p/ v, L (XY < v) do
0

oo

TVt —1-p —X(m+1)/v —1-p
<p v eE,. . (e7 "t Ydv+p v dv
0 T

m+1Vt

.Z‘m+1\/t
— ep/ U*1*p+b/7(v + ,yt)*b/’Ye*iUm—H/(UJr’Yt) dv + (l'erl \Vi t)*p
0

We have used (c) in the last line. Set ¢, = sup,>oz’e” " and M; = M3. If 241 > t, use

(U _i_,yt)—b/'Ve—l‘mel/(’U-F’Yt) < Cb/,yx:n%iy < (ch + 1)x:nz{17
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to bound the above expression for E, ., ((X(™+1))=P) by

Tm+1
(ean, + Vepr (1 [ v s
0

(e, + Dep _
< (lm ey
b/y—p 1

On the other hand if x,,,41 < ¢, the above expression for E (X ™*+1)~P)is trivially at
most

¢ —b/v
ep/ Uflprrb/Vv*b/vt*b/v dv+1P = (‘Zm/— + 1>tfp.
0 /v—p

The result follows from these two bounds.

(e) This is standard (e.g., see Lemma 7(a) of [DP1]).

(f) Multiply the bound in Lemma 3.2 by ¢ (z,y)y? 7! and integrate over .

(g) Let b/ = ~/b. Since q;(z,y) =t~ 7q1(x/t,y/t), a simple change of variables shows the
quantity we need to bound is

sup( / (z — Wy)xb/Diql(w,vy)de’
y>0

= sup‘ Z e vl I / z —y)a¥ D2(e~*a™) dx /T (m + b')|.

Carrying out the differentiation and resulting Gamma integrals, we see the absolute value
of the above summation equals

‘Zeyy [m+1+b’)<m+b'>—2m(m+b’)+m( —1)

b/

b) + 2my — ym(l — —————
y(m+0) +2my —ym(1 —

)1(m21>]
< Z e ¥ [b'(1+b’)+yb’| — 1+ 1p>ym(m+b —1)" \]

m+1 m+1

1| e < s

U
Now let {P% : 2 > 0} denote the laws of the Feller branching process with generator

LOf(x) =~vxf"(z). fwe C(Ry,Ry) let ((w) =inf{t > 0: w(t) = 0}. There is a unique
o-finite measure Ny on

Cow = {w € C(RL,RL) : w(0) =0, ((w) >0, w(t) =0Vt>C(w)}
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such that for each h > 0, if Z is a Poisson point process on C,, with intensity ANy, then
X = / v =" (dv) has law PY; (3.13)
CEIE

see, e.g., Theorem I1.7.3 of [P] which can be projected down to the above situation by
considering the total mass function. Moreover for each ¢t > 0 we have (Theorems I1.7.2(iii)
and I1.7.3(b) of [P])

No({v: vy > 0}) = (yt)* (3.14)

and so we may define a probability on C, by

B No({VEA2Vt>O}).

Py (A) = No((v 24 > 0]} (3.15)
The above references in [P] also give the well-known
P} (v, > ) = e~ 2/, (3.16)
and so this together with (3.14) implies
/c vy dNo(v) = 1. (3.17)

The representation (3.13) leads to the following decomposition of X (™1 from
Lemma 10 of [DP1]. As it is consistent with the above notation, we will use X (™*1 to
denote a Feller branching diffusion (with immigration) starting at x,,+; and with generator
given by (3.1), under the law P

Tm41"

Lemma 3.4. Let 0 < p < 1.
(a) We may assume
X+ — X7 4+ X, (3.18)

where X/, is a diffusion with generator A{, as in (3.1), starting at px,,+1, X1 is a diffusion
with generator vz f"(z) starting at (1 — p)x,+1 > 0, and X, X7 are independent. In
addition, we may assume

Ny (t)

X1 (1) :/C v E(dv) = ej(t), (3.19)

Jj=1

where E is independent of X} and is a Poisson point process on C., with intensity
(1 — p)xm+1No, {e;,j € N} is an i.i.d. sequence with common law Py, and N,(t) = Z({v :
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(1—P)$m+1

0
t’ym+1

vy > 0}) is a Poisson random variable (independent of the {e;}) with mean
(b) We also have

t t t
Xl(S)dS = / / Vg ds 1(ut¢0)E(dV) + / / Vg ds 1(14:0)5(6[7/)
0 Cex Y0 Cex 40

N, (t)

= Z ri(t) + 11 (t), (3.20)

j=1

X ds = Y rj(t) + I(t), (3.21)

where r;(t fo ej(s)ds and I5(t) = I (t) + fot X((s)ds.

Remark 3.5. A double application of the decomposition in Lemma 3.4(a), first with
general p and then p = 0 shows we may write

NG (1) N, (1)
XM =X+ Y )+ Y el), (3.22)
7j=1 7j=1

where X} is as in Lemma 3.4(a) with p = 0, {ej(t),ei(t), j, k} are independent exponential
variables with mean (1/vt), N)(t), N,(t) are independent Poisson random variables with
means px,1/vt and (1 — p)z,y1 /71, respectively, and (X}(t), {ej(t), en(t)}, Ny(t), Ny(t))
are jointly independent. The group of two sums of exponentials in (3.22) may correspond to
X1(t) in (3.18) and (3.19), and so we may use this as the decomposition in Lemma 3.4(a)
with p = 0. Therefore we may take Ny to be Ny + N,, and hence may couple these
decompositions so that

The decomposition in Lemma 3.4 also gives a finer interpretation of the series expan-
sion (3.3) for ¢ (x, ), as we now show. Note that the decomposition (from (3.18),(3.19)),

Ny (t)
X(m—|—1)( + Z 8]
=1

where X, N,(t) and {e;(t)} satisfy the distributional assumptions in (a), uniquely deter-
mines the joint law of (Xt(mH), N,(t)). This can be seen by conditioning on N,(t) = n.
Both this result and method are used in the following.
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Lemma 3.6. Assume ¢ : Ry xZ, — R is Borel measurable. If N,(t) is as in Lemma 3.4,
then

(a)
E . (6(X™ D, No(t) / Zm (ID(n + b))~

X <vt> <3t>nexp{—% - %}(vt)‘b”dumﬂ(y)-

(b)
E . (X ™ Ny ot ") 27"y, k) (T (n + b))
/ / n=0 k= o(k) ! !

X (7t> (,‘;)nem{—% - %}(%)b”dumﬂ(y)

Proof. (a) Set x =0 in (3.3) to see that X{(¢) has Lebesgue density
—y - - B
exp{ -} (w/70)" T ) T/

that is, has a gamma distribution with parameters (b/v,vt). It follows from Lemma 3.4(a
(3.16) and the joint independence of ({e;(t)}, X((¢), No(t)) that, conditional on Ny(t) =
Xt(mH) has a gamma distribution with parameter (n + b/~,~t). This gives (a).

(b) Apply (3.22) with p = 1/2 to see that the decomposition in (3.18) for p = 1/2 is given
by (3.22) with Xp(t) = Xj(t) + X017 e2(r) and ¢;(t) = €}(t). As in (a), conditional
on (Ny(t), Niso(t)) = (4, k), X(m+1) has a gamma distribution with parameters (j + k +

b/v,~t). A short calculation (with n = j + k) now gives (b). O

);

Notation 3.7 Let D" denote any nth order partial differential operator on S, and let
Dy denote the nth partial derivative with respect to z;.
IfX e CRL,Ry), v €Cep, G:RE - Rand t >0, let

t t
AG(X,0Y) = ALG(X, 1Y) =G</ X, + v} ds,Xt+1/tl> —G</ Xsds,Xt),
0 0

t
AZG(X, vt 02 /X +uvl+vids, Xy + v+ uf —G(/ Xs—i—yslds,Xt+yt1)
0
t
—G /Xs+u§ds,xt+y§ +G /Xsds,Xt)
0 0
=AG(X + 1 02) — AG(X, 12,

1833



t
AZG(X, v V2 %) :G</ Xo+vi+v2+vdds, Xy +v)p + 07 + V?)
0

3 t
_ZG(/ Xs—l—z/sl—|—1/s2—|—1/§’—yids,Xt+Vg+uf+uf’—u§)
i=1 0

+§;G(/Otxs+y;,xt+u§) —G(/Othds,Xt>.

Lemma 3.8. If f : S,, — R is a bounded Borel function and t > 0, then P,f € C3(Sy,)
and forn < 3
D" Piflloo < casllflloot™™ (3.24)

Moreover if f € Cy(Sy,), then for n < 3,

D2 Puf (@) =B [ [ A2 G DO [T Mo (329
j=1
where for (™ € R™
Gt,m(m)f(lv X) = f(zla Sy Bmy X) HPQW?[(ZJ' —Tj— b(j)t)dzj (326)
R™ i

Proof. Proposition 14 and Remark 15 of [DP1] show that P, f € CZ(S,,) and give (3.24)
and (3.25) for n < 2. The proof there shows how to derive the n = 2 case from the n =1
case and similar reasoning, albeit with more terms to check, allows one to derive the n = 3
case from the n = 2 case. O

Recall that Q, is the semigroup of X ™+ the squared Bessel diffusion with tran-
sition density given by (3.3).

Corollary 3.9. Ifg: R, — R is a bounded Borel function and t > 0, then Q:g € C3(R.)
and for n < 3,

D" Q1glloe < c3sllglloct™- (3.27)

Proof. Apply Lemma 3.8 to f(y) = g(ym+1)- O

Notation 3.10. For t,§ > 0, 2™ e R™, y € S,,, 1 < j <m, I, X >0, define
b,
G o (I, X) = [ [ Posoror (@i — v + 000057 (ym1, X).
i=1

Note that in the above notations, G = G; ,(m) f and G = Gfx(m) , are real-valued

functions on R%r and so, according to the notation above, for such a G, APG will be a
ral-valued function of (X,v1,...,v") € C(R,,Ry) x C™, n=1,2,3.

ex’?
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Lemma 3.11. (a) Foreacht > 0 and y € S,,, the functions x — p¢(z,y) and x — p(y, )
are in C3(Sy,), and if D denotes any nth order partial differential operator in the x
variable, then

|Dype(x,y)| + | Dipe(z,y)| < cs1t Y for all zy € Sy and 0 < < 3. (3.28)

(b) sup, [ |D2pi(z,y)|u(dy) < csst™™ forallt >0 and 0 < n < 3.

(c) Forn <3 andt >0,y — Dipi(z,y) and x — Dypi(z,y) are in Cy(Sy).
(d) Forn=1,2,3,

Dy . pi(z,y) = hrnIElm i1 /AnG(Sm(m) (X, L HdNo )

Proof. (a) By the Chapman-Kolmogorov equations, pi(z,y) = E ;(p:/2(X¢/2,y)). Both
the required regularity and (3.28) now follow for x — p¢(z,y) from Lemma 3.3(b) and
Lemma 3.8 with f(x) = p;/2(2,y). By (3.8) it follows for y — ps(z,y).

(b) Forn =1,2,3, N € Nand z € Sp,, let f(y) = sgn (D}p¢(x,y))1(y<n). Then

/|Dxpt z,y) |1y 1< Ny dp(y) /D;,;Pt z,y) f(y)du(y)
= |D3 P f(z)],

where the last line follows by dominated convergence, the uniform bound in (3.28) and the
fact that f has compact support. An application of (3.24) implies

/|D2pt(90,y)\1(|y|gzv)d/~b(y) < czgt™",

and the result follows upon letting N — oo.

(c)
Dypi(z,y) = Dy /pt/2 z z)pt/Q(z y)du(z)

= /D;lpt/z(% 2)pes2(z, y)dp(z) (3:29)

by dominated convergence and the uniform bounds in (a). The integrability of

D} pys2(x, 2) with respect to u(dz) (from (b)) and the fact that p;/2(2,-) € Cp(S,,) allow us
to deduce the continuity of (3.29) in y from dominated convergence. Now use symmetry,
i.e., (3.8), to complete the proof.
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(d) If y,z € Sy, 6 > 0, let

A Hpa = Yi)qs (Ym+1, Zm+1)-

f is bounded and continuous in z by Lemma 3.3(a) (with a bound depending on y, ). Let
n < 3. The uniform bounds in (a) and integrability of f¥° allow us to apply dominated
convergence to differentiate through the integral and conclude

Dy, P @) = [ [ D2, )07 du)
— D7 p(x,y)asd | 0. (3.30)

Tm+1

In the last line we have used (c). Now note that if I, X > 0, then from (3.26) and
Chapman-Kolmogorov,

Gt,x“")fy’(s(ja X) = fy 0 Z X HPZ’YOI b )dzj
RTn

=q5(Ym+1, X HP5+2701 —a; = 0t) = G} o, (1, X). (3.31)

Use this in (3.25) to conclude that

Dy Pfo( O(2)=E, ., //A"G‘Sxm) ” L") H dNO(ui)). (3.32)
i=1
Combine (3.32) and (3.30) to derive (d). O
Lemma 3.12. (a) For eacht > 0 and y € R, the functions x — q;(x,y) and x — q(y, )
are in C3(Ry), and
Dy qi(z,y)| < 03,12t_”_b/7[1 + \/y_/t] for all z,y >0 and 0 <n < 3. (3.33)
(b) sup,>q J1D2q(z, y)|pm+1(dy) < c312t™" for all ¢ > 0 and 0 <n < 3.

Proof. This is a minor modification of the proofs of Lemma 3.11 (a),(b). Use the bound
(from Lemma 3.3(a))

i /2(,y) < c3,3(t_b/7 + 1(b/7<1/2)y1/2_b/7t_1/2)

< czat (2 + Vy/t)

in place of Lemma 3.3(b), and (3.27) in place of (3.24), in the above argument. Of course
this is much easier and can also be derived by direct calculation from our series expansion
for q. O

Expectation under P; is denoted by E; and we let e(s), s > 0, denote the canonical
excursion process under this probability.
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Lemma 3.13. If0 < s <t, then
Ei(e(s)le(t)) = (s/t)((s/t)e(t) +2v(t — 5)) < e(t) +2ys, P} — as.

Proof. Let P) denote the law of the diffusion with generator yx% starting at h. If
f € Cyp(R) has compact support, then Proposition 9 of [DP1] and (3.14) show that

B (e(s)f(e(t))) = limh™ "E R (X f (Xe) (x>0t

=l / / 1o h 25057 ) 0 () 2) () dy da (3.34)
10 s

Here we extend the notation in (3.3) by letting ¢ denote the absolutely continuous

part of the transition kernel for E° (it also has an atom at 0). We have also extended

the convergence in [DP1] slightly as the functional e(s)f(e(t)) is not bounded but this

extension is justified by a uniform integrability argument—the approximating functionals

are L? bounded. By (2.4) of [BP]

i == S e () () e

m=0
— exp(—y/vs)(vs) "

as h | 0,

and also 22¢7(h,y) < (ys)~'. Dominated convergence allows us to take the limit in

(3.34) through the integral and deduce that

B e(s)(elt) = & [ [ exp(-/19)09) a0, ) dyf (o) do

By (3.16) we conclude that
E;(e(s)le(t) = o) = (t/s)%e"/ / eV 0yq0 (y, ) dy.

By inserting the above series expansion for q?’_”s(y, x) and calculating the resulting gamma
integrals, the result follows. O

Recall the modified Bessel function, I,,, introduced prior to Lemma 3.2.

Lemma 3.14. Let v = b/y — 1, and k,(2) = %(z)z + 1 for z > 0, where k,(0) =

lim, o k,(2) = v+ 1. Then

t
E s / X ds
0

6 3
< c314[t? + t(Zmar +9)].

m 2 Zm t2 Zm +y)t
X +1>:y):ﬁy( \/t7+1y>_7+( +1+Y)
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Proof. Write X for X(™*+1) and z for z,,.;. The scaling argument used in the proof of
Lemma 3.2 allows us to assume ¢t = 1, ¥ = 2 and b=2b /7. Dominated convergence implies
that

1
E(/ X, ds| X,
0

The right side can be calculated explicitly from the two formulae in (3.4) and after

=y)= lim -\~ 1di)\E (exp((—)\Q/Q)/Oleds> X1:y>.

A—04+

some calculus we arrive at

Ez</01Xsds‘X1 ) = ﬁv(g/@) N (z-gy),

where v = l;/ 2 —1 =10/ — 1. This gives the required equality.
To obtain the bound (recall Convention 3.1) it suffices to show

ku(2) <cle)(1+2)forall z>0and v+ 1€ [g,e 1]

Set o = v + 1 and recall that

o0

L) = (/2" Y a2

and
o

21 (2) = 2(z/2)" Z T o) (2/2)%" + v, (2).

Taking ratios of the above and setting w = (2/2)?2, we see that it suffices to show
0 wn—|—1/2

Z (n—1)! n—l—a) < co(€) |:n—0 n!l(n + «)

} for all w > 0,e <a <e L (3.35)

We claim in fact that

w” - 1 n—1/2 wn—|—1/2
m—DI'(n+a) — 2

w
(n—1DI(n—1+ «) * n!l'(n + «)
foralln > 1,w > 0,a € [g,e”!]. (3.36)

(Y2 v 1) [

Assuming this, (3.35) will follow with cg(g) = e~'/2 by summing (3.36) over n > 1. The

proof of (3.36) is an elementary application of the quadratic formula once factors of w™~1/2

are canceled. O

Corollary 3.15. If Ny(t) is as in Lemma 3.4 then
E.,. / XD ds| XD No(8)) < 5121+ No(8)) + H(X™ ) + 2041,
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Proof. We write X for X(™+1) and z for z,,,,. Recall the decomposition (3.21):

No(t)

/X ds—/ Xi(s ds+// l/sdsl(,,_o)_ (dv) + Z/el

where the second integral is independent of ({e;(t),7 € N}, No(t) = [ 1(,,>0)=(dv), X{)
by elementary properties of Poisson point processes and the 1ndependence of X{) and =.
Therefore

E (/ X.ds| X5(1), No(@). {e;(1).3 € N}

=K, /Xo ds‘XO —HE // Vsdsl(y,—0)= (dz/))

No(t)

+3 (/ ex(s)ds| X5 (1), No(#), fes (1), € N )

:EZ</0tX6(s)d3’X6(t)>+]EZ //tysdﬂ(yt:())ady))

No(t)

+ Z E (/ s)dsles (t ))

In the last line we have used the independence of X{; and =, of Ny(t) and {e;,j € N}, and
the joint independence of the {e;} (see Lemma 3.4). Now use Lemmas 3.13 and 3.14 to
bound the last and first terms, respectively, and note the second term is bounded by the
mean of fg X1(s)ds, where X7 is as in (3.19). This bounds the above by

No(t)
caaa[t? +tz +tX((1)] +E, /X1 ds)—i— Z ei(t)t +~vt?)

< [t? +t Xy + 2t] + yNo (1)t
Condition the above on o(Ny(t), X;) to complete the proof. O

We now return to the general setting of Propositions 2.2 and 2.8.
Proof of Proposition 2.8. From (2.5) we may write

I piGzayve) 11 @ @vi)s

i€ZNC FEN,

where p! are the transition densities from Lemma 3.11 and qg are the transition densities
from Lemma 3.12. The joint continuity and smoothness in each variable is immediate from
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these properties for each factor (from Lemma 3.11 and (3.3)). (a) is also immediate from
(3.8). The first part of (b) is also clear from the above factorization and the upper bounds
in Lemmas 3.11(a) and 3.12(a). The second part of (b) is then immediate from (a). (c)
also follows from Lemmas 3.11(b) and 3.12(b) and a short calculation.

(d) is an exercise in differentiating through the integral, but, as we will be doing
a lot of this in the future, we outline the proof here and refer to this argument for such
manipulations hereafter. Let f be a bounded Borel function on S and 0 < n. If I(x)
denotes the right-hand side of (2.14), then I(z), is finite by (c) and also continuous in z.
To see the latter, choose a unit vector e;, set x; = x; if i # j and z; variable, and note
that for h > 0,

z;+h
1t hey) ~ 1@< [ [ 1D, D )l st

< || fllocC2.8t™™ .

We have used (c) in the above.
Let fn(y) = f(y)1(y/<n). By the integrability in (c), the left-hand side of (2.14)
equals

Jim [ D) futnts) = Jim D [ o) ininto),

where the differentiation through the integral over a compact set is justified by the bounds
in (b) and dominated convergence. The bound in (c) shows this convergence is uniformly
bounded (in x). For definiteness assume n = 2 and D? = D?Eimj for i # j. By the above

convergence and dominated convergence we get

/ / / Do) )duly)dosde; = Jim [ [ D2 [ pule.w) fu(wdu(o)dida,
—Jo 0

- / e (o )2 =22 201 £ () ()

Now differentiate both sides with respect z; and then x{ and use the Fundamental Theorem
of Calculus and the continuity of fDmpt x,y) f(y)du(y), noted above, to obtain (2.14).
This shows P,f € C? as continuity in  was established above. Finally (2.15) is now
immediate from (2.13) and (2.14). O

4. Proofs of Propositions 2.14 and 2.10.
By Lemma 2.11(b), Proposition 2.14 will follow from (2.28). We restate this latter
inequality explicitly. Recall that D, is one of the first or second order partial differential
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operators listed in Notation 2.9. (2.28) then becomes

swp [ [[| [ Dvatea) Dot @)t [ Dope.0) D)t J )

<9148 M forall 0 < t < s < 2, (4.1)
and

sup [ [ [| [ Dt 2)Dymty’ @) n@))| [ Dot 20Dyt )t J )

<9148 M forall 0 < t < s < 2, (4.2)

We have stated these conditions with s < 2 for other potential uses; in our case we will
verify (2.28) for all 0 < t < s. Recall also our Convention 3.1 for constants applies to ¢a.14
and 7.

Until otherwise indicated, we continue to work in the setting of the last section and
use the notation introduced there. In particular, Convention 3.1 will be in force and the
differential operators in Notation 2.9 are

Dm:Dmi, i<m+1, or D, = Ty D2, i <m+ 1. (4.3)

;)

In [DP1] a number of bounds were obtained on the derivatives of the semigroup
P.f; (3.24) in the last section was one such bound. Propositions 16 and 17 of [DP1] state
there exists a ¢4 1 such that for all [)x as in Notation 2.9, ¢ > 0 and bounded Borel function

f
sup |DyPof(z)| < ca1t™ | f]|oo- (4.4)

TES,

Although these results are stated for m = 1 in [DP1], the same argument works in m + 1
dimensions (see, for example, Proposition 20 of [DP1]). As a simple consequence of this
result we get:

Lemma 4.1. For allt >0, and all D, as in (4.3)

sup [ 1Dui(e pli(dy) < cuat ™ (4.5)

TES,

and

Sup>0/[xm+1|D920m+1qt<xm+la y)| + ’Dmm+1Qt(xm+17y)| ] ,UJm—|—1(dy) S C4.1t_1. (46)
Tm+12

Proof. Apply (4.4) and (2.14) to f(y) = sgn (D.p:(z,y)) to obtain (4.5), and to f(y) =

sgn (D2 qt(Tm+1,Ym+1)) to obtain (4.6). O
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One of the ingredients we will need is a bound like (4.5) but with the integral on
the left with respect to x instead of y. For derivatives with respect to x;,7 < m, this is
straightforward as we now show.

By differentiating through the integral in (3.7) we find for i < m,

& —x; — b%)
Dy,pi(z,y) = / W 270w szy w(¥j — Tj — b?t)rt(wm+17ym+1,dw), (4.7)
0 %

®r(y; — m; — b0t)? _
D3 pi(z,y) = /0 [ e 1] (290w)™

X HpZ'Y?W(yJ - .’E] - b?t)Tt (xm—i—l; Ym+1, dw); (48)
j=1

and

3 Oo(yi—l’i—b?t)g_ .30 i, =2
D; pt(ac y) = /0 [ 2700) 3(yi —x; — bt) | (2v5w)

X H p2'y;)w(y] — X — b?t)rt (xm-i-lv Ym+1, dw) (49)

Integration through the integral is justified by the bounds in Lemma 3.2 and dominated

convergence.

Lemma 4.2. For allt > 0, and 1 < m,

(a) f ’Dzipt(z7y)|dz(m) < C4~2t_1/2<t + Zm+1 + ym—i—l)_l/QQt(ym—i—l; Zm—i—l)-
(b) For %H 0<p<2, [2 1]D:pe(2,y)|pu(dz) < caat V2 (t+ Ypmgr )P
(c) For D, = Zm+1D§i or D,

sup/ |D.pe(2, )| p(dz) < cqnt™?, (4.10)
y

and

sup / Dpe(z, 9)|ldy) < cant™. (4.11)

Proof. (a) By (4.7) the integral in (a) is

/‘/OOO[ — a1 ] Hp% w\Yj = %5 — b?t)rt(zm+1,ym+1,dw) dz(™)

272- w

o0
—1/2
SC/ W2 (Yong 1, Zmr, dw)
0

< Ct_l/Q(t + Zm+1 + ym—|—1)_1/2(h(ym+1a Zm41)-
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where in the first inequality we used the symmetry of r; (recall (3.5)) and in the last
inequality we have used Lemma 3.2.
(b) Integrate the inequality in (a) to bound the integral in (b) by

ct=/? / 2t (tF Zmept + Y1) T 20 Ymerts Zma ) mer1 (A2 1)
_ _ m—+1
< et V2t 4 Y1) VPE L (X))

In the last line we used Lemma 3.3(e).

(c) For D, = D, (4.10) follows from (b) upon taking p = 0. The other cases are similarly
proved, now using (4.8) for the second order derivatives. ((4.11) is also immediate from
Lemma 4.1.) O

Consider first (2.28) for D, = D, or Tm41 D2 for some i < m.

Proposition 4.3. If D, = D,. or meDgi for some i < m, then (2.28) holds with
n=1/2.

Proof. Consider (4.1) for D, = Tm41D2. . We may as well take i = 1. Assume 0 < ¢ < s
and let

— [| ] Depe.0) Dottt
Then

J S /‘/Zm—FlD;/lps(y/l? 22y vy Bm+1y x)ZTTL—Fnglpt(Z, y/>,u(dz>‘“(dy/)
+ /‘/Zm—ﬁ-l[D;ips(yia 22y e ,Zm-|-1,517) — D§1p5<z7x)]zm-l-nglpt(Z,y/),u(dZ) ,u(dy’)
EJl + JQ.
To evaluate J; do the dz; integral first and use (4.8) to see
/Zm+1D§1pt(Z, y')dz =0,

and so J; = 0. (Lemma 3.2 handles integrability issues.)
Let J; and J5 denote the contribution to the integral defining Jo from {z; < y}}
and {z1 > y1}, respectively. Then by (4.8),

><</O g > oo Tl oo

Tt (Zm+1 Ypmt1s dw)dz(m)dzl‘ﬂmﬂ (dzmi1)p(dy’).
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/ / 0
Do the z; integral first in the above and if X = %ﬁblt, note the absolute value of this
YW

integral is

/7 ’ .

ol — 012
Y1—~A
’/— [ : 27?71) - 1} p2’y?w(y/1 — 21— b?t) dz,

b'e
= ’/ [v? — 1]p1(v) dv‘
< c[X]e‘XQ/Z

< c|y’1 -z - b(1)t|p27?w(yi -z - b(l)t)7 (412)

where the first inequality follows by an elementary calculation—consider | X| > 1 and | X| <
1 separately, note that [ (v* — 1)p1(v) dv = 0, and in the last case use

’/X p1(v)[v? — 1]dv‘ = /olel(U)[l _ odv.

— 0o

Take the absolute value inside the remaining integrals, then integrate over dyj...dy! , and
use (4.9) to express the third order derivative. This and (4.12) lead to

oo _ /—b08|3
J < 2 {//1z/ /[/ [|$1 z 1 — 91| (97002
2 _//Zm+1 (2'<y;) 0 (270w + |z1 — 2 18]{ (277w’)

m
X p2'y?w’($1 -2 - b(l)s) HPQV?w’<xj k7 b?s)deT’s(Zm+1, Tm+1, dw/):|
=2

00 ) / bOt
></ c‘ Yy + 2" + it
0

0
270w p2'y(1)w(y/1 — 2" = b1t (2m+ 15 Yy dw)dy’ldz’}

X 41 (d2m41) Bt 1 (Y g )-
Do the trivial integral over dzs . . . dz,, and then consider the dy] dz’ integral of the resulting
integrand. If 2/ = 2’ — 21 + bls and y{ = y| — x1 — bY(t — s), this integral equals

1 |Z”|3 "2 0,./\—2 " |y/1/_zll|
(2" <y} +b9t) (Q%T')+|Z | (2viw’) pzqgw/(z )W
X Doy (Y1 — 2")dyy dz"
< e(29w) 7P (29 w) TV,

Use this in the above bound on J) and the symmetry of rs(zm41, Tm+1, ) I (Zmt1, Tmt1)
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(recall (3.5)), and conclude

J2<C//// Zmp1 (W — /2T5($m+17Zm+1=dw')Tt(Zerla?J;nJrhdw)

X Hm+1(dym+1):“m+1(dzm+1)
—3/2 ’ 1 —1/2 /
= C// m+1 Ezm+1 ((/ ngm+ )dr> )TS(me-&-la Zmt1, dw )Nm—l—l(dzm—&-l)
< c// —3/2, 2 at” V2(t 4 zpns 1)~ 1/2rs(xm+1,zm+1,dw')um+1(dzm+1)
(by Lemma 3.3(f))

~3/2
< ct™V2E ( X(mﬂ) / X(m“)dr ) (recall (3.6))

Tm-41

3/4 —6y 1/4
0

Another application of Lemma 3.3(e,f) now shows
Jh < etV (@i + 8)Y P (yr + 5) 7570 = /25732,

Symmetry (switching z; and g} in the integral defining J) amounts to switching the sign
of bY) gives the same bound on JY and hence for J. This implies that the left-hand side
of (4.1) is at most

272 sup [ [ 22102 o) D o) o)
)

< ctV/2575/2 sup/Zm+1|D§1pt(z,y)|,u(dz) (by Lemma 4.1)
y
< ct=32575/2,

where (4.10) is used in the last line.

This completes the proof of (4.1) with = 1/2 for D, = Tm41D2 . The proof for
D,, is similar and a bit easier. Finally, very similar arguments (the powers change a bit
in the last part of the bound on JJ}) will verify (4.2) for these operators. O

Recall the notation p; from Proposition 2.8.

Lemma 4.4. If D} and Dk are nth and kth order partial differential operators in x and
y, respectively, then for all t >0, k,n<2, DkD"pt(x y) exists, is bounded, is continuous
in each variable separately, and equals

/DI;ﬁt/Q (v, Z)D;Lpt/z (7, 2) p(dz).
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For k <1, DIJD;‘pt(a:, y) is jointly continuous.

Proof. From (3.29) we have

D;pt(%y) = /D;pt/z(a:,z)ﬁt/g(y,z)u(dz).

Apply (2.14), with f(2) = D} p;/2(x, z) and py /5 in place of p;, to differentiate with respect
to y through the integral and derive the above identity. Uniform boundedness in (z,vy),
and continuity in each variable separately follows from the boundedness in Lemma 3.11(a),
the L'-boundedness in Lemma 3.11(b) and dominated convergence. If k =< 1 the uniform
boundedness of the above derivatives implies continuity in y uniformly in # and hence joint
continuity. O

We now turn to the verification of (2.28) and Proposition 2.10 for D, = D
$m+1D2

Tm+41"
case) and so we will reduce its proof to three technical bounds whose proofs are deferred

Cmyr OF

The argument here seems to be much harder (at least in the second order

to Section 7. Not surprisingly these proofs will rely on the representations in Lemmas 3.4
and 3.11 as well as the other explicit expressions obtained in Section 3 such as Lemmas
3.6 and 3.14.

Lemma 4.5. There is a ¢4.5 such that for all t > 0:
(a) If —(2M2)~! < p < 1/2 then for all y € Sy,

/Zﬂ+1|Dzm+1pt(27y)\u(dZ) < east V2t + yms1)P 2, (4.13)

and for all z € S,,,

/y%+1!Dzm+lpt(z,y)\u(dy) < cast VPt )PV (4.14)

(b) If 0 < ¢ < 2 and —(2MZ)~! < p < 2, then for all j < m and all y € S,,

/|yj — 2|92 1 |D2, oz y)|n(d2) < cast?TH(E A+ Yo PRI (4.15)

(c) If 0 < q < 2, then for all j < m and z € S,,,

/ij — 2j|%2m 1 |D2, | pi(z, ) n(dy) < cas[tt™! + 29271200, (4.16)
(d)
sup/z,i/il Di’m+1pt(z,y)|p(dz) < eyst™32. (4.17)
y
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(e) If 0 < p < 1/2, then for all (y(m),zm+1) € S,

/Zm+ly£1+1|Dym+1D§m+1pt(Zay)|dz(m)ﬂm+1(dym+1) <egst?? (4.18)

and for all j < m,

/Zm+1y£1+1|ng»Dzm+1Pt(Z,Z/)’dz(m)umﬂ(dymﬂ) < cq5tP 72 (4.19)

(f) If 0 < p < 3/2, then for all j < m,

sup [ 0D D2, i) < cost? ™ (4.20)
Yy

Lemma 4.6. There is a c4.6 such that for all 0 < t < s,

~yt
tb/ry/ [/ |‘D27n+1p8(’z? y>|dz(m)}dzm+l < C4.6t/5’ (4'21)
0

and ,
g
tb/V/ [/ |D§’m+1ps(2,y)|dz(m)}dzm+1 < cgpts > < ey (4.22)
0

Lemma 4.7. There is a c47 such that if 1 < p < 2, then for allt > 0, w > 0 and
(m) m
yr e R™,

/ / Ly i1 <w<zm i) + L <wgymen)) 2mr1 D2, 2e(2,9)10(d2) i1 (Y1)

< 64,7[1(71,§,y,5)7fp_2—~_b/7 + 1(w>7t)t_1/2wp_3/2+b/7]. (4.23)

Assuming these results we now verify (2.28) and Proposition 2.10 for D, = D, o

or meng .- The analogue of Proposition 2.10 is immediate.

+

Proposition 4.8. For D, as in (4.3), and all t > 0,

sup / |Dope(, ) a(dy) < cast™ (4.24)

sup / Dupe(, ) a(de) < cost™. (4.25)
Yy

Proof. This is immediate from Lemma 4.1, Lemma 4.2(c), Lemma 4.5(a) (with p = 0)
and Lemma 4.5(b) (with ¢ =0 and p = 1). O
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Proposition 4.9. (2.28) holds for D, = D and n = (2M2)~!

Tm41

Proof. Define n as above and fix 0 < t < s < 2. We will verify (4.1) even with the
absolute values taken inside all the integrals. By (4.14) with p =0,

/|Dzm+1pt(zyy’)|u(dy’) < eqst Tt 4 zpgr) T < castT 20

In the last inequality we used n < 1/2 (recall My > 1). Therefore the left side of (4.1)
(even with absolute values inside all the integrals) is at most

swp cus [ [ [1D el a0
y
<[ 104, 2 D2, il )l |t
< 2 s sup/[/\Dz;nﬂps(z',a:)]u(da:) \DZ;nJrlpt(z',y)\u(dz'), (4.26)
y

where we have used (4.13) with p = —n in the last line. Now apply (4.14) to the above
integral in x and then (4.13) to the integral in z’, both with p = 0, and conclude that

(4.26) is at most
csT 2T

as required. The derivation of (4.2) (with absolute values inside the integral) is almost the
same. One starts with (4.13) with p = 0 to bound the integral in 3’ as above, and then
uses (4.14) with p = —n to bound the resulting integral in z. O

It remains to verify (2.28) for D, = = Tpy1 D2 ni1- This is the hard part of the proof

and we will not be able to take the absolute values inside the integrals in (2.28).

Lemma410 For j = 1,2, [|D?
an

pe(2,9)|dz™ < oo for all 1 > 0 and y € Sy,

Zm-41

/Dz L Pz y)dzt™) —Dimﬁ/pt(z?y)dz(m) = DI a(Zmi1, Ymr1)

for all zy,41 > 0 and y € S,,. (4.27)

Proof. We give a proof as this differentiation is a bit delicate, and the result is used on
a number of occasions. Set j = 2 as j = 1 is slightly easier. Fix y € S,, and t > 0. By
Lemma 4.5(b,d),

/|DZ +1p z,9)| + 1(Zm+1>5)|Dzm+1p (z,y)|u(dz) < oo for all € > 0. (4.28)
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We claim
Zma1 — /ngﬂpt(z,y)dz(m) = F(zmn41) is continuous on {2,171 > 0}. (4.29)

Note that F(z,,+1) < oo for almost all 2,11 > 0 by (4.28). The Fundamental Theorem of
Calculus and Lemma 3.11(a) imply that if 2, . ; > 2,41 > 0, then

/IDzm+1pt (2", 2h1,y) = D2 pe (2™, 21, )| d2

// (m) , W y)‘dw dz(m) — 0 as zm+1 — Zm+1 O 241 — Zm+l?
Zm+1

where dominated convergence and (4.28) are used to show the convergence to 0. This
allows us to first conclude that

/|DZ D pe(2,y)]dz™ < oo for all zp,41 > 0, (4.30)
and in particular, F'(z,, 1) is finite for all z,,11 > 0, and also that F is continuous.

The differentiation through the integral now proceeds as in the proof of Proposi-
tion 2.8(d) given in Section 3 (using the Fundamental Theorem of Calculus). The last

equality follows from (3.7) and the definition of r;. O
Lemma 4.11. There is a c4.11 so that for D, = Dzm+1 =D., ., or zm41D? ars @l >0
and all y' € Sy,,

‘/szt(z,y’)u(dz)‘ <canr(t+ Ypmyr) ! (4.31)
Proof. Use (4.27) to see that

[ Depnteay ) = [ eyl s (d).

Changing variables, we must show

[ Dele ) | < connlt ) (132)

The arguments are the same for either choice of D, so let us take D, = D, for which the
algebra is slightly easier. Let w = y/vt and x = z/~4t. By differentiating the power series
(3.3) the left side of (4. 32) is then

‘/ (yt) " tem Z 'I‘ n b/ ) “Tma™ ! — xm]a:bmfldm’
m!T(m ol

= | 1(26 T = 14 b/2) =Tl +b/)]) = (1) e

o (5 e AU e

< 1 () HE (N(w) M v wyz1) + € v,
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where N (w) is a Poisson random variable with mean w, ¢; satisfies Convention 3.1, and we
have used (n+b/y—1)"1 < cn~! for all n € N. An elementary calculation (e.g. Lemma 3.3
of [BP]) bounds the above by

cot A AwT ) <20t I AwT ] <es(t+y)
(4.32) follows. -

Proposition 4.12. (2.28) holds for D, = Tmi1 D2 andn=1/2.

+1

Proof. Consider general 0 < n < 1 for now. (4.1) and (4.2) (and hence (2.28)) will follow

from
S“P/‘/ﬁzps(z, w)ﬁzpt(z,y’)u(dZ)‘u(dy') <epns UM for0<t < s <2, (4.33)
and
Sup/)/f?mps(x, Z)ﬁy'pt(y’,Z)u(d@‘u(dy’) <cpps MM for 0 <t <5< 2. (4.34)
To see (4.1), multiply both sides of (4.33) by
[ [ 1Dt 1Bopite )zt

After taking a supremum over y, the resulting left-hand side is an upper bound for the left-
hand side of (4.1). For the resulting right-hand side, use (4.24) to first bound the integral
in x, uniformly in z, by c4.8s~! and (4.25) to then bound the integral in z, uniformly in y
by c48t™t. This gives (4.1) and similar reasoning derives (4.2) from (4.34).

Next use Lemma 4.11 to see that

/ ’ / Dyps(y's2)Dapi(z,y' ) p(dz) | p(dy)
< [1Dyp s Dlensn(t + i) uldy) (4.35
: /|D§;n+1ps(y’7$)|u(dy’) <esT? <esTITMTI

In the next to last inequality we have used Lemma 4.5(b) with ¢ = p = 0. Therefore the
triangle inequality shows that (4.33) (with perhaps a different constant) will follow from

/)/(f?zps(zax) — Dyps (v, 2))D.pe(2, ¥ ) u(d2) |u(dy’) < cqaps™ 117

for0<t<s<2. (4.36)
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The analogous reduction for (4.34) is easier as (2.14) with f = 1 implies

/Dxps(x; y/)Dy’pt<y/, Z)/L(dZ) = 0.

Use this in place of (4.35) and again apply the triangle inequality to see that (4.34) will

follow from

J| [ Pevta2) = Duputaf DDyl 2t |u') < earas e+

for0 <t <s<2. (4.37)

Having reduced our problem to (4.36) and (4.37), we consider (4.36) first and take
n = 1/2 for the rest of the proof. The left-hand side of (4.36) is bounded by

[ D2, peli) = DEy b ) ma D )
+ /)/(Zm-l—lDz;n_Hps(z(m)vy;n—l—l?x) - y;n+1D§;l+1ps(y/7$))
X zm1 D2 pe(2, 9 ) p(dz) | p(dy')

=Ty + Ty (4.38)

Use the Fundamental Theorem of Calculus (recall Proposition 2.8 for the required regu-

larity) to see that

Tan = / / / (Lo <wsy ) T Ly <w<emen)) Zme1| Dapa (2™, w, 7))
X zmi1| D2 pe(2,0)] dw p(dz)p(dy').)
Now recall from (3.7) that pi(z,9) = pP(z"™ — y™) 2,11, yms1). First do the

p(dy") pm+1(dzms1) integrals and change variables to y” = 2(™) —4/(™) in this integral to
see that

Ta71 S /////(1(zm+1<w<y;n+1) + 1(y»lm+1<w<z7n+1))

X zoa D2 DLW Zmer s U )| AY pan g1 (A2 1) p(dYim 1)
X | D3 py (2™ w, 2)|dz"" dw

= C4~7/ /t_1/2w3/2|Dfups(Z(m),w,x)|dz(m) w7 dw
vt

vt
+C4_7/ /tb/7|DfUps(z(m),w,m)|dz(m)dw. (4.39)
0
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In the last line we have used Lemma 4.7 with p = 2. Now use Lemma 4.5(d) to bound the
first term by c¢t~1/2573/2 and use (4.22) to bound the second term by cs~2 < ct~1/2573/2,
We have proved

To1 < et~ Y2s73/2, (4.40)

Note that
Tap < /‘/ Zm1(D s( (m )7y;n+171') —D.qi“lps(y/yx))
X zmi1 D2 pi(z, 9 ) p(dz) | p(dy')
+ / ‘ / (zms1 = Y1) Dy 0oy ) 2ma D2 pe(2,y")pu(dz) | p(dy)
=103+ Tq4. (4.41)

By Lemma 4.10,
/ D2, pu(2,y)d=™ = D2 qu(zmss Yy

and so using Lemma 3.3(g) we have
b
Toa = [| [ Gt = v )2 D, e Mo | D2, (') )
<cs3 / Dy ps(y' ) pu(dy’) < ess™ < cat 25732 (4.42)

where we have used Lemma 4.5(b) in the last line with p = ¢ = 0.
For Tj, 3 use the Fundamental Theorem of Calculus to write

Ty3= /‘/ / yj )D; D2 p(s)(y/(m) —xm 4 r(z(m) _ y/(m))7y;n+1;$m+1) dr]

2(m) _ yy(m) (m) 1(m)

X zm1 D2 +11%( s Zmet 1 Y1) 42 g1 (A2 1) |dY ™ 1 (Y 41)-

Now take the absolute values inside the integrals and summation, do the integral in r last,
and for each r carry out the linear change of variables for the other (2m-dimensional)
Lebesgue integrals: (u,w) = (2™ — ¢/(M) ¢/(m) — g(m) 4 p(2(m) — /(M) (noting that
|dz(™) dy' (™) | < 2™|du dw| for all 0 < r < 1. This shows

Tas <CZ// //|u3‘zm+1’Dzm+1 O(Ua zm+1,y%+1)|duum+1(dzm+1)

X | D, Dyr 05w, Y41 )] A g1 (dy 1) (4.43)

<32 [ 24 )20, D2 0 1) 0 i ().
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For the last inequality we have used Lemma 4.5(b) with ¢ = 1 and p = 2. Now use Lemma
4.5(f) with p = 0 (for the ¢3/2 term) and then with p = 3/2 (for the (y/,.)%/? term) to
conclude that

Tos < c[ts ™3 4+ 17Y2573/2) < gt 1/2573/2 (4.44)

Combining (4.40), (4.42) and (4.44) now gives (4.36) (with n =1/2).
The left side of (4.37) is at most

u(dy')

/ | / Err (D2, pslw.2) = D2 a2 gl Wnin D2 pily, 2)p(dz)
+ / ‘ / Tmr1 (D3, ps(a, 20y, ) — Dimﬂps(fb,y’))yén“DZ;ant(y’,z)u(dz))u(dy’)

= Tb71 —+ Tb’g. (445)

The Fundamental Theorem of Calculus gives (Lemma 4.4 gives the required regularity)

Tb’l S /////(1(zm+1<7ﬂ<y:n+l) + 1(y;n+1<w<zm+1))xm+1

X | Doy D} N 2(m ),w)|y;n+1’D§;l+lpt(y/;Z)|
dw dz"™ dy' ™ i 41 (A1) am+1(AY 1)

1(m)

Re-express p; in terms of p? and set ¢y’ =y — 2(™) to conclude

Tb,l < ///(1(zm+1<w<y;n+l) +1(y;n+1<w<zm+1))

X Yy \Dinﬂpg(y”, Y1 Zm41) @Yt 1 (Y 1) i1 (dZims1)

X Ty1|DwD? i Ps (T, 2™ w)|dw dz™
<C47/ /t_1/2 V2= 1| Dy D? i Ds (T, 2™ )| dz™ dw
+C47/ /tbm Y2y 1| Dy D2 ar Ps (T, 2™ w)|dz™ dw. (4.46)

In the last line we used Lemma 4.7 with p = 1. Now use (4.18) with p = 1/2 to bound the
first term by C4,5C4,7t*1/28*3/2. By Lemma 4.4, the second term in (4.46) is at most

b~ 1/ / /tb/7|pr /2 , W, z)|dz(m)dw l’m+1|Dxm+1ps/2(;1; 2| p(dz")

<ct7Nt)s)sTE <esT? < et 2732,

1853



where we have used (4.21) then (4.5). (We are applying (4.21) to ps/.) We have shown
Ty1 < ct™1/2573/2, (4.47)

For T} 5, an argument similar to that leading to (4.43) bounds 7} 2 above by

m
CZ//[//|uj|y7/n+1’D§;n+1pg(uay1/71+17Zm+1)|duum+1(dzm+1)
j=1

X Tm+1 ’ij Dim+lpg(w7 LTm41, y;77,+1)‘dw Hm+1 (dy1/7’1,—|—1)

<e / / casL+ 172 )2 1| Dayy D2, 500, Zrts Y )0 1 (A ).

In the last line we have used the identity p{(u, vl .1, Zm+1) = Pt(0, Y11, —U, Zm+1) and
then Lemma 4.5(c) with ¢ = 1. Finally use (4.19) with p = 0 and p = 1/2 to bound the
above by ¢(s™2 4t71/2573/2) < ¢t71/2573/2, Use this and (4.47) in (4.45) to complete the
proof of (4.37). D

Having obtained (2.28) and Proposition 2.10 for the special case No null and ZNC' =
{d}, we now turn to the general case. In the rest of this section we work in the general
setting of Propositions 2.2 and 2.14.

Proof of Proposition 2.14. We need to establish (2.28) (thanks to Lemma 2.11(b)),
and first do this for the special case when our transition density is ¢; = qf 7 thatis ZNC
empty and Ny a singleton. (See the beginning of Section 2 for the definition of Ns.) Let
pt be the transition density considered above with m = 1. Recall from (3.7) that

/pt(x,z)dzl = /pt(x,z)dacl = qi(x2, 22). (4.48)

Let Dy2 = D,, or y2D,,,,. We claim that we can differentiate through the above integrals
and so

/D$2pt(x, 2)dz1 = D,,qi(x2, 22) for almost all zo > 0 and all x, (4.49)

and

/szpt(a:, 2)dx1 = Dy,qi(x2, 29) for all zo > 0 and z. (4.50)

Lemma 4.10 implies (4.50). The proof of (4.49) uses [ |Da,pi(x, 2)|dzy < oo for a.a. zp > 0
by Lemma 3.11(b), and then proceeds using the Fundamental Theorem of Calculus as in
the proof of Proposition 2.8(d) in Section 3. (The stronger version of (4.49) also holds but
this result will suffice.)
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Consider first (4.2) for ¢;. Let 0 <t < s < 2. By (4.49) and (4.50), we have for all
T2,Yy2 > 0,

‘/Dm%(ﬂ@m 22)by2%(y27 22),&2(052’2)‘

= ‘/[/ Dmps(a:,z)da:l] [/ Dygpt(y,Z)dm]uz(de)’

< /‘/prs(x,z)f?yzpt(y,z)u(dz)‘dxl. (4.51)
Similarly, for all x5 > 0,
1] Dt 20Dyt stz |z (s

~ inf / | / [ / Deypo(ar, )z | / Dyyny/ 2)dyt | pa(dz2) | = ()

<int [| [ Duupa(o. Dymly' 2t |ty (4.52)

Integrability issues are handled by Lemma 4.10 and Proposition 4.8. The infimum in the
second line can be omitted as the expression following does not depend on x;. Multiply
(4.52) and (4.51) and integrate with respect to us(dzs) to see that for any yo > 0,

[ Destetaz z2)Dyvh, 22 etz
| [ Drate(as 2Dy, ) sl s

< [|] Deav 1D ygolf 21ntd2)|| [ Duaplir 21Dyl 2t |ty ()

< esTETmpT2AN

the last by Proposition 4.12. This gives (4.2) for g;. A similar argument works for (4.1).
Next we consider (2.28) in the general case. Write x = ((2(;))icznc, (75)jen,) S0
that (from (2.5))

p(y) = [ plgyve) [ d @) (4.53)

jezZnC JEN:
For j € (ZNC)U N3, let x5 denote x but with z(;) (if j € ZNC) or z; (if j € N2) omitted,

py = 1L 2; Mi, and let pg (:1:3, yj.) denote the above product of transition densities but with
the jth factor (which may be a pj or a ¢/) omitted. Consider (4.2) and let D, = D, be
one of the differential operators in Notation 2.9 acting on the variable j' € {j} U R, for
some j € ZNC. (The case j/ = j € N is considered below.) In this case (4.53) shows
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that the left-hand side of (4.2) equals
Sup / [ / ‘ / Dmﬂpi(fﬂ(j)aZ(j))Bygﬂpi (ijyZ<j>)p§(x3723)p§(y§725)
Mj(dz(j))uj(dzj)‘Mj(dyﬁj))ﬂg(dyé)
X ‘ / D,y (s 2) Dy, 1 Wiy 2000 P50 2501 (35 25)
()15 (425)| | 5 (A ) (d).

Take the absolute values inside the two p15(dz;) integrals (giving an upper bound) and pull
the pj terms out of the p;(dz(;)) integrals. Now we can integrate the p7 integrals using
(3.8) by first integrating over yé,, then the first 2; integral, then the x5 integral, and finally
the second z; integral. This shows that the left-hand side of (4.2) is at most

ZUP//‘/Dm(j>P§($(j),Z(j))ﬁy;j)Pz(ij)7Z(j))uj(dz(j))‘uj(dyéj))
(€)]

x| / Dy P51 26)) Dy P W) 200043 (0200) 1 ()

<esT2TMmpT2Hm

In the last line we used (4.2) for p’ (i.e., Proposition 4.12). For j' = j € Ny we would use
(4.2) for q¢, which was established above. This completes the proof of (4.2) and the proof
for (4.1) is similar. O

Proof of Proposition 2.10. By Proposition 4.8 the required result holds for each pz
factor and then using (4.49) and (4.50), one easily verifies it for ¢; (as was done implicitly
in the previous proof). The general case now follows easily from the product structure
(4.53) and a short calculation which is much simpler than that given above. O

5. Proof of Proposition 2.3.

Assume P is a solution of M(A,v) where A is as in (2.2) and dv = pdu is as in
Proposition 2.3, and assume (2.7) throughout this section. Without loss of generality we
may work on a probability space carrying a d-dimensional Brownian motion B and realize
P as the law of a solution X of

t t
X§=X5'+/ \/2%<XS>X§dB;'+/ bi(Xs)ds, i ¢ N,
0 0

t t
X§:X3+/ \/Qﬁj(Xs)ngBg+/ bj(X,)ds, jeRyicZnC.
0 0
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Set [s], = (([ns] — 1)/n) V 0, define 7,(X,) = 77, bi(X,) = b) if s < 0, and consider the
unique solution X" to

t t
XF’Z:XéJr/ \/2%(X[s]n)X?“dBi+/ bi(X[s),)ds, ¢ Ni, (5.1)
0 0

t
XZL’] = Xé + \/2’%’()([8]”))(?’1 ng +/ j(X[S}n)dS, JjER,ieZNC.
0
Note that

for k > 0, on [%, %] and conditional on Fj,/,, X" has generator A but with 7°, 8°

replaced with the (random) v* = 3(X4_1y/n), b* = Z;(X(k:—l)/n)- (5.2)

We see in particular that pathwise uniqueness of X" follows from the classical Yamada-
Watanabe theorem. An easy stochastic calculus argument, using Burkholder’s inequalities
and the boundedness of 7, b and X, shows that

E((X;"")P) < ¢,(14tP) for all t > 0 and p € N, (5.3)

Here ¢, may depend on the aforementioned bounds and is independent of n (although we
will not need the latter).
By making only minor modifications in the proof of Lemma 5.1 in [ABBP] we have:

Lemma 5.1. For any T' > 0, sup,<7 || X{* — Xi|| — 0 in probability as n — oo.

For k € Z,, let

ko k_
pr(dx) = H (H d@)xff/ﬁ_ldmi X H :z:?"/vj ldajj,

i€ZNC jER; JEN2

and let pf(z,y) denote the (random) transition density with respect to py, of the diffusion
described in (5.2) operating on the interval [k/n, (k+ 1)/n]. Proposition 2.8(b) with n =0
implies that

ph(a,y) < esat™t [ (02 + 9} < esat= J[ (14477, fora,ye SO0 <t <1,
JEN2 JEN2
(5.4)

where as usual ¢5 1 may depend on My, d but not on k. We are also using (2.7) here to
bound b /¥,
Let S{f =E (f;o e—Mf(Xp)dt) and define || ST = sup{|S2f| : [ f]l2 < 1}, where

as usual the L? norm refers to the fixed measure p.
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Lemma 5.2. If (2.7) holds, then ||S}|| < oo for all A > 0, n € N.

Proof. It suffices to consider |S? f| for non-negative f € L?(u). Let

b’ b
d = sup ~(90) -5 (5.5)
igNy o V()
A bit of algebra using (2.7) shows that
M2
5 < Me_ol_o < 2e0 M2, (5.6)
o —¢o

Let EI; denote expectation starting at x with respect to the law of the diffusion with
(random) transition density p*, and let R and r%(z,y) denote the corresponding resolvent
and resolvent density with respect to ux. Then (5.2) shows that

1/n
S}\f Z f)\k/nE (Ekk/n </0 efktf(Xt)dt>>
< [ R(a) +Ze I (B (RS S (X)) Fis 1))
< |3 f||2||p||2+2:e MR ( /Rlif( )Py (X{im1) s @) 11 (d2))

< A_1H/>H2Hf\|2Jrze‘”C/"L]E(L?)’ (5.7)
1
where

- / / P @ )P (X ) e ) (d2) £ () T 2+ w7 ldy)

ig Ny

and we have used Corollary 2.12(a) to see ||RS fll2 < A7Y| f|l2.
As usual we suppress dependence on d and M in our constants (which may change
from line to line) but will record dependence on n. Use (5.4) and (5.5) to see that

/k( y)pl/n(X(k 1)/ns T ) pi—1(dx) (5.8)

<o [ [T 0+ vm) [] @+ o )m(do)

JEN2 i¢€ Ny

<e / (o) T @72 + o2y (de).

ig Ny
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~ k
Let E_ denote expectation with respect to the diffusion with transition kernel p¥(z,y) =
p¥(y,z) (as in Proposition 2.8(a)).Then (5.8) is bounded by

%[2”%ﬂfnwyﬂ+wyﬂ%»%

i¢ Ny

- / e TT By ()72 4 (X242 ) ds (by (25))
i¢ N,

Scn/o e—xsigl (s‘25+[E’;(X§)]1/2+25) ds.

In the next to last line we have used the conditional independence of {X* :i & Ny} (recall
(2.5)). In the last line we have used (5.6) and (2.7) to see that 1/2+ 26 < 1, and also used
Lemma 3.3(d). We can apply this last result because for all i ¢ Ny and all k € Z,

k ju t—
/ Yi 7\[0 60 ( )

> (4M3)! —deo M > (8MZ) 7,

thanks to (5.6) and (2.7). For ¢ ¢ Ny we have EI;(Xg) < y; + Mps, and by (2.7) and (5.6)
we have 2d§ < 1/12. Therefore if f(s) = 5720 4+ (Mys)'/272 (clearly f > 1) we may now
bound (5.8) by

%L€”ﬂjﬁ@+ﬁ”%@

ig Ny

<cp /OOO e f(s) N1 H (14 (y3/2+26/f(8))) ds

ig Ny

< cn/ e () N5l s H (1 +yil/2+25) < emr H (1 +y1/2+25)
0

i¢ Ny i¢ Ny

In the definition of I}? use Holder’s inequality and then this bound on (5.8) on one of the
resulting squared factors to see that

i< el [ [ [ okt (G odms(an)]” TL6 +072)utan)]

ig Ny

1,vn 5
= CH’AHfHZ[//Ti(x’y)pllg/nl(X(k1)/na$) H (1+y1/2+2 )

i¢ N,

1/2
< TT W2 + 72 uldy )i (de)|
i¢ N1
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_ n 5
< Cn’)‘H‘fH2|:/p]f/n1(X(k—1)/n,37)/T’;\(.ﬁ[;,y) H (1_|_y1/2—|—2 )

ig N1

1/2
< T W2 +u7 ) (dy) - 1(dfv)}
i¢ N1

< cpall fll2 [/Pl/n (X(k 1)/ns ¥ ) Ik 2 () -1 (d)

}1/2 (5.10)

Here

Tia(z) = / ke, y) T @2 + v (dy)

ig Ny
= [T e mE (TR 2+ (xdy =) s
0 i¢ Ny
/ —)\s H E (Xz ) 35) ds
i¢ N1

< c/ e H [z; + Moys + s3] ds.
0

ig Ny

In the next to last line we have again used the independence of X* i ¢ N; under E I;, and
the bound 1/2 4 55 < 1 which follows from (5.6) and (2.7). In the last line we have again
used Lemma 3.3(d) whose applicability can again be checked as in (5.9). An elementary
calculation on the above bound, again using (5.6) and (2.7) to see that 36d < 1/8, now
shows that
Trea(z) <ex J[ 1+ ),
i¢ Ny

and therefore by (5.10),

. 1/2
Ik < Cn,AHfHZ [/pl/n (X(k 1)/n7 ) H (1 +x1)uk—1(dx)
1¢ N1
My
< el fll2 H (1 + X(k /m T 7)
i¢ N,

Take expectations in the above and use some elementary inequalities to conclude that

E(I7) < eapll fll2(1+ Mo/n)'E (TT 14+ X304 )
i¢ Ny

<canllfllz Y E(@+ X500
1¢ Ny

< el fll2(1 + (k/n)d),
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the last by (5.3). Put this bound into (5.7) to complete the proof. O

Remark 5.3. The above argument is considerably longer than its counterpart (Lemma
5.3) in [ABBP]. This is in part due to the non-compact state space in the above leading
to the unboundedness of the densities on this state space (recall the bound (5.4)). More
significantly, it is also because the argument in [ABBP] is incomplete. In (5.4) of [ABBP]
the norm on f actually depends on k and is not the norm on the canonical L? space. The
argument above, however, will also give a correct proof of Lemma 5.3 of [ABBP]-in fact
the compact state space there leads to considerable simplification.

Proof of Proposition 2.3. This now proceeds by making only minor changes in the
proof of Proposition 2.3 in Section 5 of [ABBP]. One uses the above Lemmas 5.1, 5.2 and
Proposition 2.2. We only point out the (trivial) changes required. For f € CZ(S°) one uses
It6’s Lemma and (5.1) to obtain the semimartingale decomposition of f(X}*). The local
martingale part is a martingale as in the proof of Theorem 2.1 in Section 2 (use (5.3)).
Corollary 2.12(a) is used, instead of the eigenfunction expansion in [ABBP], to conclude
that the constant coefficient resolvent Ry has bound A~! as an operator on L?. The rest
of the proof proceeds as in [ABBP] where the bound gy < (2K (Mp)) ™! is used to get the
final bound, first on ST (|f]), and then on Sx(|f|) by Fatou’s lemma. O

6. Proof of Proposition 2.4. Let (P%, X;) (z € S°) be as in the statement of Proposi-
tion 2.4. Throughout this section, for any Borel set A welet Ty = T4 (X) = inf{t : X; € A}
and 74 = T4(X) = inf{t : X; ¢ A}, be the first entrance and exit times, respectively,
and let |A| denote the Lebesgue measure of A. We say a function h is harmonic in
D = B(z,r) N S° if h is bounded on D and h(Xa-,) is a right continuous martingale
with respect to P, for each y.

The key step in the proof of Proposition 2.4 is the following.

Proposition 6.1. Let z € S°. There exist positive constants r,cg.1 and o, depending on
z, such that if h is harmonic in B(z,r) N S°, then

Ih(z) — h(z)] < c6,1(|w . Z’)Q(B(ZSE%SO B),  weBr/2Nsh  (61)

Proof. By relabeling the axes we may assume that S = {z € R? : x; > 0 for i > Jo}.
If z is in the interior of S, the result is easy, because the generator is locally uniformly
elliptic, and (6.1) follows by the first paragraph of the proof of Theorem 6.4 of [ABBP].
So suppose z € 3S°. Then Jy < d and we may assume, again by reordering the axes, that
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there is a K € {Jp,...,d — 1} so that z; = 0 for all i > K and z; > 0if Jp < i < K.
Assume (set min() = 1)
0<r< min —. (6.2)
Since our result only depends on the values of h in B(x,r)NS°, we may change the diffusion
and drift coefficients of the generator of X outside B(z,7) N S? as we please. By changing
the coefficients in this way and again relabeling the axes if necessary, we may suppose that
our generator is
J K
flf(x) = Zal(x)f“(x) + Z Ui(fﬁ)xa(i)fii(l’)
i=1 i=J+1
d d
+ Z oi(z)xi fii(w) + sz’(f)fi(x% (6.3)
i=K+1 i=1
where J < K, a(i) € {K+1,...,d}fori=J+1,..., K, each o; is continuous and bounded
above and below by positive constants, each b; is continuous and bounded, and each b;
for ¢ > K is bounded below by a positive constant. We have extended our coefficients to
the possibly larger space S* = {x € R?: x; > 0 for all i > K} as this is the natural state
space for A. As B(z,7) N S° = B(z,r) N S' (by (6.2)) this will not affect the harmonic
functions we are dealing with. For 0 < § < 1 let

J K d
Qn(d) =[Jlzi =27 zi+ 272 x ] [ -2z +27"x ][] 627727
=1 i=J+1 i=K+1
J K
Rn(é) = H[Zz — % . 2771/2,21' + % . 2771/2] X H [Zz — % . 27”’,27; + % . 27’“]
=1 i=J+1

d
< [T l627. 27

i=K+1

Take n > 1 large enough so that Q,(0) C B(z,r/2) N S
We will first show there exist cs,d > 0 independent of n such that

Po(Tr, .. 5) < TQn(0)) = C2, x € Qn+1(0). (6.4)
We may assume there exist independent one-dimensional Brownian motions B} such that
X; = X5+ M; + A},
where dA¢ = b;(X;) dt and
dM} = (204(X,))Y%dB:, i< J,
AM} = (20;( X)X N/2 4Bl J4+1<i<K,
M} = (204(X)X)Y%dB!, K+1<i<d.
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Since the b; and o; are bounded, there exists ty small such that for all z € Q,1(0)

P,( sup |Mi>1.27"%) <L i<
S§t02_n
P.( sup [MI>31-27")<g,  J+1<i<d,
s<tp2—™
and
sup |AY| < 1.277, 1<i<d.
S§t02_n

The first and last bounds are trivial, and the second inequality is easily proved by first
noting

d to2™"
sup ]El’(Z/ X ds) <27,
i=170

ZL‘EQTL+1(0)

and then using the Dubins-Schwarz Theorem and Markov’s inequality. Hence

sup  Pu(7r,,, 0 <t02™") < }1. (6.5)
weQn-Fl(O)

By Lemma 6.2 of [ABBP] there exists § such that if U is uniformly distributed on
[t0/2, to], then

sup P(X}, < §) < 1/4d, K+1<i<d.
eSSt

Scaling shows that

sup P (X{p-n <027™) < 1/4d, K+1<i<d.
LIS
Therefore by (6.5), for any z € @Q,,11(0) with P*-probability at least 1/2, X;9-n € Ry11(6).
Since R,+1(0) C @, (0) and U27" < t,27", this and (6.5) proves (6.4).

Take § even smaller if necessary so that |Q,(0) — Qn(6)] < 3]/Q,(0)| and § < o; <
671, |b;| <671 for all i. Next we show that if G C Q,(0) and |G| > |Q,,(0)|/3, then there
is a c3(d) > 0, independent of n, so that

Pw(TG < TQn(é/Q)) > cs3, xr € Rn+1(5). (6.6)
Let .
i (2K, i>J,
P2, i< J.

It is straightforward (cf. [ABBP], Proof of Theorem 6.4) to see that for t < 74,(5/2),
Yo € Qo(6/2), Y; solves
dY; =5,(Yy) dBj + b;(Y) dt,
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where the B are independent one-dimensional Brownian motions, the /l;z are bounded
above, and the o; are bounded above and below by positive constants depending on ¢ but
not n. (6.6) now follows by Proposition 6.1 of [ABBP] (with a minor change to account
for the fact that |G N Qn(6/2)|/|Qn(6/2)] is greater than {5 rather than 3).
Combining (6.4) and (6.6) and using the strong Markov property, we see that if
c4 = coc3, then
P.(Te < 7q,(0) = ca >0, z € Qnt1(0).

Suppose h is harmonic on @),, for some ny. Our conclusion will follow by setting «
= log(1/p)/log2 if we show there exists p < 1 such that

Osc @, ., h <pOscq, b, n>no, (6.7)

where Osc 4 h = supy4 h —inf 4 h. Take n > ny and by looking at c5h + cg, we may suppose
supg, oy h = 1 and infg o)k = 0. By looking at 1 — h if necessary, we may suppose
|G| > 5|Qn(0)], where G = {z € Q,(0) : h(z) > 1/2}. By Doob’s optional stopping
theorem

h(x) > Ex[h(XTG);TG < TQn(O)] > %PI(TG < TQn(O)) > C4/2, T € Qn+1(0).

Hence Osc g, . ,0)h < 1—c4/2, and (6.7) follows with p =1 — ¢4 /2. O

Proof of Proposition 2.4. We can now proceed as in the proof of Theorem 6.4 of
[ABBP]. To obtain the analogue of (6.14) in [ABBP], we note from (2.2) that if z € 95°,
at least one coordinate can be bounded below by a squared Bessel process with positive

drift starting at zero.

Remark 6.2. Essentially the same argument shows that if for each x € S, P* is a solution
of MP(A,d,) as in Theorem 1.4 (it will be Borel strong Markov by Theorem 1.4), then
the resolvent S maps bounded Borel measurable functions to continuous functions. After
localizing the problem, one is left with a generator in the same form as (6.3) and so the
proof proceeds as above. O

7. Proofs of Lemmas 4.5, 4.6 and 4.7.
We work in the setting and with the notation from Sections 3 and 4. Recall, in

particular, the Poisson random variables N,(t) from Lemma 3.4.

Lemma 7.1. There is a c¢71 such that for all 0 < ¢ <2, 1<j<m,y € Sy, 0<t, and
2\ = zpg1 /7yt > 0:

(a) If for x > 0 and n € Z,

2
Ga('yn) = (& + D72 L) + T+ 1z (e (n=3) )]
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and
Yol ,m) =1y (L 271+ 2 4097
+ 1(n23)2/73(|n — 2P +3nn -2+ n)(z’q/2 4+ nd/? 4 mq/2)’
then
/|ya — z;|? |Dzm+1p (279)\d2(m) (7.1)

< crat?” hf;n_%lf]EzmH(q‘s(ymHvXt(mﬂ))[z/)l(z’,N1/2(t)) n ¢2(Z/,Xt(m+1)/t,N0(t))]),
(b) If for z,n as in (a),
0(2',2,n) = 1z (1L + 292 + ()V2) + 1oy () 7HL+ ()12 +27?)
+ Linso)(2) 2 (n+ (n— 2)2)((2)V? + n?? + 29/2),

then
Jlos = =102, (el
< erat? il B, (05 (men, X0 )0 X No(1).(72)
(c)

/ D, pe(zy)ld=™

.. m _ Ny — 2/
< epqtTh hgn_}élezmH <q5(ym+1, Xt( +1)) ((1 +2)7 ¢ M)) (7.3)

In addition for all z € S,,,

/ D, pe(z,y)|dy™

m Ny — '
< epqtTt lign i(I)lezerl <Q5(ym+1, Xt( +1)) ((1 + 27+ ‘OZ—,Z|)> (7.4)

Proof. The proof of (a) is lengthy and the reader may want to first take a look at the

simpler proof of (c) given in Section 8.
a) By Lemma 3. 11(d), Fatou’s lemma and symmetry we have

< hmlnf/ ly; — 2|7 ‘Ezmﬂ <A3Gt L (m) y(X, v, VQ’V3>[1(V§:0 for i=1,2,3)

+3- l(ut >0,v2=r3=0) +3- 1(1/t >0,v2>0,v3=0) + 1(y2>0 for i:1,2,3)]

3
X H Ng(dui)) ‘ dz™

1+1
= lim inf E? +3F3 + 3E + EJ. (7.5)
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Consider EY first. An explicit differentiation shows
|DEp, (w)| < epou(w)u™" for k=1,2,3, (7.6)

which implies

|D§Gf,z<m),y(IaX)| < 205 (Y1, X)I 7" Hp25+47?1(2i —yi +b5t), for k=1,2,3. (7.7)
i+1
Use this (with & = 3) with the Fundamental Theorem of Calculus to see that on {vj >
0 for i = 1,2, 3},
[l = 518G L (X002, 2

. +1
= // |3/j B Zj‘ql(ukﬁfot V§ds,k:1,273)It 3Q5(ym+1,Xt(m ))

m 3
0
X H[p25+4qg(1t+2i71 woy (i = Y + bit)dzi] [ ] dus
i—1 = k1

3 t 3 t
a/2
< cIt—?’q(S(ymH,Xt(erl))(tq + ((5 + 1 + E / yfds) > H/ vhds.  (7.8)
k=170 k=170

(3.14) and (3.16) imply

/ug’ No(dv) = (ys)P"'T(p + 1) for p > 0, (7.9)

and so by Jensen

t /241
/(/ l/sds>q No(dv) < tQ/QH//yg/Q“NO(du)%
0

t
=T(2+ q/2)tq/2/ (v8)9%ds < 9T, (7.10)
0

This bound, (7.9) with p = 1, and (7.8), together with the expression for E?, shows that

B} < B, (I 2q5(Ymyr, XY (17 4 692 4 197%)8%)
< By (05 Wosn X 4 82OE L, (171X
2-3 m—+1
OB, (17X

< By (5 (ms X)) (7 4+ 072) (s + )7+ 1972(8 + 200) 27

< ct" By (05 umn, X)) (L4 (672 /) (1 4 )02, (711)
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where Lemma 3.2 is used in the next to last inequality.

Let us jump ahead to E? which will be the dominant (and most interesting) term.
We use the decomposition and notation from Lemma 3.4 with p = 0. Let S,, = >, e;(1),
Ry =0 rilt), pr(2) = =7 B = P(No(t) = k), and N®) = N(N—1)... (N —k+1).
What follows is an integration by parts formula on function space. Recalling that No(v; >

0) = (yt)~! from (3.14), we have from Lemma 3.4 and the exponential law of y; under Py
(recall (3.16)) that

3
‘Ezm+1 (/A?’Gmm) y (X, vt %08 H 1(1, i0)No (dv* )))‘
=1
= (fyt)i?))]EZm-q-l (Gf,z(M),y(RNoJriﬁ + IQ(t)7 SN0+3 + X(l)(t))
— 3G} m (RNota + I2(t), Snpa + Xo(t))
+ 3G} om y (Rgt1 + Ta(t), Snot1 + X4 (1))

= G oy Ry + (1), Sy + X4(1)))|

= (vt)” )Z Pn-3(2") = 3pn—2(2") 4 3pn-1(2') — pn(2))
X E s (G iy (B + (1), S+ X4(2))
— (yt)" )Z P (n® — 3n@ 2 4 3n(2')? — ()%

X E s (G oy (B + Ta(1), S+ XG(1)

=23 ‘Ezmﬂ <[N(§3) — B3NP 4 3No(#)? — ()G, (I, Xt(mH))) ‘ (7.12)

In the last line we have again used Lemma 3.4 to reconstruct (I, Xt(mﬂ)).
We also have

/ij — |G} ) y(ftaXt(mH))dZ(m)
= Q5(ym+1vX(m+1) /‘yj — 2] p5+2w01t( —y;t b t)dz]
< cqs(Ymrr, X"+ 892 4+ 1777, (7.13)
Combine (7.12) and (7.13) to derive
B} < 2B, (INGY = 3N 4+ 3No(2)? = (1))
X Gy, X" 0972 4 17%)). (7.14)
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Apply Jensen’s inequality (as ¢/2 < 1) in Corollary 3.15 to see that

., . (I7%No, XY < cftt 4 1IN 4 0/2(x [ Hyal2 ygal2,002 (7.15)

Zm—+1

and so
B} <t B (ING = 3NGV2' + 8No(=)” = (+)° a5 (o s1 X, )
x [1+ ((51/2/t)q + (Xt(erl)/t)q/Q + (zl)q/Q +N0(1/2]> (7.16)

Next consider EJ. Not surprisingly the argument is a combination of the ideas used
to bound E? and EJ. Define

t t
H’iz(’”),y<I’X’V2 v ) Gt z(m>y(I+/0 V32+V§d37X) Gt Z(m)y(I—f—/O ngs,X)

t
— Gy (1 +/O vids, X )+ Gl (1),

Now apply the decomposition in Lemma 3.4 with p = 1/2 so that Ny /5(t) is Poisson
with mean 2’/2. Arguing as in the derivation of (7.12), but now with a simpler first order
summation by parts (which we leave for the reader), we obtain

3
zm+1 /Ath 2(m) y X: Vla V27 V3)1(1/tl>0,1/t2:uf:0) H NO(de)> ‘
k=1

t
= (/Yt) Zm+1 // t,z(m) y / X§m+1) =+ V;d87X§m+l) + tha V27 VB)
~H / XD g x M+ L2, )P*(du ) 2—vi—0) HNO (dv ))’
k=2

- ( ) Zerl // t,z(m) y + RN1/2+17X0( ) + SN1/2+17 V2v V3)

3
f,z(M),y(IQ(t) + RN1/27 X(lJ(t) + SN1/27 V27 Vg) H NO(de)) ‘

3
2 m
_ ‘/EW (N2 = 220 HD o, (10, X0 020%)) T Mol (7.17)
k=2

Zm—i—l

Now use (7.7) (with £ = 2) and argue as in (7.8) to see that

3
/ / g5 — 25 HD o (1, X, 0%, 09)]d=0 T] No(db)
k=2
3

< CI?Q(M(ym—FlX) /(tq +(6+1+ 23:/075 Vfds)q/Q) H [/Ot yfdsNo(dyk)]

k=2
< 45 (yms1, X[t + 09/ + 19/°)12, (7.18)
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where the last line uses (7.10).
Take the absolute values inside the inside the integral in (7.17), multiply by |y; —z;|,
integrate with respect to z("™), and use the above bound to conclude that

ES < CZ;l}l—thE Zm41 <|N1/2 — 2 /2|45 (Ym+1, Xt(m—H))
x [(tq o) + I(t)q/2—2} ) (7.19)

If r > 0, the independence of X{ from (N2, {e;}) and Lemma 3.2, applied to X, imply
that

EzmH(f(t)-wam*”,Nm)

t —r
(B(( ] o) 1X5(0. My e} ) [ N )

(0 o) )

<c(t+ zmy1/2)7 "t (7.20)

The last line is where it is convenient that p = 1/2 > 0.
Use (7.20) in (7.19) with » = 2 and 2 — ¢/2. After a bit of algebra this leads to

B} <ctt3(z") B, (IN1y2 — 2'/2|g5 (g1, X))

[

7) (1+2)7 24 (14 2)1/272] (7.21)

The argument for ES is similar to the above. One works with

t
Hf,z(m%y(l X V) sz(m)y<l+/0 VSdS7X> Gt z(m)y<I7X)'

The required third order difference of G? £ 2(m), O {v} > 0,02 >0, =0} is now a second

. Minor mod1ﬁcat10ns of the derivation of (7.21) lead to
NC) — Nijoz' + (2 /215 (msr, X))
< [(Vo/) (1427 + (12271, (7.22)

The above bounds in E? i = 1,...4 may be used in (7.5) and after the terms
involving /¢ /t are neglected (for ¢ = 0 these terms are bounded by their neighbours, and

order difference of H? b2y

ES < ct173(2)°E

Zm+1(

for ¢ > 0, if they do not approach 0, the right side below must be infinite) we find
1o = 517102, iz
< et iminfE (05, X [(14 20727 (7.23)
"n—2 / nN—1/\—1 (2) ’ P ION2 [ )\ —2
X (12724 [Nujp = 2/21(14+ 2)7HE) T+ IND, = Nipod! + (2/2)%(2)72)
+ NG = NG 2+ BNy ()2 = (2)*1(2) L+ (X 9/ ()2 4+ NG ).
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The required bound follows from the above by a bit of algebra but as the reader
may be fatigued at this point we point out the way. Trivial considerations show it suffices
to show the following inequalities for ng,n; /o € Zy and 2’ > 0:

Ing” = 3ng”2" = 3no(2')? = ()%|(=')~°

< [Lnpzay(1+ (2)77) + Ly ()" (Ino — 2> + 3nolng — 2| +no),  (7.24)
and

[(L+2) 2 4 [naje = 2//2(1L+ 2) 1) T+ 0y = majed + (27/2)%(2) 2

Z/

—1 -2
< [lny o<ty + Lingjo=1)2"  F Ly 092" " (R1y2 + (Ray2 — 5)2)] (7.25)

(7.24) is easy. (7.25) reduces fairly directly to showing that for n,,, > 2,
(14271 <elnyys + (12 — 2'/2)%)(2) 72

If 2/ <1 this is trivial and for 2’ > 1 consider ny,o < 2'/4 and ny/, > 2'/4 separately.
This completes the proof of (a).

(b) The proof of this second order version of (a) is very similar to, but simpler than
that of (a). One now only has a second order difference and three E? terms to consider.
In fact we will not actually need ¢ > 0 in (a) but included it so that the reader will not
complain about the missing details in the proof of (b) (where ¢ > 0 has been used in
Proposition 4.12). We do comment on the lack of N1/ in this bound.

An argument similar to that leading to (7.23) shows that
[ 1z — yj|q]D§m+1pt(z, y)|dz™) is bounded by

"Mt E -, (45(me, X[ (1 2) T2 (14 2) T 4 Ny p — 2 /21(2) )
+ |Né2) — 2Npz' + (Z’)2|(Zl)—2<1 + (Xt(m+1)/t)q/2 + (Zl)q/Z + Ng/z)D

= "2 iminf B ... (a5, XN Mo + T)).

It is easy to check that
Ty < cp(2', X"V Jt, Ny),

and, using Ny /5 < No from (3.23), that
Tijp <2(142) Y21+ No(2') 7' + 1) = Ty o
Hence to prove (b), it remains to verify
Ty sy < cp(2, X"V /t, Ny).
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Trivial considerations reduce this to showing that (1 + 2/)~1+4/2 < c¢(z’,Xt(m+l)/t, Np)
for Ny > 2. This is easily verified by considering Ny < 2’/2 and Ny > 2’/2 separately.

(c) Note that (7.3) is the first order version of (a) and (b) with ¢ = 0. The proof
is substantially simpler, but, as it plays the pivotal role in the proof for the important
2-dimensional case, we give the proof in Section 8. (7.4) then follows immediately since
the spatial homogeneity in the first m variables, (3.7), implies

pe(2,9) = pe(—y™, zms1, =27 Y ). (7.26)

U
Proof of Lemma 4.5(b). Let J denote the integral to be bounded in the statement of
(b), and p,(w) = e~ w™/n! be the Poisson probabilities. Let I',, be a Gamma random

variable with density
gn(z) = 2" 7LD (n 4+ b/y) 7L, (7.27)

and recall 2’ = z,,41/7t. By integrating the bound from Lemma 7.1(b) in z,,41 (using
Fatou’s Lemma) we see that

J < epatt™ lign it / Zﬁl—l—lE Zmt1 <Q5(ym+1’ th(m+1))¢(zla Xt(m—H)/t? NO)) Zfr{l;ldszrL

—0

Our formula for the joint distribution of (X t(mH), Noy) (Lemma 3.6(a)) allows us to evaluate
the above and after changing variables and the order of integration we see that if y' = y/~t,
then

,2+ . . /
J < erat? pllgnjgf/(Q5(ym+1,y) Z%pn(y)
<[] Ay + L)+ )72 4 ()72)
0
+ Linso)(2) 72 [(n — 2)2 +n][(y) 12 + ()92 + n??) (2P d2 |y* "~ dy
= ¢y t172TP 1igfl_jélf/Q5(ym+1,y) Zopn(y/)

X L B ((1+ ()2 + T4 + 1on E((1+ ()72 + T30, 147)
1o E (0 = D) + )T 20 ()12 4+ TH2 4 nt/2)) | 72y, (7.28)

There is a constant ¢y (as in Convention 3.1) so that

E (7)) <co(nVv1) forall |r| <4 and n € Z; satisfying r +n >

. 2
= D
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Indeed the above expectation is I'(n + b/~ + r)/I'(n + b/v), where

-3
b/y > —— 4+ M2 = (2M;) 2.
r+n+ /7_4M02+ 0 (2My)
The result now follows by an elementary, and easily proved, property of the Gamma
function.

Assume now the slightly stronger condition

<3.n€Z, and > .
Ir| <3,n € Z, an 7“-|—n_2Mg

(7.30)

Then I'), = 'y + 5,,, where S,, is a sum of n i.i.d. mean one exponential random variables.
If s and s’ are Holder dual exponents, where s is taken close enough to 1 so that the
conditions of (7.29) remain valid with rs in place of r, then

E (D —n)°T}) < E((T, —n)*)Y E (I3
<cn(nVvi1), (7.31)

where we have used an elementary martingale estimate for |S,, — n| and (7.29). Here ¢
again is as in Convention 3.1.

We now use (7.31) and (7.29) to bound the Gamma expectations in (7.28). It is
easy to check that our bounds on p and ¢ imply the powers we will be bounding satisfy
(7.30). This leads to

o0
a=24P i i !
J<ct lllggélf/qa(ym+17y) ;}pn(y)

X [1<n51>(1 + ()) + Lnsoyn ™ P((y) 2 + nq/z)]ybm_l dy
< et timint [ as(umes,) [ (L4104 (0)7)
+E (Iinas2) (0) 2N ()P~ + N )25 0) |y ay. (7.32)

In the last line N(y') is a Poisson random variable with mean y’. Well-known properties

of the Poisson distribution show that for a universal constant cs
E(N(Y) 1nw)>2) < he(y) = c2(1+y) forall y’ >0,|r| < 2. (7.33)

For negative values of r see Lemma 4.3(a) of [BP] where the constant depends on r but
the argument there easily shows for » bounded one gets a uniform constant. If

h(y') = eV (1+ )1+ @)% + hyjo14p(y) + 5y (y),
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then clearly
h(y') < es(1+y)??7 1P,

As all of the powers appearing in (7.32) satisfy the bounds in (7.33), we may use (7.33) to
bound the left-hand side of (7.32) and arrive at

J <t lminf By, (X /8)

<t P lminf By, (14 (XD Jypya/2=1+n)

Ym+1
= 97 2HP(1 4 y)2/2 1P (Dominated Convergence)

Proof of Lemma 4.5(c). The spatial homogeneity (7.26) shows the integral to be
bounded equals

/ ‘yj - (_Zj> ’qzm+1 ‘D§m+1pt(y(m)7 Zm41, _Z(m)a ym+1)|dy(m)ﬂm+1 (dym—l—l)-

This shows we can again use the upper bound in Lemma 7.1(b) to bound the integral over
y(™) in the above. One then must integrate the resulting bound in y,,, 1 instead of zp 1.
This actually greatly simplifies the calculation just given as one can integrate y,,+1 at the
beginning and hence the ¢s term conveniently disappears (see the proof of (4.14) below).
For example, if we neglect the insignificant n < 1 contribution to ¢ in Lemma 7.1, the
resulting integral is bounded by

et () B (Lwyz) (No + (No = 2)) ()2 + N2+ (X 11)112)).

This can be bounded using elementary estimates of the Poisson and Holder’s inequality,
the latter being much simpler than invoking Lemma 3.6. We omit the details. O

Proof of Lemma 4.5(a). (4.13) is the first order version of Lemma 4.5 (b) and we omit
the proof which is much simpler. (4.14) is a bit different from (c). Integrate (7.4) over
Ym+1 to see that

[l ety
< erat™ lpint / VoriE s (05 Wmsn XTI+ )71+ N0 = 1/2] it (dym1)
— —1 903 n—1 VAN (m+1)\p
= c71t llaﬂllélezm+1 [(1+2)"" 4+ |Ng—2'|/2 ]Ext(erl)((Xé P) ).
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Now use the moment bounds in Lemma 3.3(d,e) to bound the above by
B, (04 2) 71+ [N = 2/)/2) (X0 (7.34)

The first term is trivially bounded by the required expression using Lemma 3.3 again. Using
the joint density formula (Lemma 3.6), the Gamma power bounds (7.29), and arguing as
in the proof of (b) above, the term in (7.34) involving Ny is at most

PN (Z)TIE(IN = 2/|(N vV 1)), (7.35)
where N = N(2) is a Poisson random variable with mean z’. We have
E(|N — 2/|NPLnsoy) < co(2 A (Z)Y2FP) forall 2/ >0and —1<p<1/2.  (7.36)

For p < 0 Lemma 3.3 of [BP] shows this (the uniformity for bounded p is again clear). For
1/2 > p > 0 use Cauchy-Schwarz to prove (7.36). Separating out the contribution from
N =0, we see from (7.36) that (7.35) is at most

AP ) e A+ (A ()P < et e 1A ()P < P (2 4 1)

The result follows. O

Proof of Lemma 4.5(f). By the spatial homogeneity in the first m variables (7.26) we
may use Lemma 4.4 to conclude

D=, D2, pe(2,)| = ’ / Dz, peja(, =2 ymi1) D2, pes2(—y"™, 2, ) p(da)|.
Therefore
[ealDs D2, e lutaz)
< [ [ 1pepsta, =2 gz
x 2h 1 ID2 e (=Y zmgn, @) p(de) s (dzimg1).-

Use Lemma 4.2(a) to bound the first integral in square brackets and so bound the above
by

ct1/2/zgm+1|D§m+1Pt/2(—y(m), 241, )|z 1 (A2
X (t 4 Tpmy1 + ym+1)_1/2(h/2($m+1, Ym+1)Hmt1(dTmt1)-
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The spatial homogeneity (7.26) implies

(m)

pt/2(_y(m)7 Zm+1, fl)) = pt/Q(_x s Rm4+1, y(m)wrm—l—l)?

and so we conclude from the above that
[ehalDo 2, i la(az)
<ot / [/ A |D2 peya (=2, 2, y(m)a$m+1)!d9€(m)um+1(d2m+1)]
X (t+ Tt + Ymr1) 2 @e/2 (Tt ts Yt gt ()

S Ct73/2 /(t + merl)pil(t + LTm+1 + ym+1)71/2Qt/2 (Im+1, merl):uerl(dmerl)

<t 3y, (4 X[ < s,

We have used Lemma 4.5(b) with ¢ = 0 in the next to last inequality and p < 3/2 in the
last line. O

Proof of Lemma 4.5(e). For (4.18), use Lemma 4.4 and the spatial homogeneity (7.26)
to bound the left-hand side of (4.18) by

//|:/yfn+1’Dym+1]§t/2(_x(m)7ym+17_y(m),xm-l—l)’

X Zm+1|D;2;m+1pt/2(0,Zm+1790(m) — 2™ g i) [(dz) |z pr 1 (dymes1).

Use the substitution (for z(™) w = (™ — 2(™) and do the da(" i, 11(dymy1) integral
first, using (4.13) to bound this integral by c4.5t*P =1 (as p < 1/2). Now use (4.5) to bound
the remaining dwt,, +1(dx,, 1) integral by c4 5t 1.

The derivation of (4.19) is almost the same as above. One uses Lemma 4.2(b) now
to bound the first integral.

Proof of Lemma 4.5(d). The approach is similar to that in (b) as we integrate the
bound in Lemma 7.1(a). There is some simplification now even with the higher derivative
as ¢ = 0. We use the notation from that proof, so that g, is the Gamma density in (7.27),
pn(w) are the Poisson probabilities with mean w, and T, is a random variable with density
gn- Also let B, be a Binomial (n,1/2) random variable independent of T',,. To ease the
transition to Lemma 4.6 we replace t with s in this calculation. We also keep the notation

2=z /ys, Y =y/ys. I
$1(z,k) = &'+ 1) ey (L4 ) 7F) + Loy () 2k + (k = 2//2)%]],
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and
G2(2' k) = Lipaoy (L4 (2))7F) + Lisa) () 3[lk — 2/|° + 3k|k — 2/| + K],

then by Lemma 7.1(a) and Fatou’s lemma, the integral we need to bound is at most

lim inf s~ / E s (@5 Wm 1, XED)01 (2, Nujo) ) 252 st 1 (A2 )

+/Ezm+1 <Q5(ym+1aX§m+1))¢2(zl7N0)>Z7?;1/-|2-1,um+1(dzm+1)>

= lign_%lf cs2[J1(0) + Jo(0))]. (7.37)

By Lemma 3.6(b),
J1(6) < 033/2/ 45 (Ym+1,Y) an(y')/ > (Z)Q_ngn(;z,)cbl(zl, k)(2)3/2dz'y " dy
0 n=0 0 k=0

= cs”/? /0 G5 (Ym11,9) D pu(¥)E (¢1 (T, B,)TS/?)y" " Hdy. (7.38)

n=0

The moment bounds (7.29) (the conditions there will be trivially satisfied now) give
us

E(¢1(Fn,Bn)F§/2) < C(P(Bn = 0)E (Fz/2) + P(B, = 1)E (F}/2 N F:;’L/z)
+E (13, >2)Bn)E (I,%%) + E(1(5,>2)(Bn — rn/2)2r;3/2)>
< (2 ()2 ) L

+ 1z E (E((By - Tu /22 LT %)), (7.39)

The conditional expectation in the last term is [(T',, — n)? + I',,]/4. Therefore we may
now use (7.31) and also (7.29) (as n > 2 and r = —1/2 or —3/2 the conditions there are
satisfied) to see that for n > 2

E (E((Byn —Tn/2)*[Ta)0,%%) < (E((Ty — n)T,%/%) + E(T,?)) /4 < en”™ /2,
Insert this bound into (7.39) and conclude that
E (¢1(Tn, Bu)T3/?) < 27" (L4+0%2) + Lsgyn ™) <.
Therefore we can sum over n and integrate over y in (7.38) and obtain
J1(0) < ¢15°/2, (7.40)
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where as always c; satisfies Convention 3.1.
Lemma 3.6(a) and the argument leading to (7.38) shows that

J2(0) < 633/2/ 45 (Ym+1,Y an E (¢2(Ty, n)T'3/2)y" 7~ dy. (7.41)
0

We have
E (¢o(T'n,n)T%/?)
= 1 E (L +T,"T2) + 1,55 E (T, 32(In — Tl + 3njn — Ty +n)).

Some simple Gamma distribution calculations like those in the proof of (b), and which the
reader can easily provide (recall Convention 3.1), show that the above is bounded by a
constant depending only on My. As before by using this bound in (7.41) and integrating
out n and y we arrive at

Jo(8) < 953/, (7.42)
Insert the above bounds on J;(9) into (7.37) to complete the proof. O
Proof of Lemma 4.6. Consider (4.22). The functions ¢; and ¢, are as in the previous

argument. Argue just as in the derivation of (7.37) to bound the left-hand side of (4.22)
by

~yt
lim inf cs™ [tb/v/ LD <q5(ym+17Xs(m+1))¢1(Zl»N1/2)>dzm+1
- 0

~yt
+ tb/w / E Zm+1 (Q5(ym+1> X(m+1))¢2(2:/, NO)>dZm+1]
0

:= liminf es3[K(6) + K2(5)]. (7.43)

—0

Note we are integrating with respect to z,,4+1 and not p,11(dzm+1) as in the previous
calculation. Lemma 3.6(b) implies that

K1(5)§08/ 05 (Ym+1,Y an
0

t/s , Z/ n
X (t/s)b/v/o E (61(2' By))e— mdzlyb/y_Hiy

00 0 t/s nn
< cs /0 % Yms1,9) > pu(y/) /0 E(¢1(Z’,Bn))ﬁ—)1PdZ’yb/ "y (7.44)
n=0

We have bounded I'(n + b/v)~! in a rather crude manner in the last line.
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For 0 < 2/ <t/s <1 we have

E(¢1(2', Bn))(z)"(n+1)77
< C[P(Bn —0)+P(B, =1)(1+(z)Y)

+ Lns2) (2 +1)7H(2") °E (B + (Bn — z'/2)2)] (Z)"(n+1)"2
< 0[2_”((2’)" +n(l+ ()" + Lz (2)" 2 (n+ (n— 2)?)(n+ 1)_2] <ec.
This, together with (7.44), shows that
K1(6) < ct.

Next use Lemma 3.6(a) to see that

K5(8) < cs /Ooo 0 Ymi1,9) > on(y)

n=0

t/s , (Zl)n
x (t/s)b/7 Po(2 n)e”? ——L_dyP/ 7 dy
G J, e T
00 oo t/s "\n
< cs / 05 (Um11,9) Y on(y) ¢2(z’,n)&3d2'yb/ " dy.
0 —rs 0 (n+1)

As above, an elementary argument shows that for 0 < 2’ < 1, ¢o(2/,n)(2")"(n +1)73 is

uniformly bounded in n, 2’ and also (b,7) as in Convention 3.1. Hence, we may infer
Kg (5) < ct.

Put the bounds on K;(¢) into (7.43) to complete the proof of (4.22).
We omit the proof of (4.21) which is the first order analogue of (4.22) and is con-
siderably easier. O

We need a probability estimate for Lemma 4.7. As usual X+ is the Feller
branching diffusion with generator (3.1).

Lemma 7.2. (a) IP’Z(Xt(mH) > w) < (w/z)Y?7 exp{#fwf} for all w > z > 0.
(b) ]P’Z(Xt(mH) <w) < (w/z)Y* exp{%} forall 0 <w < z.

Proof. This is a simple estimate using the Laplace transform in Lemma 3.3(c). Write X;
for Xt(mﬂ). If —(yt)7! < A <0, then

—2zZA
P.(X; > w) < B (e7) = M (14 Aty) ™"/ exp{ 1 +Z>\7t }
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If A >0, then

—zA
Po(X0 < w) S VBN = M1 dm) e

Now set A = Zézu_l in both cases. This is in (—(y¢)71,0) if 0 < 2z < w and in [0, c0) if

0 <z >w. A bit of algebra gives the bounds. O

Proof of Lemma 4.7. We will again integrate the bound in Lemma 7.2(b) over 2,41

but as ¢ = 0 we will use the function
(' n) = Ln<t) + L=y (2) 7+ L2y (2) 2[(n — 2')* + ).
We then have from Lemma 7.2(b), that for each 2’ > 0,
J(Zm+1)

= //(1(ym+1§wﬁzm+1) + 1(Zm+1§wSym+1))Z£1+1

X |D§m+1pt(27y)‘d’z(m)ﬂm—i-l(dym—i—l)
< ct™222  liminfE (=, No) [ gs( Xy
- mAl s o A 0 45\Ym+1, A (Ym+1Sw<2my1)

+ l(z’rn+1 Swfmerl))/J’m'f‘l (dym+1)
= et B (0 Vo) Lo L <

+ 1(w2zm+1)1(xt(m+1)2w)]>
<t 2 B, (w(Z, No)?)V?1 P, (XD < )12
—_ m-+1 Zm+1 Y 0 (w§zm+1) Zm+1 t = w
+ 1(w22m+1)PZm+1 (Xis(m+1) > w)1/2]- (745)
In the third line we have used the a.s. and, hence weak, convergence of Xémﬂ) to XémH)

as 0 — 0 and the fact that Xt(mH) # w a.s.
We have

E (w(z/’ N0)2) < C((l + Z/>€_Z/ + (Z/)_le_z’
+ () 7HE (I z2) (No = 2)F) + E (1(N022)N3)]>.

An elementary calculation (consider small 2’ and large 2’ separately) shows that the term
in square brackets is at most c(z')?. Therefore we deduce that

E (2", Nog))Y2? < e(2') 7L (7.46)
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If we set w’ = w/~t, then this, together with (7.45) and Lemma 7.2 allows us to conclude
that

/J(2m+1)um+1(dzm+1)

_ _ 2

<t [ ) e (YL g
2yt
\2
— gP—2+b/y (, \b/dy N\p—2+3b/4~y _(\/? — \/E ) /
ct (w') /(z ) exp( 5 )dz

= PP (WK g g4 (). (7.47)

A simple calculation using the obvious substitution = = (v2/ — \/E/)Z shows that for any
e > 0 there is a ¢g(e) such that

Ky (w') < co[la<1) + (w')""+1/21(w/>1)] forall w’ > 0and —1+e<r<e '

Our bounds on p and Convention 3.1 imply that r = p—2+3b/4y € [-1+3(4MZ)~1, MZ].
Therefore the left-hand side of (7.47) is at most

P2 (Y (L )+ sy (P8040

< C(l(wgyt)tp_ﬂb/v + 1(w>7t)t—1/2wp—3/2+b/7).

8. A Remark on the Two-dimensional Case.

As has already been noted, the proof of Proposition 2.2 (by far the most challenging
step) simplifies substantially if d = 2. As this is the case required in [DGHSS], we now
describe this simplification in a bit more detail.

Recall the three cases (i)—(iii) for d = 2 listed following Theorem 1.4. As noted there,
the case & = () is covered by Theorem A of [BP] (with d = 2) without removing (0,0) from
the state space, so we will focus mainly on the other two cases here (but see the last
paragraph below). In these cases the localization in Theorem 2.1 reduces the problem to
the study of the martingale problem for a perturbation of the constant coefficient operator

2
AY=>"bID,, + 102, D2, (8.1)
=1

with resolvent R, and semigroup FP;. Our job is to establish Proposition 2.2 for this

resolvent.
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For f € Dy (Dy as in (2.21)), we have

JARAfll2 = [IARAS = fll2 < 2|1 |2, (8.2)

the latter by Corollary 2.12. We may therefore remove the term zo(R)f)22 from the
summation in (2.6) because L?-boundedness of this term will follow from the other three
and (8.2). Recall the required boundedness of any of the terms was reduced to (2.28) by
Cotlar’s Lemma. (Proposition 2.10 was only used to ensure the operator T; was bounded
on L? so that Cotlar’s Lemma may be employed in the proof of Proposition 2.2. This
boundedness, as well as the bound of c¢t™1, is also implied by (2.28) with s = ¢ and
the elementary Lemma 2.11(b). So we only need consider (2.28).) For the two derivatives
involving 1, (2.28) was fairly easily checked in Lemma 4.3 thanks to the “explicit” formulae
(4.7) and (4.8), and the bound in Lemma 3.3(f).

It remains only to check (2.28) for D,,. This was done in Proposition 4.9, using
only Lemma 4.5(a) and in fact only used (4.14) for p = 0 and (4.13) for p < 0. These proofs
in turn were fairly simple consequences of part (c¢) of the key Lemma 7.1. (Admittedly the
proof of (4.13) was omitted, being much simpler than that of (4.15).) As (7.4) was a trivial
consequence of (7.3) (recall (7.26)), we have essentially reduced the two-dimensional case
to the proof of (7.3). To justify our earlier statements, that this really is much simpler
than that of (7.1), we give the proof. At the risk of slightly lengthening the argument we
will take this opportunity to explicitly write an integration by parts formula which was
implicit (and hidden) in the more complicated setting of Lemma 7.1. Recall that m = 1
(the proofs below are the same for general m), I; = fot X ds, v =19, and (see (3.26))

Gref(1X) = [ Far X)pagrlar = 21 = W) o

Ny = Ny(t) is the Poisson variable in Lemma 3.4.

Proposition 8.1 (Integration by Parts Formula). If f : Ry xR — R is bounded and
Borel, then

(No — (22/71))
2o [t

Do, Pif(z) = () . ( Groy fI X)) + Btz ), (83)

where FE, is given by (8.6) below and satisfies

Bt D <Ba([ [ [1060 XA g o1 — 21 - 80

X 1(ugf0t Vsds)dml du dNo(V)>. (8.4)
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Proof. By (3.25)
0.0~ 52 X)X )
+E, (/[Gtz1f</ X§2) + Vsds,Xt(z) + yt>

- Gt,Z1f</ ng)ds7Xt(2)>]1(1/t>0)N0(dV)>
= FE\(t, 2, ) + Es(t, 2, f). (8.5)

Now use

Ops 2,—1 -1
E(z) = (2271 = 1)(2t) 'py(2),

and (by some calculus)

Opy 4
ot (2)| < ;p2t( z),

together with the Fundamental Theorem of Calculus, to obtain

L 104\2
1tz f) =E, ///fxl’X(Q) a;;v?zjtzl)j)t) _1} (2(ut 1)

X p2’y (u+[t)(1131 — 21 — b t) (u <f dacl dul(,,t O)dNo( )), (86)

and

|Ey(t, 2, )] <E., (/ / /yf(xl,x§2>>y4(u + 1) " a0y 1) (w1 — 21— 0%)
( <f dSL’1 dudNo( )
The latter inequality gives (8.4).
For E5 we use the decomposition in Lemma 3.4 with p = 0. 5,, and R,, are the sum

of the first n of the e; and r;, respectively, and we continue to write p,(w) = e~ w" /n!

and 2z’ = z9/~t. Then Lemma 3.4 allows us to write

Ex(t, 2, f) = No(vs > 0)E., Gz, F(I(t) + Ry, XG(8) + Sy s1)

= Gz J(Ia(t) + By, Xj(1) + Sy )

= ()7 Y (a1 () = pu(2)E oy (Grozy f(Ia(t) + R, Xg () + S))

n=0

an (n = 2)(2") B 1y (Geay f(I2(t) + R, Xo(t) + Sn))

= <vt>—1EZ2<<No — Y G (I, X)), (8.7)
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In the last line we have again used Lemma 3.4 to reconstruct X(?). (8.7) and (8.5) complete
the proof. 0

Remark 8.2. Since |Gy ., f| < || f]|o, the above implies the sup norm bound
1Dz, Puf(2)|

t
< () ey (P e+ A1) [ [ s i)

< ()72l flloo + 487 flloo-

We have used Lemma 3.3(f) and (3.17) in the last. This gives a derivation of (4.4). More
importantly we can use the above to derive an L' bound which will allow us to take f = §,,.
Recall that ¢:(z,y) is the transition density of X @) with respect to y*/7~1dy.

Corollary 8.3. If f: Ry x R — R is bounded and Borel, then
/ D, P ()]

<ot (156X [P0 (540) )

Proof. Note first that [ |Gy, f(I,X)|dz1 < [|f(x1,X)|dz1, and then integrate over z;
in Proposition 8.1 to see that the above integral is at most (z/ = 25/t as usual)

() B (P 11, X))

+E,, //yf (21, X)) |day AL, // vs ds dNo (v (8.8)

Use Lemma 3.3(f) and (3.17) again to bound the last term by

ez ot + 2z2) 'K, (/ ’f($17X15(2))’dx1>-
Use this in (8.8) to derive the required bound. O

Proof of (7.3). Let f¥°(z1,22) = ps(21 — y1)qs(y2, z2) (bounded in z by Lemma 3.3(a)).
Then (3.30) shows that lims_.o D, P;f¥°(z) = D.,p:(z,5). Apply Fatou’s Lemma and
Corollary 8.3 to conclude

/ ‘Dzzpt(z7 y)‘dzl

. _ No — z2/7t| 29 -1
< 1 0,6 (2) [! 0— 22
< llgrl_}élf67_3t E., </ |f9° (21, X;7)|dz o/t + <fyt + 1) D

. _ Ny — 22/’yt| -1
< B (o [P (Z4) ).
< llgrilglf crat T E ., gs(yo, X ) it + i +1
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The required result follows. O

If we wanted to include the case & = ) to make the above “short proof” self-
contained, then we need to consider Proposition 2.2 and hence (4.1) and (4.2) for the
case

2
A0 — ZbgDm + yg.rin:i.

=1

The associated semigroup P; = H§:1 Q{ is a product of one-dimensional Feller branching
(with immigration) semigroups with transition densities given by (3.3). As in the the last
part of the proof of Proposition 2.14 at the end of Section 4, (4.1) and (4.2) reduce easily
to checking (4.1) and (4.2) for each one dimensional Q¢. In the first part of the proof
of Proposition 2.14 (in Section 4) we saw that these easily followed for each differential
operator by projecting down the corresponding result for A° (as in (8.1)) to the second
coordinate. This was checked in the “short” proof above for the the first order operators. It
therefore only remains to check (4.1) and (4.2) for D, = 2D? and ¢, in place of p,. As in the
proof of Proposition 4.12, we must verify (4.33), (4.34), (4.24), and (4.25) for this operator
and one-dimensional density. These, however, can be done by direct calculation using the
series expansion (3.3)-the arguments are much simpler and involve direct summation by

parts with Poisson probabilities and elementary Poisson bounds.
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