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SMOOTHNESS OF CONTINUOUS STATE BRANCHING WITH
IMMIGRATION SEMIGROUPS

M. CHAZAL, R. LOEFFEN, AND P. PATIE

ABSTRACT. In this work we develop an original and thorough analysis of the (non)-smoothness
properties of the semigroups, and their heat kernels, associated to a large class of continuous
state branching processes with immigration. Our approach is based on an in-depth analysis
of the regularity of the absolutely continuous part of the invariant measure combined with a
substantial refinement of Ogura’s spectral expansion of the transition kernels. In particular,
we find new representations for the eigenfunctions and eigenmeasures that allow us to derive
delicate uniform bounds that are useful for establishing the uniform convergence of the spectral
representation of the semigroup acting on linear spaces that we identify. We detail several
examples which illustrate the variety of smoothness properties that CBI transition kernels may
enjoy and also reveal that our results are sharp. Finally, our technique enables us to provide
the (eventually) strong Feller property as well as the rate of convergence to equilibrium in the
total variation norm.
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evolution equation

(1.1) %ut —(D+L)u =0, up = f,

where, for a smooth function f on z > 0,

(1.2) Df(xz) = o*zf"(x) + (b — mz) f'(z) — (qz + a) ()
and

(1.3 Liw) = [ (fo )~ F@) = uf @)liyen) Ko dy).

with the parameters 02,¢,a > 0, m,b € R and the Lévy kernel K(z,dy) = zII(dy) + p(dy)
defined in terms of the Lévy measures I and pu, satisfying some mild conditions that are
detailed in — below. It is already worth pointing out that our analysis includes the
situations where II(07) = [ II(dy) = oo and where A = D + L is purely non-local, that is
D=0.

The linear operator A turns out to be the generator of the Feller semigroup of a continuous
state branching process with immigration (for short CBI). There exists a rich and fascinating
literature devoted to the study of fine analytical and stochastic properties of CBI-semigroups,
see e.g. Handa [20], Stannat [46], Li and Ma [33], Foucart and Bravo [I7], Duhalde et al. [14],
Caballero et al. [6], Abraham and Delmas [1], Lambert [30] and the monograph [32]. However,
little seems to be known regarding the regularity properties of (at least) their transition ker-
nels, something which may be attributed to the fact that (non)-regularity properties of general
non-local Markov semigroups and their heat kernels are fragmentally understood due to the
lack of a comprehensive theory from both functional and stochastic analysis.

In the framework of diffusions, that is, semigroups associated to differential operators, many
theories have been successively designed to study this type of question. We mention for in-
stance the techniques based on Malliavin Calculus, see e.g. Hairer [19] for a recent and general
account on these approaches, and, also analytical techniques based on Holder estimates, see
the monograph [28] for a thorough account.

Due to the generic role played by non-local operators in the class of operators satisfying the
maximum principle, see Courrege [12] for more details, the recent years have witnessed a fast
growing literature devoted to the study of smoothness properties of the heat kernels or of the
solution to parabolic problems associated to non-local Markov generators. The approaches can
be split into three main categories.

The first one is based on classical Fourier analysis which requires precise information regarding
the asymptotic decays for large arguments of the Fourier transform of the semigroup in order
to derive smoothness properties. This approach has been successfully developed by Hartman
and Wintner [2I] for providing a sufficient condition expressed in terms of their symbol for
the continuity of the densities of Lévy processes, see also Knopova and Schilling [26] and the
references therein for more detailed and interesting results in this direction. It was also used
recently in Filipovic et al. [I6] to study smoothness properties of the transition distributions
of affine processes. In particular for the CBI transition kernels that we study, the authors
obtain a smoothness property on the real line in the case where there is a diffusion component,
ie. 02 > 0 in above. This latter result reveals two noteworthy limitations of the use
of Fourier analysis in the context of transition kernels whose supports are not the entire real
line, namely the positive real line for CBI kernels. On the one hand, this technique does not
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provide the optimal regularity property on the support of kernels (or their derivatives) that do
not vanish at one end of the support. On the other hand, it also requires precise information
regarding the asymptotic behavior of the (modulus) of the Fourier transform which are often
difficult to get without restrictive assumptions. For these reasons we are lead to develop
an original approach that focuses on the smoothness property of the density (or its absolute
continuous part) of the CBI kernels within their supports, that is, allowing possible explosions
at 0 for the kernels or their successive derivatives.

A second approach is based on Malliavin calculus which has been extended under various
conditions to study regularity properties of the solutions to stochastic differential equations
driven by processes with jumps. However, these developments, in the context of Markov
kernels, considered merely dynamics with either a Lévy kernel that is homogeneous in space
or of finite intensity, and/or with a diffusion component, see e.g. Picard [39], Cass [8] or the
original paper by Fournier [I8] and the references therein.

Finally there are some substantial results of analytical nature based on Harnack inequalities
which have been obtained recently for getting Holder continuity properties of the solution to
parabolic equations involving integro-differential operators, see e.g. Caffarelli and Silvestre [7].
However all these techniques are not general enough to be applied in our context. This is due
to either a lack of symmetry and/or non-homogeneity of the Lévy kernel, or, unboundness of
the drift coefficient, or, the possible absence of diffusion part, or, simply, the non-local feature
of the generators.

We propose an alternative approach that stems on a combination of an original methodology
that is developed to deal with the smoothness properties of distributions on R* = (0, 00) and
the spectral expansion of CBI-semigroups. For the former, we show that the invariant measure
of a CBI-semigroup is solution to a convolution equation that we study in depth to derive the
regularity properties. We already emphasize that these developments could be used in a larger
context as, for instance, for the class of positive infinitely divisible laws. For the second part, we
exploit and develop substantially a spectral expansion of the kernel of CBI-semigroups whose
initial form was found by Ogura [35]. The novelty of this result lies on the lack of a spectral
theorem for non-self-adjoint operator and Ogura overcomes this difficulty by first suggesting a
candidate as an eigenvalues expansion for their transition kernel and by means of the Laplace
transform techniques show that it indeed corresponds to the right one. These series expansions
involve three spectral components, the eigenvalues which take in this case a simple form, the
eigenfunctions and the eigenmeasures, that is, when these latter are absolutely continuous
they correspond, in some sense, to the eigenfunctions of the adjoint semigroup. Unfortunately
Ogura’s representation of these spectral functions does not allow one to study their regularity
properties. Thus, we start by providing new appropriate representations for the eigenfunctions
as well as for the eigenmeasures that are useful for deriving delicate uniform bounds and for
investigating their smoothness properties. This approach which offers another view of Ogura’s
work also enables us to describe linear functional spaces for which the spectral expansion of the
semigroup remains valid. This is critical to determine regularity properties of the semigroup,
that is formally the solution to the associated Cauchy problem .

Our new developments on the spectral decomposition of these semigoups also enable to apply
some transforms that are known to carry over the spectral expansion. For instance, by means
of a tensorization procedure, our results extend directly to any dimension d > 2. Furthermore

this latter could be associated to the subordination in the sense of Bochner in order to obtain
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similar results for a larger class of d-dimensional assymetric Markov processes with two-sided
jumps. We shall not present the details of these standard arguments therein but we refer the
interested reader to the excellent monograph [3] for a description.

Now writing RE, = [0, 00), denoting by B,(R%,) the set of bounded Borel measurable functions
on R;:o and by CO(]RJZFO) the set of continuous functions on R;O vanishing at infinity and
following Kawazu and Watanabe [24], we say that P = (P;);>0 is a CBI-semigroup (resp.
CB-semigroup) if it is a non-negative strongly continuous contraction semigroup on CO(R';O),
satisfying

(1.4) Pi(Ao) C Ay (resp. Po(Ag) C Ag), for all t >0,

A

where, writing e)(-) = e, we have set

Ao = (e)rs0, Ao = (cex)erso-

From [24], it is well known that any CBI-semigroup P is characterized, via its Laplace trans-
form, by a unique couple of functions (¢, ¢) that are respectively called the branching and immi-
gration mechanisms and we denote it by CBI(%), ¢) and write simply CB(¢) = CBI(¢,0).

We point out that the main results of this paper hold under the general conditions, stated in

(1.26)-(1.28) below, on the mechanisms (1, @), defined in terms of the parameters b, m, q, a and
IT that appear in the expression of the generator in (1.2]). However, for sake of presentation,

we prefer to state first these results in a slightly more restrictive setting that we now describe.
Note that Proposition explains that the semigroups under the two sets of conditions
are related by a Doob h-transform which enable to readily transfer the properties from one
semigroup to the h-transformed one.

We will denote by N the set of functions ) : R;O — R;O defined, for u > 0, by
(1.5) Y(u) = o*u? + mu + / (e™" — 1+ ur) II(dr),
0

where o > 0, m > 0 and II is a non-negative Borel measure on RT = (0, c0) , and, which satisfy
the following two conditions
> du )

(1.6) o) < oo and ¥ € H(Ry) with Ry, > 0,

where throughout H(R) (resp. H(qyp)) is the set of functions holomorphic on the open disk
D(0,R) (resp. on the strip a < R(z) < b), where we understand that R is the radius of
convergence of their Taylor series at 0. Note that the second requirement in implies that
Jo~ (r Ar*)II(dr) < oo and that the integral in is well-defined. Of course, here and below,
we mean that ¢ as defined in extends to a holomorphic function and we keep the same
notation for its extension. Note that, by Sato [43, Theorem 25.17], ¢ € H(Ry) is equivalent
to assume that ) is holomorphic on the half-plane R(z) > —Ry. This standard equivalence
also holds for Laplace transforms. Next, we denote by B the set of Bernstein functions on RJ;O,

that is, the functions ¢ : RE, +— RY, such that

(1.7) d(u) = bu + /0 h (1— e p(dr) = u (b + /0 h ewu(r)dr>
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where b > 0 and 1 is a non-negative Borel measure on RT satisfying [;~(1 A r)u(dr) < oo and
such that

(1.8) ¢ € H(Ry) with Ry > 0.

Here in (1.7) we have set @(r) = [7°u(dy), for all » > 0. Note that for any ¢ € N, we
have

(1.9) Y(u) = upp(u) =u <02u +m+ /0 00(1 - e—W)H(r)dr>
= u <0—2u +m+u /Ooo e“TH(r)dr> ,

where II(y) = fyoo (dr), T(y) = fyoo II(r)dr and ¢, € B is the descending ladder height
exponent. Under these conditions, the CBI(¢, ¢) semigroup is conservative and subcritical
with
(1.10)  ¥(0) =0, (0) =m > o,/oo B forallA>0and [ ST~

x o (u) o ¥(u)

where we have used the notation f® (z) = % (x) for the p-th derivative of f, for some integer
p. We refer to e.g. [32) Theorem 3.8] for a proof of (1.10). We also point out that, in fact,

it is easy to check that the condition () (0) = m > 0 yields that I % = oo. From these

considerations, we deduce that the mapping

(1.11) A A(X) = exp (‘m /:0 j(t;))

is an increasing bijection from R to [0, 1) with inverse function denoted by B, i.e. B : [0,1) —

exp (-m [ ) =
B(z) Y(u)
In addition, under the assumptions (1.6) and (1.8]), and writing
A
¢(u)
1.12 D, (N :/ ——du,
12 W= )

we shall show in Lemma below that, there exists some 0 < Ry < 1 such that, for all > 0,
the function

(1.13) 2 Gyu(z) = e 2BEF(BE) ¢ 9(Ry).

RY, satisfies

Then, with this notation, we have the following representation of the Laplace transform of
the Feller semigroup P which is due to Ogura [35 Proposition 1.2] and valid for any ¢,z, A >
0,

(1.14) Piey(z) = e" NG (AN)e ™).
Next, we set
In(Rp)

m

(1.15) To=—
5



and we denote by W the so-called scale function associated to the spectrally negative Lévy
process whose law is determined by its Laplace exponent 1. More precisely, the function
W RJ;O — R;O is characterized by its Laplace transform as follows, for any u > 0,

(1.16) P(u) /000 e W (y)dy = 1.

We shall check, in Lemma [2.3| below, that the function W satisfies W(0) = 0 and is in C1(R*)
with the derivative being positive on RT. With b the drift parameter and p the Lévy measure
associated to ¢, see (|1.7) and recalling fi(r) = froo wu(dy) we define, for all y > 0,

(1.17) w(y) = WO (y) + /0 WOy — rya(r)dr,

and, we set £(07) = lim, ,,£(y), K(0") = lim, 0 x(y) and we define the integer £ by
(1.18) k= [r(07)] -1,

where [.] is the ceiling function and we understand that [co] = co. Note that when ¢ = 0,
i.e. P is a CB(%), obviously k = 0. Next, we denote for ¢ > Ty,

5 {min (=B (2—emt=T0)) Ry) if Ty <t <Ty+ LIn(2— A(—Ra)),
t:

1.19
( ) Ra N Ry iftZTgﬂ-%ln@—A(—RA)),

where R4 is the radius of convergence of the Taylor series at 0 of A. Note that in Lemma [3.5
it is shown that A € H(R4) with R4 > 0 and thus B, the inverse of A, is well-defined for
2> A(—Ry). Writing fey(z) = f(x)e ™, > 0, we set

(1.20) Dy={f: R;O — R measurable; fey € L°(R") for some A < A},

that is, f € Dy if there exists C > 0 and A < )\; such that |f(x)] < Ce®, for almost every
(a.e.) > 0. Plainly D; is a linear space and since B(0) = 0, D; contains the set of bounded
measurable functions if ¢t > Ty + anQ We write

L}, (RY) ={f : RT — R measurable; for any a > 0, /0 |f(y)|dy < oo},

[e.e]
LYRT) ={f : RT — R measurable; / |f(y)|dy < oo}
0
Further, for £ C R, C(E), respectively CP(F) for p = 1,2,--- 00 stand for the space of
continuous, respectively p times continuously differentiable functions on F. Similarly, for any
E;,CR,i=1,2,3, ook (E1 x Ea x E3) denote the space of infinitely continuously differentiable
functions with respect to the two first variables and k times with respect to third one on
Ey x Ey x E5. We also denote by C’b(R;rO), the set of bounded continuous functions on Rio
and we set
A = Span(ex) >0,

where Span of a set stands for its linear hull. Note that, by the Stone-Weierstrass theorem, A
is dense in Cp(RY,). Finally, for all ¢,z > 0, we denote by P(z, dy) the transition kernel of the
CBl-semigroup P and by d,(dy) the dirac measure at a. We are now ready to state the first
main result of this paper.

Theorem 1.1. Let P be a CBI(¢, ¢) semigroup with (v, ¢) € N x B. Then, for all f € DyUA,
2= P.f € Hryo0). Moreover, for any t > Ty, the following hold.
6



(1) P.f € C’b(RJZFO) N C’OO(]RJZFO) for all f € Dy UA.

(2) P.f € C’O(R’go) N C’OO(RJZFO) for all f € (D¢ N CO(R;))) UA.

(3) P.f € C’b(Rgo) forall f € Bb(R‘go), that is, P is (eventually) strong Feller.
(4) For all x > 0, there exists a function y — p¢(x,y) such that

(1.21) Py(w,dy) = e~ Ga(e™™)do(dy) + pulx,y)dy, y € R.
Note that one can take pi(x,y) = 0 for all y < 0. Thus, for all x > 0, P,(x,dy) is
absolutely continuous if and only if

(1.22) P, = lim ®,(\) = oo,

A—00

which holds if k > 0. Moreover, in any case,
a) if £ > 1, then (t,z,y) — pi(x,y) is C° 5 1((Tp, 00) x RT x R),
b) (t,2,y) — pi(z,y) € O EH((Ty, 00) x Rt x RT) where

b1) g =0 if either k > 1 or k =0 and K(0T) < oo,

b2) § = sup{q > 1; K, W € CYRT)} if k € C'(R"), s € L}, (RT) and x(0F) =
R®(01).

Remark 1.2. Note that in Theorem 1“@@} the condition k € C1(R*) ensures that in this
case q > 1 as we shall prove that, in our setting, W € C*(R"), see Lemma below.

Remark 1.3. We also point out that in a recent paper Li and Ma [33] have shown by means
of an elegant coupling argument the strong Feller property of CBI semigroups satisfying the
first condition in ([1.6)) and having a linear immigration, i.e. ¢(u) = bu.

Another interesting by-product of our analysis is the following precise estimate regarding the

speed of convergence to stationarity in the total variation norm, which we recall to be defined

for a signed measure y on RE by ||u||rv = SUD pep(rt,) \u(E)|, with B(RY,) the set of Borelians
> 2o >

of R;O.

Proposition 1.4. Let P be a CBI(v), ¢) semigroup with (1, ¢) € N X B, then P admits a unique
invariant probability measure V on ]R;FO. Moreover P is exponentially ergodic, in the sense that

there exist C > 0 and B > 0 such that, for any x >0 and t > T = Ty + - In(2 — A(—Ra)), we
have

. 5, e ™D

(1.23) 157 @)y < Ce™ Ty
where we have set PY(x)(.) = Py(z,.) — V(.).

Remark 1.5. We point out that the exponential ergocity of CBI semigroups have been studied
recently under various restrictive conditions. For instance, Li and Ma [33] (resp. Jin and al. [23])
proved this fact by means of a coupling argument (resp. a Forster-Lyapunov function argument)
when the immigration mechanism is linear, i.e. ¢(u) = bu,b > 0 (resp. the branching mechanism
is quadratic, i.e. 1 (u) = o?u® + mu).

7



We proceed by stating some sufficient conditions, expressed in terms of the characteristics of
both mechanisms, for the mapping x defined in ((1.17)) to satisfy the specific conditions appearing
in the smoothness properties of the absolutely continuous part of the transition kernel.

Proposition 1.6. We have the following.
(1) (i) If 6 +b >0 then

(1.24) £(0T) =&(0T) = % € [0, oo].
(ii) If 0% + b =0 then
(1.25) £(07) > lim 7i(y) W (y)-
Y—

In particular £(07) = oo if II(y) 2 O(y™®) and ﬁ 2 O@W’) withl <a<1+8<
f(z)

2, where throughout f < O(g) for a € [—oo0,00] means that lim, 4 e
Furthermore, ®(07) = 0 if @(07) < oco.

(2) Assume that k(0%) = ®(0T) < co. Then x € CY(RY) and V) € L}, (RT) if one of the
following holds.

< 0.

(i) o =0, W, € CYRY) and for some § > 0, we have that W®) is non-positive on
(0,0) and

B gy < .

B / ? yp (y)dy
foy TI(r)dr

(i) o =0, @(0%) < oo, i € CY(RY) and gV € L}, (RT).

loc
(iii) o > 0 and i € C(RY). Moreover, if in addition b= 0, p(0%) < oo, i € C*(R*) and
it e L} (RT) then k € C?(RT).

Remark 1.7. Note that if ¢)(u) = u? + u, then W1 (y) = e~¥ and thus

K(y) =e ¥ (b + /0 ’ em(r)dr> ,

which implies x(0%) = b as in Proposition [L.6|[T{). Assume further that u(dr) = &;(dr). Then
i(r) =Ly <1y ¢ C(RT) and

y= r(y) =e¥ (b+ (1—e¥)) ¢ CHRY),
which shows that Proposition |1.6(2iii)) is sharp.

Remark 1.8. Proposition gives some conditions under which & is in C*(R*) and k(M is
in Lj,.(R*). In part (2i), it is assumed that W exists, is in C(R*) and is further negative
in a neighbourhood of zero. Unfortunately, not much is known about which Lévy measures 11

imply these conditions on the scale function (in the situation where o = 0 and fol rIl(dr) =

o0). It is known that if O is log-convex, then W) is non-increasing (but not necessarily
in C1(RY)), whereas if II is completely monotone, then w® s completely monotone, see |44,
Chap. 11]. Recall that a non-negative function f is completely monotone if it is in C*°(R*") and

(=1)"f™)(x) > 0 for all > 0 and n € N. Higher order differentiability properties of x can be
8



straightforwardly deduced from the expressions for £(1) and £, see e.g. below, given in
Proposition[I.6]in combination with Lemma 2.5 below, upon imposing higher order continuous
differentiability on W) and fi. If ¢ > 0, the problem of higher order (non-)differentiability of
W is studied in Chan et al. [9]. In particular, Theorem 2 in [9] says that if the Blumenthal-
Getoor lower index inf{8 > O;fo1 rPTI(dr) < oo} < 2, then W) € C™t1(R*) if and only if
IT € C*(R"). When o = 0, again little is known about the existence of higher order derivatives
except in the aforementioned case where II is completely monotone.

We emphasize that in fact the main results of this paper extend to the larger class of CBI(¢, ¢)
semigroups whose mechanisms (1), ¢) are in A x B, which corresponds to the set of functions
of the form

(1.26) @(u) = 02u2 + mu + / ( ur 1 + U’I“H{|T‘<1}) (d’l“) —q,
0

where 02,¢ > 0,m € R and IT is a Lévy measure satisfying [;°(1 A 7*)II(dr) < oo and

o(u) = ¢(u) +a,
for some a > 0 and ¢ of the form (1.7]), that satisfy the following conditions

o g L .
(1.27) / %~ and either § > 0 or ¥, ¢ € H(R) for some R > 0 and w(l)(O) > 0,

[ (w)]
where 6 is the largest root of the equation 1 (u) = 0, i.e.
(1.28) 6 = sup{u > 0; ¥(u) = 0} € [0,00).
Note that since [~ WCEZ)\ < 00, we must have lim, o % (u) = oo (see Lemma and its

proof below) and thus there exists at least one root of 1 as ¥(0) < 0. Next, denote, for
any 1 > 0, &, the n-Esscher transform, which is defined for a function f : Rio — R, by

Enf(u) = f(u+n)—f(n). It is well-known and easy to prove that, with 6 as in ([28), EgN C N
and & B C B, see e.g. [43, Example 33.14]. Then, we define the following transform

E : NxB—=>NxB
(1.29) (10, @) = (¥, 0) = E(W, d) = (Eg0, 9 ).

An interesting motivation underlying the introduction of & is the two time-space Doob’s trans-
forms that leave invariant the set of CBI-semigroups that are described in Proposition be-
low. The first transform seems to be original whereas the second one was proved by Roelly and
Rouault in [41]. These transforms serve to simplify the notation and are useful to derive the
smoothness properties of general CBI-semigroups in A/ x B from the one of CBI-semigroups in
N x B. They are proved in subsection

Proposition 1.9. (1) Let P be a CBI(v, ¢) se
the CBIL(v, ¢) semigroup where (1, ¢) = E(1p, ¢). Writing fo
all f € By(RY) and t,z >0,

®) € N x B and let P be
= e f(a

migroup where (¥, ¢
( ), we have, for

z)

(1.30) Pif(z) = e e ?O1P, fo(z).
Consequently, by replacing f by fg in the statements , , and , Theorem
also holds for P.

9



(2) Let P be a CB(v)) semigroup. Then, there exists a CBI(v, ¢)semigroup P where (1, ¢) =
(Eoth, (1)) D) —m) with m = () (0) such that, for any t,z >0 and f € By(RT)

(1.31) Pif(x) = ze e ™ P, fo(x).
where fp(x) = @

The proof of Theorem [I.1] relies on a combination of an in-depth analysis of the smoothness
properties of the invariant measure and a substantial refinement of the spectral decomposition
of the transition kernels of CBI-semigroups which was originally studied by Ogura [35] and
that we now state. To this end, we need to introduce further notat10n First, let (Ly)n>0 be
the family of Sheffer polynomials whose generating function is G(z) given by (|1.13] -, i.e. for
any > 0,

(1.32) Ge(2) =) Lu(z)2", |2| < Ro.

We let v, respectively w, be a non-negative integrable function on R™ whose Laplace transform
takes the form

(1.33) / e My (y)dy = e~ PN — e, A>0,
0
respectively,
(1.34) / e Mu(y)dy =1—AN), A>0,
0

where we recall that A, ®, and ®, are defined in (1.11)), (1.12) and (1.22)). It will be shown
in Proposition and Corollary [3.4] below that the functions v and w are well-defined. We
further set for n > 1,

(1.35) Wt = 3 (1) (=107

where w*! = w, and, for any n > 2,
W (y) = w T w(y)
where * stands for the standard convolution, i.e. f x g(y fo (y — z)g(z)dz. Also, we
set
A = mn,

where we recall that m = (1) (0).

Theorem 1.10. Let P be a CBI(v, ¢) semigroup with (¢, ¢) € N x B. Then, for any t > Ty,
f€DLUA, and, for all integers m,p > 0, we have

d™ >

i (») — _ —Ant p(p)
(136) i (P @) = AP Vag, 220
where the series is locally uniformly convergent in x,t and, for anyn >0, Vo f = [7° f(y)Va(dy)
with

(1.37) Vu(dy) = e~ 6o(dy) + va(y)dy,
10



where forn > 1,
(1.38) Va(y) = € P Wa(y) + Wasw(y) +v(y), y >0,

and vy = v. In particular, for allt > Ty, z,y > 0, Pi(z,dy) = e~ Gy(e™)do(dy) +pi(z, y)dy
with

(1.39) pe(x,y) = Z e_)‘"tﬁn(x)l/n(y).
n=0

Finally, for all integers m,p >0 and 0 < q < K + q, with q as in Theorem , we have

[e.9]

am _
(1.40) Tt @y) = D (=h)e LY (@) (y)

n=p

where, when 0 < q < k — 1, the q-th derivative of vy, is given by Vy(Lq) (y) = W, * p(@) (y)-

Remark 1.11. Note that from the Doob’s transform ((1.30)) in Proposition we get the
following identity between the corresponding heat kernels

(1.41) Py(z,dy) = e 00 9O P, (2, dy), t,a,y >0,

Remark 1.12. We point out that the phenomena that the linear functional space, here Dy,
for which the spectral representation is valid increases with respect to time, has been observed
in recent works dealing with the spectral representation of non-self-adjoint (NSA) Markov
semigroups, see e.g. [36], [38] and [37]. This may be explained by the fact that in opposition
to the self-adjoint case where, by the spectral theorem, a resolution of the identity is available,
the invariant subspaces of NSA operators do not form in general a basis of the Hilbert space
yielding to convergent spectral expansion only on a subspace of the full Hilbert space.

Remark 1.13. In Proposition below, we state that the set (e~*!),,>¢ is part of the point
spectrum of the (unique continuous extension of the) CBI operator P; in the weighted Hilbert
space

(1.42) LA(V) = {f : RY, — R measurable; /00 FAy)V(dy) < oo} ,
- 0

where V = V) and the latter is defined in . The characterization of the different compo-
nents of the spectrum of P;, that is the point, continuous and residual spectrum, see e.g. [15]
for definition, seems to be a delicate issue and goes beyond the scope of this work. We refer
the interested readers to the recent paper by Patie and Savov [36] where an approach based
on the theory of Hilbert sequences has been developed to describe these different parts of the
spectrum, including the algebraic and geometric multiplicities of the eigenvalues.

Remark 1.14. It is interesting to observe that the condition ¢, ¢ € H(R) for some R > 0, when
6 = 0, ensures that the CBI(¢, ¢) semigroup contains a countable set of isolated eigenvalues,
that is, its (discrete) point spectrum is countable. Indeed, under this condition, the expansion of
the holomorphic mapping G, enables us to define the eigenfunctions. We point out that Ogura
[35] shows that when this condition is not satisfied and assuming some (restrictive) additional
technical conditions on the mechanisms then the transition kernel of the corresponding CBI-
semigroup admits an integral representation. It would be interesting to relax Ogura’s conditions
in this situation and to study if the eigenvalues are part of the (continuous) point or the
U

continuous spectrum. Regarding the second assumption [~ ﬁ < oo in ([1.6)), it ensures both
11



the existence of eigenmeasures and the absolute convergence of the eigenvalues expansions.
Finally, we remark that the analycity property of the mechanisms is, according to Lemma
below, equivalent to the existence of positive exponential moments of the associated Lévy
measures, that is about the behavior of the Lévy measure at oo whereas, from Lemma 2.1 below,

the second condition [* % < oo in (1.6), when 02 = 0, is a condition on their behaviors at
0.

Remark 1.15. The main improvement of our spectral representation in comparison to Ogura’s
one in [35] is our original characterization of both the eigenfunctions £,, see Section 4] and
of the eigenmeasures V,, which allows us to study, in particular, regularity properties of the
CBI semigroup and its transition kernel. Besides providing the Lebesgue decomposition of V,,,
and also lead to the following bound on the Laplace transform of |V, |, the total

variation measure of the signed measure V,,
| e malan) < 2 - AW, A < (RaARy)
0

see Proposition below. This bound improves (since A(A) € [0,1) for A > 0) the one from
Ogura, see (2.2) in [35], which reads

/ e MW (dy) < AN e N x> 0.
0

This improved bound on |V,| allows us in particular to show that holds for a wider
class of functions f than can be concluded from the results in [35]. In this vein, it is worth
mentioning that when in N = Rg A Ry then, according to Lemma the functional
spaces Dy and L?(V) are comparable at least at infinity.

Example 1.16. Though our main focus is on studying smoothness properties, we now look at a
short example to illustrate the ingredients of the spectral representation in Theorem [T.10} Note
that in [10] we study how the eigenmeasures and eigenfunctions can be numerically computed.
Examples that deal with the regularity of CBI-semigroups will follow in Section [} We look at
the CBI(%), ¢)-semigroup with mechanisms given, for any v > 0, by

Y(w) =(u+ 1) — (u+1),
with 0 < a < 1. We point out that when a = 1, the CBI(¢, ¢) boils down to a linear diffusion

which is the CIR process. We see that m = () (0) = a, A(\) =1 — (ﬁ)a, which by (1.34),
1

@ya_le_?ﬂ where I' is the gamma function. Therefore recalling the well-
known fact that the convolution of two gamma distributions with the same scale parameter is
again a gamma distribution with the same scale parameter but with shape parameter equal
. yaj—l

to the sum of the individual shape parameters, we have Wy(y) = e™¥ > 1, (?)(—1) NCTIR

Further, ®,(\) = In(A+ 1) and thus v(y) = e™¥. Then, from the expression ([1.38)), we get that
for n > 0,

(1.43)

leads to w(y) =

aj

Note that with o = 1, v,,(y) = e YL, (x) where the L,,’s are the classical Laguerre polynomials,
see e.g. [31], 4.17.2 ].
12



We have B, the inverse of A, equals B(z) = (1 — z)~'/* — 1. Thus B € #(1) and hence Ty = 0
in (1.15)), and, for all n > 0, x > 0, from (1.32)), we have n!L,(z) = ng) (0) with

Go(z) = (B(z) + 1)e B(),

Note that when a = 1, G(2) = (1— z)_lel%zz which is the generating function of the classical
Laguerre polynomials, that is, in this case, for all n > 0, £,,(z) = L, (x). Otherwise, since for

, 1
j >0, (B(2)+ 1)(J)|Z:0 = Fg?j)]), we have, by Leibniz’s formula, for any n > 0,
1o (n\TE+7) / o\ @9
Lo(z) = — ) Ra T (o-2B(2) ,
() n!%(;) (L) < >|Z:0

with, by means of the Faa Di Bruno’s formula,

( _IB(Z)>(”—J'> <I‘(é—|—1) r'(t+2) P(;+n—j—k+1)>
e = )
|z:0

N C ) N I L'(3)
where the B, ;’s are the Bell polynomials.
Finally, by Theorem the CBI(%), ¢)-semigroup transition kernel is given by

Py(z,dy) = Z e ML (x) vy (y)dy, y>0,t>0,2>0.

n=0

n—j
(_x)anfj,k
k=1

« «

The remaining part of the paper is mainly devoted to the proofs of the main statements, namely
Theorem Proposition [1.6] Proposition [I.9] and Theorem [I.I0] They are split into several
parts where each of them may be of independent interest. Indeed, in the next Section, we
review some useful preliminary results including different criteria for the main conditions and
general results regarding smoothness property of solutions of convolution equations. We also
provide therein the proof of Proposition [1.6/and Proposition Section [3] contains a thorough
study of smoothness properties of the absolutely continuous part of the invariant measure.
We proceed by studying in detail the spectral components of the CBI-semigroups, and, in
particular, we establish some specific representations of each of them which allow us to derive
some analytical properties. Note, as CBI-semigroups are in general non-self-adjoint operators,
that the spectral components include a set of eigenfunctions and of eigenmeasures which when
the latter are absolutely continuous may correspond to the sequence of eigenfunctions for the
adjoint semigroups. More specifically, in Section[d] we present an original study of the sequence
of eigenfunctions by relating them to the Sheffer polynomials. In Section [5| we provide explicit
representations for the eigenmeasures which enable us to obtain both smoothness properties
and uniform upper bounds for their absolutely continuous parts as well as for the successive
derivatives of these latter, whenever they exist. Section [] includes the last arguments required
to prove Theorem [I.1] and Theorem [I.10] Finally, the last Section contains several instances of
CBIl-semigroups which illustrate the variety of smoothness properties that this class may enjoy
and also reveal that our results are sharp.

2. PROOF OF PROPOSITIONS AND AND PRELIMINARY RESULTS
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2.1. Proof of Proposition An application of [35, Proposition 1.2] shows that, for all
A> 0,

= 3 A o(u) — o0 =
Prex(w) = e D exp / D) A g (A(A)ew 1 (0)t> :
B(A(A)e—w <0>t) O(u)
where B is the inverse of A(\) = exp ( 9) [ )\OO wd(“ ) Now, recalling that, for all u > 6,

o(u) — ¢(0) = d(u —0) and P(u) = P(u — 0), it is plain that @(1)(0) = M (0) = m and
A(\) = A\ — 0) and B(z) = B(2) + 0. It then easy to check, by a change of variables and

(1.14)), that
Piey(z) = ¢ “Otexp < / ' Mdu — 2 (B (AN — 0)e™) + 9))

B(AGA—-0)e—mt)+o (U —
= e e YOG (AN — 0)e ™)
B_Qme_a(e)tPtE)\_g.

This proves the first part of Proposition [[.9) The last claim follows by first applying the
transformation (1.30) and then the transformation [32, (3.37)] recalling that m < oo as it is
imposed in this latter reference.

2.2. Criteria for the main conditions. The conditions as well as the criteria used in the
description of the main results are given in terms of the CBI mechanisms or of the function
k defined in . In this part, we aim at providing equivalent criteria expressed directly in
terms of the characteristic triplets of these mechanisms. We recall the following notation on
asymptotic behaviours that will remain in force throughout the paper.

f

f = g means that 3¢ > 0 such that ¢ < = < ¢ 1,
g
f A ¢ means that lim fl) _ =1, for some a € RU {+o0}.
z—a g(x)

We start with the following result dealing with the first condition in (|1.6]).

Lemma 2.1. Let ¢(u) = o?u® + mu + [~ (e7*" — 1 +ur)(dr) with ¢ > 0, m > 0 and
Jo(r Ar*)II(dr) < oo. Then

< du

o (u)

dv
<oo<=og>0or —_— < 0.

0 [y I(r)dr

If for some € > 0, lim, |, ﬁ(y)y6 > 0 then (2.1 holdi However, ifﬁ(O*) < oo and o =0, then
1)) fails. When o* =0, is not equivalent to TI(0T) = oo as 1 (u) = u(In(u+1)+1) € N
with TI(0T) = oo and f

(2.1)

uIn( u+1) = 0.

Remark 2.2. Note that the conditions in ([2.1)) ensure that the class of CBI-processes have

paths of unbounded variation, as either 62 > 0 or II(07) = oc.
14



Proof. First, recall from (1.9)) that

(2.2) () = udy() = u <U2u +u /0 T e (T + m)dr)

and so ¢, € B. Thus, [ Proposition III.1] yields

&=

(2.3) P(u) = ugy(u) < o?u? + mu + u2/ II(r)dr.

0
From this estimate, we easily get the first statement where for the integral test we have per-

formed a change of variables. Next, the condition lim, TI(r)r¢ > 0 for some € > 0 implies that

there exists C > 0 such that for r small enough, II(r) > Cyr—¢ and as II is non-increasing, we

get that fo r)dr > ’UH( ) > Cv'~¢, that is, from the preceding discussion,
> du
(2.4) — < 01/061dv < 00.
¥(u) 0

Next, since from (2.2) when 0% = 0, we get that ¢,(c0) = m+1I(0%) and hence, when II(0F) <
00, P(u) < upy(co),u > 0, as ¢, is non- decreasing, which provides the statement in this case.

Finally, observing that In(u + 1) fo e ur) dx we easily deduce, by integration by
parts, that uln(u+1)+u=u [j7(1—e " )— da:—i—u-fo e " —14ux)e _g”(g%l)dx—i-uej\f
with II(0") = fooo %dw = oo and [~ ﬁ = o0, which completes the proof of the
Lemma. O

We proceed with these known and basic facts regarding the scale function W defined in
(1.16]).

Lemma 2.3. For any ) € N, we have W € C*(Rt) with W(0) = 0 and W (y) > 0, for all y >
0. Moreover, for all u > 0,

Lo v % gy
(25) o) ~ ) f et

that s W(I)(y)dy is the potential measure of the subordinator whose Laplace exponent is ¢y,.
Consequently, lim, o W (y) = 1/m and W) € LY(RT).

Proof. Since, under the assumption f ) < o0, Lemma [2.1] ensures that the underlying

Lévy process has paths of unbounded varlatlon W(0) = 0 and W € CY{R") follows from
p.254 and Proposition 5.1 in [29]. The identities in follow from and an integration
by parts respectively. Hence W(l)(y)dy is the potential measure of the subordinator, denoted
by (St)i>0, whose Laplace exponent is ¢,, i.e. W1 (y)dy = JoTP(S; € dy)dt. Tt follows that
W (y) > 0 for all y > 0. To show that actually WM (y) > 0 for all y > 0, suppose instead
that W (y0) = 0 for some gy > 0. Since WM (y) /W (y) is a non-increasing function for y > 0
(see (8.26) in [27]), it follows that WM (y) = 0 for all y > yo. But then P(S; > yo) = 0 for
a.e. t > 0 which is absurd. For the last two claims, by and the monotone convergence

theorem,
1 1 o0
— =1 =i “ww W (y)dy = lim W(y) — W(0) = lim W
m oSy T ) (y)dy = lim W(y) - W(0) = lim W(y)
15




and so W € LY(R*) since it is a positive function. O

2.3. Derivatives and smoothness of convolutions. In this section we present two lemmas
on differentiability of convolutions, which will be used later on.

Lemma 2.4. Let f : R™ — R be absolutely continuous on R and g € LlOC(Rﬂ. Assume
that ' € LlOC(Rﬂ, where f' denotes a version of the density of f and further assume that
f(07) =1limyo f(y) € R. Then the convolution

= /y fly —r)g(r)dr
0

has a density on R™ and a version of it is given, for any y > 0, by

/f — Pg(r)dr + F(O0F)g(y).

Moreover, h € CY(R1) with derivative given by hV) = k' if g € C(RT) and either
(i) f € CHRY) or

(i) g 2 O(1).

Proof. We have, for any y > 0,

//\f r—wv)g(v)|dvdr

[ [ s =niadawlar= [ [*7 17 @ladaolar
/ l9(r)ldr / P ()ldr < s,

where we used the fact that f’ and g are in L; DC(RJF). Hence Fubini Theorem yields

/ / f'(r —v)gw)dv+ f(0)g(r)dr = /0 /ny’(r—v)drg(v)dv+f(0+)/0yg(r)dr

- / "(Fly =) — FO)g(r)dr + £(07) / " g(r)dr
0 0
= h(y).

Hence the function h has a density on R™ which is given by /' as stated in the Lemma. Now
assume that g is in C(R*1) and let y > 0. If f € C*(RT), then f() and g are bounded on sets
of the form [a,b] C RT and therefore by the dominated convergence theorem,

IN

1/+5

i Wy+0) = T [ /D y+ 3= iglr)ar + lim / oy + 6 — ) fO)dr + F(0)g(w)

y

= [ OG-y [ gl s D+ 1070
0 0

= N'(y).
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If instead ¢ is bounded in a neighbourhood of zero, then by the dominated convergence theorem,

y+6
lim 7'(y +6) = lim 9(y+0 —y)f'(y)dy + F(07)g(y)
6—0 6—0 0
y
= [ ot 07wy + 707)g(w)
0
= HW(y).
Hence, in both cases, A’ is in C(R™), which implies by the fundamental theorem of calculus
that h is (continuously) differentiable on Rt with derivative given by A1) = 1/, O

Lemma 2.5. Let f,g € CP"Y(RT) N L] (RT) for some p > 1 and assume that the p-th

derivatives f®) and ¢ exist on Rt and are bounded on compact (with respect to R) subsets
of RT.Then h € CP(R") where, for any y > 0,

hy) = Oy (v — r)g(r)dr
and
W) = [Py - rg(rdr + / 2 9Py — ) f(r)dr
0 0
p1 p—1—j
b (19e + s ®)
=0

Proof. First we prove the claims for p = 1. Let y > 0. We can write for § > 0,

h(y+5()s—h(y) _ /02 fly+6- ;—f(y—r)g(T)dT+ﬁ2 f(y+55—7")g(r)dr
(2.6) + /O g(y—i_(s_r()s_g(y_r)f(r)dr—l—/yQg(y—i_;_r)f(r)dr.

[

By the mean value theorem, we get, for all 7 € [0, %] and 0 € [0, §],

fly+6—r)—fly—r)
5

ol

< sup fO(r).

re[$.%]

Thus, by the assumption that f() is bounded on sets of the form [a,b] C R and the dominated
convergence theorem, we obtain that

/%’f<y+6—r>—f<y—
0 5

lim
510

D gy = [ 10y = r)yglr)dr
o(r)d /Of(y )g(r)dr.

Due to the continuity of f and g, we have by the mean-value theorem again that for each § > 0

sufficiently small there exists 75 € [%, yTH] such that

y+s +5
> fly+d—r) Y B 2
I — g(r)dr = 15%1 fly+06—rs)g(rs) 5

ke

lim
410 %

D=
-
—

NS
SN—
Q
—~

NS
~—
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Similarly, we can treat the other two terms on the right-hand side of ({2.6|), which leads to

Y

o MO0 / FOy = r)g(r)dr + /0 * g0y — 1) f(r)dr + F(L)g(L).

510

Similarly, one shows that

y

im My +9) M) / * O = r)g(r)dr + / * g0y — ) f(r)dr + F(L)g(L).

This proves the claims for p = 1. The results for any p > 1 then follows by a straightforward
induction argument using the same steps as for the p = 1 case. ([

2.4. Proof of Proposition

2.4.1. Proof of Proposition . First note that (2.5) and the estimate in [4, Proposition
II1.1] yield that, for any y > 0,
1 Y
(2.7) W(y)= N = .
bp (@) o2 +my + fo II(r)dr

" 1) for some ¢ > 0. As when ¢ = 0, we have ¢, (u) = o(u),

Thus, lim, o ¥ > clim %
P\y
see also [4, Proposition IIL.1], we easily deduce that in this case W1 (0F) = co. Otherwise,
combining (2.5) with [4, Theorem II1.2.5], we get that W) (01) = =2, Next, let us consider
the case 02 +b > 0. When 02 = 0 and b > 0 the statement follows from the preceding discussion
as limy, 0 s(y) > lim,_o bW M (y) = co. Otherwise if 02 > 0 we have, as W is increasing,
y

0 < lim W( )y — r)a(r)dr < sup WD (@) lim [ 7(r)dr =0
y—0 Jo ref0,y) y=0Jo

as, when ¢ > 0, WD (0F) = 672, and, by [9, Theorem 1], W) ¢ C'(R*). Hence, for all
b >0,
b

lim (y) = lim bW (y / WO (y —rYa(r)dr = 5

y—0 y—0 o

which completes the proof of the statement for the case 02 + b > 0. Next, since 7 is non-
increasing, we have, for all y > 0,

w(y) = WO (y) / WO (y—r)a(r)dr > WO (y)+ 7y / WO r)dr = WO () +7(y) W (y).

Thus, if 02 + b = 0,
£(0%) = lim £(y) > Lm E(y) W (y).

y—0 yl0
Thus if TI(y) 2 O(y~*) and ﬁ 2 O(y?), we observe from (2.7)) that for some C, 5 > 0,
Co a8l Copy™?
29 S0 2 EmV) 2 Gt
yho wom+ L [YT(r)dr w0 mt gy
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which shows that £(07) = co if 1 < @ < 14 8 < 2. Finally if z(0") < 0, since @ is non-
increasing, we have, for all y > 0,

a(y)W (y) < w(y) < @OH)W(y),
which gives the last claim as W (0) = 0.

2.4.2. Proof of Proposition -. Assume first that o = 0, then necessarily b = 0 as otherwise
£ = oo. Under the assumption that W) i € C1(R1), we can use Lemma . 5| to deduce that
k € CYR1), and, for any y > 0,

Y

/ W@y — ) (r)dr + / A0y - WO ) + WO (L)a(h).
0

Now we show that k(1) e LZOC(RJF). First, by integration by parts and the fact that W is a
non-decreasing function,

S WO aB)dy :
22 2 = 12%1 fwa ) (7)) dr
(2.9) < W()a(%) / W () (r)dr < oo,

where the last line follows by the integral assumption and the fact that, in this case, W(y) =<

W, see (2.7). Next, fix z > 2§. By the assumptions we have |W ) (y)| < C with
m 0 T)ar

0 < C < oo forallye[5,z] and WP (y)| = WP (y) for all 0 < y < §. Therefore by Fubini
Theorem,

dy

IN
O\T
(SIS}
N
=3 8

//W Vi(r)dr

W@ (y - r)] dy) j(r)dr

w® (v)‘ dv> a(r)dr

0
< 00,

where in the last line we used ([2.9)). Similarly, one shows that

xX
/
and we conclude that k1) ¢ Lllo .(RT) which completes the proof of . Under the assumptions
of we have by Lemma for any y > 0,

KD(y) = /0 "0y — WO e+ 2O WD (),

and, thus & € CY(R) and k() € L} (R*), that is, holds. Assume now that ¢ > 0 and

i € C(RT). Then, by [9, Theorem 1], W) € C(R*). Moreover, recalling, from (2.5)), that W
19

Y
2

/ ﬂ(l)(y — T)W(l)(r)dr dy < 00
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can be seen as the integrated potential measure of a subordinator whose Lévy measure has a
density given by II, it follows by [9, Corollary 9] that, for any y > 0,

(2.10) WO =53 (<) T,

Since [ " (r)dr = (foy ﬁ(r)dr)n and limyo f¢ TI(r)dr = 0, it follows that JE WA () |dr <

oo for y > 0 small enough and thus for all y > 0 since W) is locally bounded. Hence W2 ¢
LL (Rt). As W (01) = 072, we can use Lemmato deduce that for any y > 0,

loc

(2.11) D (y) =W (y) + /Oy W (y = r)a(r)dr + o2 f(y).

Therefore kM) € L} (RT) as W® e L! (RT) and, by Lemma [2.4] again, x € C1(R") as
loc

loc
W® e L} (RY)NC(RT) and by assumption i € C(RT). This proves the first claim of (2ii).
In order to prove the last claim, assume further that b = 0, (0) < oo, i € C'(RT) and
pY e L} (RT). Then we can use Lemma on (2.11) to deduce that ") € C*(R*) with,

for y > 0,

(212) <) = [T WOy = )aO0)dr + )+ aOW ),

3. SMOOTHNESS OF THE INVARIANT MEASURE

In this section we investigate fine distributional properties of the density of the absolutely
continuous part of the invariant measure of the CBI-semigroups. We already point out that
although we restraint our analysis to the framework of this paper, our results extend modulo
mild modifications to the most general case. For sake of completeness, we start by stating
and providing a short and original proof of some basic properties of this invariant measure
whose study traces back to the work of Pinsky [40], see also [25] and [32] for more recent
references.

Proposition 3.1. Let (¢,¢) € N x B.

(1) The CBI(v¢, ¢) semigroup P admits a unique invariant probability measure V on ]R;_FO,
in the sense that, for any f € CO(RJZrO),
(3.1) VPf = Vf.

The measure V 1is infinitely divisible and its Laplace exponent is the function ®,, see
(1.12), which is the following Bernstein function

(3.2) ®,(\) = /000(1 — e—”)@dr.

r

where k, defined in (L17), satisfies [~ k(r)dr < oo.
(2) There exists v € L*(RT) such that
(3.3) V(dy) = e do(dy) + v(y)dy,

where we recall that ®, = limy_,o ®,(\). Moreover, if ¢ = 0, then v = 0 a.e. and
v > 0 a.e. otherwise.
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Remark 3.2. If (v, ¢) € N x B with (1,) = (3, ) then the measure Vy(dz) = e‘%V(dx) isa
¢(0)-stationary measure for the CBI(1), ¢) semigroup P, in the sense that, for any f € Cp(RZ )

VePif = e Oy, f.

Proof. We shall prove that ®, is a Bernstein function. By (|1.7)) we have, for all u > 0,

W) _ v (% s )+ (e
(3.4) e (/0 (boo(dr) + i(r)d >).

Thus, using the relation (2.5)), by convolution and injectivity of the Laplace transform, we get

¢(u) _ Ooefurl<J »)dr
(3.5) = / (r)d

where k is defined in (1.17). It is clear that x(r) > 0, for all » > 0 and since ¢,v € H(R)
for some R > 0, with ¢(0) = ¢(0) = 0, m > 0 one has lim, ¢((u)) % < oo and hence
Jo© w(r)dr < co. Now, integrating (3.5)) yields, for all A > 0,

= )\Mu— - —e*)"ﬂ@r
v = [ o= [ am e

and, one can check that [;°(1 A r)=2 50 gr < Jo~ k(r)dr < co. Thus, there exists an infinitely
divisible measure V on ]RJZFO such that for all \ > 0

(3.6) Vey = e PO,

Since ®,(0) = 0, the measure V is a probability measure. Now, from (1.14)), we have for all
t,A>0,

VPe) = 6_@”()\)C@V(B(A()‘)67Mt))V€B(A()\)efmt) = Ve,.

Since, by the Stone-Weistrass Theorem, A = Span(ey) =g is dense in CO(R';O), this proves ,
i.e. that V is an invariant probability measure for P. One obtains that it is unique by showing,
from , that its Laplace transform is the unique solution to some ordinary differential
equation with initial condition and invoking injectivity property of the Laplace transform. We
refer the reader to Ogura [35], Proposition 1.1] for more details. Finally we see, from Sato [43],
Theorem 27. 7], that a sufficient condition for V to be absolutely continuous is [;* Sf) dr = oo
that is, ®, = ®,(c0) = co. Moreover, in this case, we have from [22, Theorem 1] that a.e. v > 0.

(

Assume now that fooo Tr)dr < 00. Then V is a compound Poisson distribution associated to

the Lévy measure @dr. If ¢ =0, then k = 0, which implies V(dy) = do(dy) and so v = 0
a.e. Otherwise, when b > 0 or 0 < (0") < oo, then from (T.17) combined with W) > 0 (see
Lemma , we note that for all r > 0, @ > 0. Then, by means of [43, Remark 27.3] (with

t = 1 and recalling that therein the notation v*? = §; is used), and using the fact that in our
case the Lévy measure has a density, we conclude that there exists some positive density v on

R* such that V(dy) = e~ 6o (dy) + v(y)dy. O

We proceed by giving (a necessary and) sufficient conditions for the absolute continuity of the

invariant measure, that is, conditions for ®, = oo in (3.3]).
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Lemma 3.3. If $ =0, i.e. P is a CB(¢) semigroup, then ®, = 0. Otherwise, we have ®, < co
(resp. fl HET) dr = 00). A sufficient condition for

(resp. ®, = 00) i
<I>,,—oow§(0+)—h7mw ()>O

Proof. The first claim is obvious and the necessary and sufficient condition can be easily
deduced from the proof of Proposition |3.1] n Next, assume that x(07) > 0, then there exists

C, e > 0 such that for small 0 < r < ¢, k(r) > C which implies that fl F”:) dr > C [§ ‘ff"
and completes the proof of the Lemma.

Corollary 3.4. Let ¢ € N'. Then there exists a proper probability density function w on RT
such that

/ e Mu(y)dy =1—A\), A>0,
0

= _ o0 _du_
where we recall that A(\) = exp ( m |\ w(u))
Proof. The function A satisfies the differential equation ¢)(A\)AM(X\) = mA()). Differentiating

on both sides and rearranging gives A?)()\) = _wt 1;( )) LT A()(X), which leads to

AW ) = AW(0) exp <—/ Wdu) .
0 u

Since (1, ") —m) € N x B, Proposition yields that there exists a probability measure V
on R;O such that

() (1)
(3.7) /0 eV (dy) = i(l)i)\;

Moreover, by assumption, lim, ¥ (u ) oo and [ > d“ y < 00, which yields

/Ooow(l) / Y du—l—[logw m/oo du

This implies by Proposnzlon 1| that E is absolutely continuous on Rzo and we denote its
probability density function by v. Since, from ((1.10)), limy_¢ f o d—“ = 00, we get A(0) =0
and thus it follows by Tonelli Theorem,

1—AN) =1-— /0 ’ AW (w)du =1 — AN (0) /0 " ( /0 h e_“yl/(y)dy> du
Y

=1 - AD(0) /Oo (1 . e*Ay> 1) 4,
0

Yy
Because limy_,o, A(A\) = 1, we therefore must have

(3.8) AM(0) / Mdy =1
0 Y
and hence the corollary has been proved with
v(y)
w(y) = T(r)'
Y dr
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Lemma 3.5. First, we have 1 € H(R) (resp. ¢ € H(R)) if and only if [* e“ II(dr) < oo
(resp. [* e u(dr) < oo) for all w < R. Neat, let (¢,¢) € N x B. Then Ry, Ry > 0 and
P, € H(Rs,) with ®,(0) = 0 and Ry, = Ry ANRgNO where @ = inf{u > 0;¢(—u) = 0} € (0, c0].
Similarly A € H(R4) with Ry = Ry A0, A(0) =0 and AN (X\) > 0 for any A > —Ra. As a
by-product, B € H(Rp) with0 < Rg <1 and B(0) = 0. Finally, there exists some 0 < Ry <1,
such that, for all x > 0, Gy € H(Rp).

Proof. The first claim follows readily from [43, Theorem 25.17]. Next, under the assumptions
(L.6), we have ¢ € H(Ry) with 4(0) = ¢(0) = 0 and M (0) = m > 0. Moreover, as from
Lemma U > ﬁ is the Laplace transform of a positive measure, by a standard result on
the Laplace transform, its first singularity, as a function of the complex variable, occurs on the
(negative) real line. Since ¢(0) = 0, ¥(V(0) = m > 0 and ¥ € H(Ry), we deduce that the first
singularity of z ﬁ in the disc {z € C;|z| < Ry} can be only, if it exists, a zero —f < 0
of v, which is isolated from 0. Thus, @ € H(Ry N 0), and, since ¢ € H(Ry), we conclude
that ®, € H(Rg,). From the proof of Corollary we easily get, by combining with
37, that AV € H(R4) with Ry = Ry A0 > 0 and AD(X) > 0 for any A > —R4. Therefore
A € H(Ry N 0) as well. Then by the Lagrange inversion theorem, the inverse function B of A
belongs to H(Rp) with Rp > 0 and satisfies B(0) = 0 and B (0) # 0. Finally, Rp < 1 as

oo _du_
limy oo AN) = limy 50 K5t =1, The last statement follows readily from the previous
ones. O

Remark 3.6. Our results provide the smoothness of the transition kernel for ¢ > Ty. Looking
at ((1.15)) and , we see that in order to determine Ty, we need to know Rp, the radius of
convergence of the Taylor series at 0 of B. Though we know by Lemma that 0 < Rp <1,
it would be interesting to find the precise value of Rg when A can not be inverted explicitly.
In order to get an idea of the value of Ty = — In(Rp)/m in specific examples, one can instead
proceed by numerically computing Ry, the radius of convergence of the power series .
Note that in [I0] we have given an algorithm for computing the eigenfunctions £, (z).

With the aim of studying regularity properties of the heat kernel of CBI-semigroups, we need
to deepen significantly the analysis concerning fine distributional properties of the invariant
measure and in particular derive smoothness properties of its absolutely continuous part. We
provide both a smoothness result on R as well as on RT. The question of how smooth infinitely
divisible distributions are on R has been well-studied, see Section 28 of [43] for an overview.
However for distributions with support on R, the approaches developed in the literature are
limited to the case when the density (or its derivatives) vanishes at 0 and to the best of our
knowledge, we are not aware of any available techniques in the literature to deal with the
smoothness on R™. To this purpose, we shall derive a convolution equation that the absolutely
continuous part of the invariant measure satisfies and then apply the two lemmas in Section
to establish its degree of smoothness. The same technique will be used again in Lemma to
derive smoothness properties of the function W,,. The next results can be seen as a significant
complement of the previous works on the study of invariant measures of CBI-semigroups.
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Proposition 3.7. Recall from (3.3) the notation V(dy) = e~ **8y(dy) + v(y)dy,y > 0. We
extend v : RT — R to R by setting v(y) = 0 for y < 0. Then, the density v can be chosen such
that it satisfies the following smoothness properties.

(a) If k € [1,00], then v € C&Y(R) where we recall that k is defined in (L.18)).
(b) Assume Kk < 0.

(b1) If & > 1, then v € CERY) with v&) ¢ LY(R"Y) and if & = 0 and B(0") < oo, then
v € CO(RY)N LYRT).

(b2) If K(0T) = ®(0F), k € CURT) for some ¢ > 1 and kM) € L} (RY), then v €
CEHI(RY).

Proof. The first claim follows from [47, Theorem 6], see also [43, Theorem 28.4]. Next assume
that £ < oco. We first show that k € C(R"). Since ji is non-increasing on R™, it is continuous
almost everywhere. Hence, by the dominated convergence theorem, one obtains, from ,
that for every y > 0,

y+94

m (bw<1>(y+5)+/ :

li b}
lim (y +9)

li WO (y+6 —ra(r) + @y + 6 — T)W(l)(r)dr>
6—0 0

Yy

= O+ [ WO+ [ =W ear

= K(y)

where we used, for the second identity, the fact that W@ is continuous, see Lemma Next,
differentiating (3.6)), we get, for A > 0,

/ e Nyu(y)dy = / e Nr(y)dy e,
0 0

that is the density v is (can be chosen as) the solution to the convolution equation, for any
y >0,

(39)  ywly) = /0 "y — P)(r)dr + e Pn(y) = /O " wly — () + e P n(y).

If k > 1, then, from Lemma ®, = oo and, from item @, v € C5 1(R). Thus, we can use
Lemma (repeatedly if necessary) to deduce,

Y

(yv(y)=Y = / k(y — r)wED () dr.

0

By [47, Theorem 6], v(5~1) has a derivative v(&) that lies in L'(R*). Then since x € C(R")
and v~ (0) = 0, Lemmayields that v € CE(R™) and

(3.10) (yu(y))(ﬁ) = /Oy (8 (y — r)k(r)dr = /Oy k(y — T)V(ﬁ) (r)dr.

If K =0 and K(0") < oo, then since k € C(R™T), we get by an application of the dominated

convergence theorem and (3.9) that v € C(R™). This proves (bI). For the last claim, assume
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that £(07) = ®(0%), k € C*(RF) and kM) € L} _(R*). Then by applying Lemma [2.4] to (3-9)
in the case where k = 0 and to (3.10) in the case where k > 1, we get

(g (y)) &) = /0 "Dy — ) (1) + 10 () + =P kD (y).

Hence v € CETH(R™T). If further x € C4(R™) for some g > 2, then one can use Lemma and
an induction argument to deduce that v € CET(R™). O

4. EIGENFUNCTIONS: EXISTENCE, PROPERTIES AND UNIFORM BOUNDS

In this part we investigate analytical properties of the sequence of eigenfunctions for CBI-
semigroups.

Proposition 4.1. For anyn=20,1,..., and z,t > 0, we have

(4.1) PLy(z) = e ML, ()

where we recall that (Ly)n>0 ts the family of Sheffer polynomials whose generating function is
G, and, for all p >0,

dP >
——Gal(z2) =Y LWP(x)z", |2] < Ro,

n=p

(4.2)

where the series is locally uniformly convergent in x. Moreover, for any R € (0, Ro), there exist
C=C(R) >0 and B = max),_g |B(2)| € Ry such that, for any x >0, n >0,
< ¢ Bz ‘

RnJrl

(4.3) L ()]

Remark 4.2. If (¢,¢) € N x B with (¢,v) = (¥, ¢), then, writing L2 = eyL,,, we have, for
allt,z >0,n >0,
PiLl(x) = e MLl (2).

Proof. Since, from Lemma we have for all z > 0, G(2) = ®*(BE)-2B() ¢ 4(Ry), Ry >
0, an application of the Cauchy’s formula yields that

(4.4) L,(x)= ! %i:ﬁ)dz

T 2mi

where the contour is a circle centered at 0 and of radius R < Ry. Since the functions B and
®, 0 B € H(Rp), they are bounded on this contour and we get that

eEw
dz < —
= 2%7{

where C' > 0. This proves (4.3). Next, since B € ‘H(Rp) with B(0) = 0, we can choose R such
that B = max|,i—g |B(z)| < Ro. From (L.14), we have, for any ®(z) > 0,

o P (B(2))

Zn—i—l

1
2T

G.(2)

—n—1_Bzx
i dz < CR e

(4.5) L ()]

Pee.(z) = e~ PG (A(z)e™™).
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Since z — e ®()G,(A(2)e™™) € H(Ry), by the principle of analytical continuation, for all
z,t >0, 2 — Pee,(z) € H(Ro) and thus from (£.3)) we get that P|L,|(z) < CR™ 1 Pe_5(z) <
oo as B < Ry. Thus, by Fubini Theorem, one gets, for any = > 0,

R = o fPEEE, - L fGEeT,,

27 Zntl
_ 1 G.(2)
_ mnt x =
O o fy @
= e ML, (2)

where we performed an obvious change of variable and we used the following identities, with
the obvious notation,

(4.6) P(G.(2))(x) = e‘I’”(B(Z))PteB(Z) () = e(}”(B(Z))e*q"’(B(Z))Gac(ze*mt) = Gu(ze ™).

This completes the proof of the first statement with p = 0. The case p > 1 follows again
from Cauchy’s formula after observing that the mapping z — %Gx(z) = (=1)PBP(2)G.(2) €
H(Ryp). O

We proceed by providing some additional properties regarding the CBl-semigroups and the
Scheffer polynomials considered in this paper.

Proposition 4.3. Assume that ¢ # 0. Then P extends to a strongly continuous contraction
semigroup on the Hilbert space L?(V), defined in (1.42)), which is still denoted by P. Moreover,
for any t >0,

(e >0 € Sp(Py) = {2 € C; P, — 21 is not one-to-one in L*(V)},

that is the point spectrum of Py, and (Ly)n>0 is a complete sequence of eigenfunctions of Py in
L%(V). However, the sequence (Ly,)n>0 is formed of orthogonal polynomials in some weighted L?
space if and only if (L,)n>0 is the sequence of Laguerre polynomials, i.e. y(u) = o?u+mu,o? >
0,m >0, and ¢(u) = bu, b > 0. Hence, beyond this case, P; is a non-self-adjoint contraction
semigroup in L2(V). Finally, the algebra of polynomials A is a core of its generator L.

Remark 4.4. Although our proof for the non-self-adjointness property of CBIl-semigroups
is rather straightforward, we mention that, in a recent and interesting paper, Handa [20]
has shown that the invariant measure of the so-called CIR semigroup, that is the Gamma
distribution, is the only reversible probability measure within the entire class of CBI invariant
probability measures, which means that beyond the diffusion case they are non-self-adjoint.

Proof. Since from Proposition V is an invariant measure and P is a Feller semigroup, we
deduce from Theorem 5.8 in [I3] the first claim, that is, P admits a unique contraction extension
in L?(V). Next, since, for any A > 0, Ve, = e~ ®X) with, from Lemma b, € H(Rs,),
we get that for any 0 < € < Rg,, fooo eYV(dy) < oo. Hence, the probability measure V
is moment determinate and according to [2, Corollary 2.3] the sequence (£,)n>0 is complete
in L2(V). Since for all n > 0, £, € L?*(V), the property of the point spectrum is a direct
consequence of the relation . The statement regarding the orthogonality property of
the polynomials follows from a result of Chahira [I1], see also [34], stating that the only
sequence of orthogonal polynomials on a (weighted) Hilbert space L? with support on R, and
whose generating function is of the form B (z)exA(z), are the Laguerre polynomials, i.e. when
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Y(u) = o®u + mu,0? > 0 and ¢(u) = bu. This implies that, beyond these cases, the CBI-
semigroups are non-self-adjoint in L?(V). Using (4.1]), we get, in the L?(V) topology, that, for
any n > 0,

. PL,(x) - L,(x e Mt 1
1L (e) = i D =)y C L ) ),
which completes the proof. ([l

5. EIGENMEASURES: CHARACTERIZATION, PROPERTIES AND UNIFORM BOUNDS

The next result provides the existence as well as explicit representations of the eigenmeasures
of the CBI-semigroup, see below for definition. As a by-product, we derive sufficient
conditions for these eigenmeasures to be absolutely continuous with a smooth density. We also
establish a uniform upper bound which will be needed later for obtaining smoothness properties
of the transition densities.

Proposition 5.1. Let (¢,¢) € N x B and n > 0. The following bound
(5.1) Valex < e M2 — A\

holds for any X > —(Ra A Ry) where |Vy| stands for the total variation of the (signed) measure
Vn, which we recall is defined in ((1.37)).

Moreover, V,, is an eigenmeasure of the CBI(v¢, ¢) semigroup P, in the sense that, for any
f €Drynr, =1{f: ]RJZ“O — R measurable; fey € L>®(R,) for some A < Ra A Ry}, and t > 0,

(5.2) Vo Pif = e MY, f.

Neat, recall from (L.37) that V,(dy) = e~ **8o(dy)+vn(y)dy. We have the following smoothness

properties of vy,.
a) If k € [1,00], then v, € CEY(R) with, for any integer 0 < q<r—1 and y >0,
v (y) = W V() +v0(y), n>1.

Further, for all0 <q < kx—1, K >0, A > 0 there exists C = Cg x(q) > 0 such that, for all
n>1,

()| < C@ - A"

sup |vy,

y€[0,K]

b) Assume k < 0.

b1) If k > 1, then v, € CE(R4) and if Kk = 0 and K(0") < oo, then v, € C(R4). In both
cases we have that for all K >0, A > 0 there exists C = Ck \(k) > 0 such that, for all
n>1,

(5.3) sup ’1/,(15) (y)) < Cn(2—-AN)".
ye[K K]
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vp € CET(RL) with § as

b2) If k € CY(R,), v € LZOC(RJr) and k(07) = ®(01), ¢
I < E| > 0, A > 0 there exists

in Theorem n Moreover, for all 1 <
C=Cgxk+1)>0 such that, for allm > 1,

(5.4) sup  |pEtD (y)( < Cnltl(2 — AV

y€[K~1,K]

Remark 5.2. Note that if (1), ¢) € N x B with (1, ¢) = £(3, ) then the measure V), (dy) =
eV, (dy) is an eigenmeasure for the CBI(x), ) semigroup F in the sense that V,P;f =
e~ (GO+I)ty £

5.1. Proof of Proposition We split the proof into several steps. Note that for n = 0
we have A\, = 0 and V(dy) = Vo(dy) = e~ *o(dy) + vo(y)dy with vo(y) = v(y). Hence this
case corresponds to the study of the invariant measure V which was addressed in Proposition

B.1

5.1.1. Proof of (5.2). By the definitions ([1.35)) and ([1.34)), a classical property of the Laplace
transform of a convolution and the binomial theorem,

/OOO e M Wa(y)dy zn: (?) (~1) </000 G_Ayw(y)dyy

J=1

(5.5) = -1+ ;) (;) (=1)7(1 — A(N))

= A" -1,
where A > —Ry4. By the triangle inequality |W,(y)| < Z?Zl (?)w*ﬁ(y) and so by the same
arguments that led to (5.5),

(5.6) /0 T W)y < (2 A" — 1.

Thus, combining (L.33)), (1.37), (1.38), Lemma[3.5 (5.5) and (5.6) we get, for any A > —(Ra A
R¢), that

(5.7) Vypex = <e—q’v + /O b e_’\yu(y)dy> <1 + /O b e_’\yWn(y)dy> = e 240N

and the inequality (5.1]). On the other hand, from the expression (1.14)) of the Laplace transform
of the semigroup, we obtain that, for any ¢, A > 0 and n > 0,

VnPey = / Go(A(Ne ™)V, (dz)

7mt
== ))V GB( ( )e mt)
— e—%(k)E%(B(A(A)e*mt))e—%(B(A(A)e*Wf)) AN)Pe Mt

5.8 = e 2 gN\) e Mt = e MY, ey
(5.8)

where the third equality is obtained by means of the identity (5.7) and recalling that B is the
inverse of A. We complete the proof of (| . by combining the 1dent1tles and (| and
invoking the injectivity property of the Laplace transform.
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5.1.2. A key lemma. Before we continue with the proof of Proposition[5.1], we need the following
lemma on the function W, defined in (1.35).

Lemma 5.3. For anyn > 1, W, € CY(Ry). Further, if W € CP(R,) for some p > 2, then for
anyn > 1, W, € CP(Ry) and for all0 <1 <p, K >0, A > 0 there exists 0 < C = Cg x(l) < o0
such that, for allm > 1,

(5.9) sup ’Wg)(y)‘ < ottt 2 — A"
ye[K K]

oo _du
Proof. Recalling that A(\) = e "IN T and An = mn, we have, for any n > 0 and A > 0,
the identity

d A
2N =5

Then the Laplace transform inversion combined with (1.16]) and (5.5)) yield, for any y > 0,

AN,

(5.10) W) = A ( /0 "Wy — Py (r)dr + W(y)) .

Since W € C(R™"), we get by an application of the dominated convergence theorem to (5.10))
that W, € C(R"). Moreover, since W) € L1(R,) by Lemma and W, € LY(Ry) by (5.6),
Lemma [2.4] in combination with (5.10) yields that W,, € C1(R,) with

(5.11) CWalg) = A, ( [ W= rwatriar+ W“)(y)) |

Assume now that W € CP(R,) for some p > 2. Then by induction and Lemma combined
with Leibniz’s formula, we deduce that W), € CP(R,), and, for any n > 0,

(5.12)
WP )+ V() (YWa(y)?

An An

Dy = Wa)dr+ [ W W )+ WO )
0

Il
S~
S

)> (p—2—j)

_l’_
N[
/
=
<
+
—
—~
ok
~—
5
—~
Nk
N—
_l_
S
—
o
~—
=
—~
ok

where for k =0,1,..., we have set pp = p— 2 — k. Next, we prove the uniform bound (5.9)) by
induction in [. First assume that [ = 0. Then the identity (5.10) combined with the fact that
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W is non-negative and increasing entail, writing for j = 1,2, I; = [JLK, K] here and below, that

o () < M) ([ alar+1)

yel
M Ooe_M (1) |dr
(5.13) < AnW(K)< /0 W (r)d +1)
< mW(K)ne*t (2 — A\,

where we used the inequality (5.6) in the last line. Hence (5.9)) holds for [ = 0. Now assume
that [ = 1. Then starting from the relation (5.11) and using similar arguments as for the

previous case plus (5.13)), we get

sup [y ()| < sup Wa(y)]
yel yely
%
+ Apsup / WOy — 1YW () + Waly — )W )dr + Wh(y)
yel | Jo

IN

Cn(2 — A" + My (&K(z — A" sup WO (y) + W(K) sup Wn(y)>
yels yels

< n(2—-AN)" (C + meM sup W (y) + )\nCW(K)> ,
yel2

where C' > 0 is a generic constant. Hence (5.9) holds for [ = 1. Now assume that (5.9) is true
for | =0,1,...,k —1 with 2 < k < p. Then by (5.12)) and the induction hypothesis, we get,
writing k; =k —2—j, for j =0,1...,

K
2
sup [y ()| < sup [IVED )] + ( | o drsup [y
yel yely 0 yEls
K
4 sup WD) | [T WO+ sup [ )
yels 0 yely
ko k;
+ 52(%)"”12(9 sup W(’“’)(y)Wé)(y)‘ + sup W(”)(y)Wr(f”(y)D
=0 i—0 y€Els yels

IA

n(2—A\)" (nk_lkC(k‘) +msup WK (y)‘ M+ nFmC (k)W (K)

yel2

ko kj
+ mko! Z Z n'T1C (i) sup

j=0i=0 el

W) (y)‘ ) :

W ()] + 0 410 k) sup
yelz

where the C'(k)’s are generic positive constants and we have used that (2 — A(\))" is increasing
in n > 1 because A(A) € (0,1) for 0 < A < oco. It follows that (5.9) holds for | = k, which

completes the proof. O
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5.1.3. Proof of Proposition|5.1(fa)). Assume that & € [1,00]. Then ®, = oo, see Lemma and
S0

Un(y) = Wh xv(y) + v(y).

By Proposition @, v € C&=1(R). Hence, for all 0 < q < s — 1, v(9(0) = 0 and since W, is
in C(R4) by Lemma we have by using Lemma repeatedly,

(5.14) v (y) = W x D (y) + 19 (y),
and, in particular, v, € C&71(R). To prove the uniform bound, note that by (5.14) and

(.6).
) < (4 [Tl +1) s O
0

0<r<y

<M= AN sup )]
STy

Hence the result follows as () € C(R).

5.1.4. Proof of Proposition . Recall that, for any n > 1 and y > 0,
y _
(515) (@) = [ Waly = r)u)dr -+ vlg) + P Waly).
0

Assume first that 1 < k¥ < co. Then, from Lemma ®, = 0o and thus by Proposition @
and and Lemma vy, € CE(R,) with, for any y > 0,

y
(5.16) V,(lﬁ) (y) = / Wh(y — r)l/(ﬁ) (r)dr + (&) (y).
0
Then, we get that, forany y >e¢ >0, A>0andn > 1,

Y
YO < sup Walr)] / VO @)dr + sup [0 (1) / Wa()ldr + (1)
refy—ey) reley] €

(5.17) < On(2— AN+ CeM(2— AN

where for the second inequality we used (5.9) with [ = 0, (5.6) and the fact that v e LY (Ry),
which is given in Proposition Hence (5.3]) follows for k > 1.

Second, if £k = 0 and ®(0") < oo, then by Proposition , the fact that W, is in C'(R})
and an application of the dominated convergence Theorem to , vn € C(R4). The bound
@D is derived by means of similar arguments as in the previous case but using the identity
@. This completes the proof of .

5.1.5. Proof of Proposition [5.1(b2). Assume x € CY(Ry), ' € L} (R;) and £(0%) = &(0F)

and let ¢ > 1 be as in Theorem |1 . Then 1nv0k1ng Proposition E and Lemma -

and by applying Lemma [2.5| E to the identity (5.15]) in the case where £ = 0 and to in the
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case where k > 1, we get that v, € CET9(R ) with, for any y > 0,

y

YR () = / WOy = )+ [Ty = W)+ 1D )
0

q—1 _ .
—<I>uw(q 1 (k+7) g y &) (vl (¥ (@=1=3)
+ )+ 3> (VEDOWa($) + B HWD (%) .

j:
The bound (j5.4) is obtained from this identity in the same way as the previous bound, the
tedious details being left to the reader. This completes the proof of Proposition

We end this part with the following results which provide additional but more specific properties
regarding the set of eigenmeasures and complement the results on the set of eigenfunctions
stated in Proposition Notions introduced below are classical and their definitions can be
found for instance in the textbooks [15] and [4§].

Proposition 5.4. Let (¢, ¢) € N x B. Then, for all n,m € N, we have
(5.18) Vmﬁn = 5n,m

where Oy m ts the Kronecker symbol. Assume now that ¢ # 0. Moreover, for all n > 0, the
measure V, is absolutely continuous with respect to V and we write V,, for the corresponding
Radon-Nykodim derivative. If for some n € N, V,, € L2(V) then e ! € S,(Py), where P}
is the adjoint of P; in L*(V). Moreover if (Vy)n>0 € L*(V) then the geometric and algebraic
multiplicity of e=*! is 1 for all n > 0. Finally, in this case, (Ln,Vn)n>0 s a biorthogonal
sequence in L*(V).

Remark 5.5. Note that showing that V,, € L%(V) for some n € N seems to be a diffi-

cult problem as one has to get precise asymptotic estimate for small and large values of the
argument of the functions un and v. However, in the example one easily gets that

Va(y) = 25— (’;)(—1)j F(ay+1) € L%(V) where we recall that in this case V(dy) = e Ydy.

Proof. First, observe, from (4.4)), that, for all n,m € N,

mLn = d d
ik /0 27i j{ Zntl Vim(dz).
Next, using (4.5)), we have, choosing R such that 0 < B < R4 with B = max|,|_g |B(2)|,

‘7{ C:Zizl)dz‘ Vi (da) < C’R/ B2y, |(dz) < oo
0

where Cr > 0 and the last inequality follows from (5.1)). Thus, an application of Fubini
Theorem yields

1 &, (B(z dz
VimLln = 27”.?{6’ ( ())VmeB(z)W
1 1

= — ¢ ——=dz=0pm-

2mg | pn—mtl

Next, let f € L?(V) then, for any n € N, using ([5.2)),
(£, BiVn)y = (Pif, Vn)y = e (f, V),
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which shows that e € S,,(P;). The multiplicity of the eigenvalues is proved in [36, Proposi-
tion 2.27] whereas the last statement follows from ([5.18)).

O

6. PROOF OF THEOREM [I.10, PROPOSITION AND THEOREM

6.1. Proof of Theorem and Theorem [1.1](1), and (4). The proof is split into
several steps. We first establish that the CBI-semigroup P coincide on appropriate linear spaces
with the following two (linear spectral) operators defined on B,(RZ o), for any @ > 0, by

o0

(6.1) Sif@) =3 e MVuf Lo(x) and  Sif(a / 1 ()56,

n=0
where we use the notation Sy, (z) = fo:o e_’\"tVn(dy) L,(z). First we show that Sif = P, f
on A and then that S;f = S;f on D;.

Lemma 6.1. For allt > Ty, x > 0 and f € A, we have Stf( ) = P.f(x). Consequently,
(St)i>7, s a densely defined continuous semigroup on Cy(R >0) endowed with the uniform
topology ||.||sc, t-€. for any f € A, ||Stfllco < ||flloo, with Py its unique contraction semigroup

extension on the closure of A, that is on A = Cy(R >0)

Proof. Using successively the identities (5.7]), (1.32)) and ((1.14]), we have, for any A > 0,

Siex(z) = Ze AntY e Lon( Ze nte=®N) AN L, (2)

= e_q’”()‘)Gx(A()\)e‘mt)
= Pey(x)

where we note that (1.32)) is valid since A(X\) € (0,1) on Ry and hence 0 < A(N)e ™ <
e~ ™10 = Ry. This completes the proof as plainly S; is linear on A and P is a Feller semigroup
on Rio. [l

Lemma 6.2. For allt > Ty, * > 0 and f € D;, we have Sif(x) = Sif(x). Note that
Ay = Span(ex, A > —\¢) C Dy, where A\ is defined in (1.19)).

Proof. Let f € D;, which by definition in , implies that there exists C' > 0, chosen
here for sake of clarity greater than f(0), and A < \; such that |f(y)] < CeM for a.e. y > 0.
Thus, we get that [V,||f| < C|Vn|e—x, where we used the fact that V, is absolutely continuous
on R*. From and the definition of \; we get that [V,|e_y < e ®(=N(2 — A(=)))".
Hence e 2|V, ||f] < Ce=®(=Y (e (2 — A(—))))". From the definition again of \; and
since from Lemma A is increasing on (—Ra,00), we have in both cases e7™(2 — A(—))) <
e”™(2 — A(—)\)) < e7™10 = Ry. Thus, we obtain that there exists R € (0, Rg) such that, for
any n > 0,

(6.2) e MV, f] < CR™.
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Hence, the representation (4.2]) for p = 0 in Proposition |4.1] u yields

/0 \Ze MUV, (dy) £ \—Ze* Wallf] on(a)] < o0,

where we recall that the series are locally umformly convergent. By Fubini Theorem, this
shows that the linear operator S; is well defined and satisfies S;f = S¢f on D;. The statement
A; C Dy is obvious. O

From Lemma and Lemma we have gained that, for any ¢t > T, P; and S; share the
same Laplace transform on (—\¢, 00). This is sufficient to claim, by injectivity of the Laplace
transform, that for all ¢t > Ty, z > 0,

(6.3) Py(x,dy) = Sioy(x) = Z e Mt L () Va(dy)
n=0

and to get that

(6.4) Pif(z) =S f(x Ze Aty f Ln(x) on Dy UA.

Next, for any f € D;UA, £ > 0 and t > To, and integers m, p, the equality (5.7) if f € A or
the bound (6.2) if f € D; yield that in both cases there exists R € (0, Ry) such that for n large
enough |(—\,)™e "V, f| < R". Thus, there exists C > 0 such that

Z( eV f LY ()] < CZR”

Thus from in Proposition the series on the rlght—hand side is locally uniformly
convergent in (¢,x). Since we already showed that holds, this proves by a classical
result in analysis, see e.g. Theorem 7.17 in [42], the claim in Theorem and
shows that (t,z) — P.f(x) € COOZ((TO, 00) X R>O) for such f. Theorem . resp. The-
orem -. is an immediate consequence of this property combined Wlth the fact P is a
Markov operator (resp. that D; N Co(RL,) € Co(RE,) and P is a Feller semigroup). Recalling
that V,(dy) = e ®do(dy) + v,(y)dy, the claim is in fact the identity (6.3). Conse-
quently, for any * > 0 and ¢t > Ty > 0, Py(x,dy) is absolutely continuous if and only if
e~ P ePr(Ble™™))g=zB(e™™) — () which is equivalent to @, = oo, as B(e™™)
t = 0, which is impossible. The claims ) and - follow.

Next, for any t > Tp, x € [0,K],K > 0, A < min{)\;,0} and y € [K~!, K], K > 0 and for any
integers m, p, and, any integer q such that ¢ < k—1if K > 1, or ¢ < K+ ¢ with g as in Theorem

, we get
S| ame M @) LP(@)| < 030 Ame M2~ A(-A)"
n=p

n=p

= oo if and only if

L£®) (x)‘

n

where C' > 0 and to estimate ‘I/q(zq) (y)| we used the bounds of Propositionﬂ with a = max(q+

1 — k,0). We conclude that the series is locally uniformly convergent in (¢, z,y) by invoking

again after noting that Ame=*»fn%(2 — A(—\))" < R™ for some R < Ry and all n large

enough. Combined with (6.3), this provides (via Theorem 7.17 in [42]) the expression
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and the proof of Theorem (Ma)-(4D). This completes the proof of Theorem and

Theorem , and (4))

6.2. Proof of Proposition Note that the first claim regarding the existence of an invari-
ant probability measure was proved in Proposition Next, let t > T =T 0+% In(2—A(—Ryx))
and F € B(]RJ;O). Then, from the definition , we have Ay = Ra A Ry and Ig € D; as
clearly Ip < e_) for any A € (0, Ra A Ry). Therefore, noting that \g = 0, Lo(z) = 1 and
Vo =V, we get, from in Theorem that, for any x > 0,

o0

Z nmt£

=1

Now since Ip < e_y, we have [V, (E)| < [V (E) < [Vale_x < e ® V(2 — A(=X))" where
the last inequality follows from (5.1]) in Proposition which is valid since —A > —Ra A Ry.
Thus

o0

Z T L ()] Va(B)]-

‘Pt(.f E

P2, E) = V(E)| < ™™V Y 7 |La ()] (e7™(2 = A(=A)".

Now, from the fact that A is increasing on (—R4,00) one sees that the choices of t > T =

To + %111(2 — A(=Ry)) and of A < Rg A Ry ensure that 0 < R = e ™L(2 — A(-))) =
efm?% < e ™ = Ry. Thus by (#.3)) in Proposition there exist C' = C(R) > 0
and B = max,_r |B(z)| € Ry such that

P )~ V(E)| < V0P (6‘"”(2 - A(A)))”

n=1
)

_ ef'IDV(f/\)Ceﬁx Z efnm(tfz)7

n=1

which plainly proves the Corollary.

6.3. Proof of Theorem . Let us now prove that P is eventually strong Feller. We men-
tion that Schilling and Wang in [45] provide interesting sufficient conditions on the transition
kernel of Feller semigroups which imply the strong Feller property. However, we have not been
able to use their criteria and instead we prove this property directly using Theorem .
To this end, let ¢ > Ty and f € Bb(Rio) There exists a non-decreasing sequence (g )n>0 of

non-negative functions in C.(R >0) converging pointwise to ¢ = 1 and by the monotone con-
vergence Theorem we have lim,, o Pign, = Pig. As g, € C, ( ) the space of continuous
functions with compact support, by Theorem , we have Pt_gn € C’(RJZFO). Moreover, by
, P,g € C(RZ,). Then Dini Theorem shows that the convergence is uniform on any com-
pact set in ]R;FO. ‘Now let z € ]RJ;O and € > 0. Consider a compact set K of the form [0, 7] if
x =0, [r — n,x + n] otherwise, then there exists ng = ng(e) > 0 such that

€
su P, z)| < .
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Next, since fgn, € Bb(R;:O) with compact support, Theorem entails that P, fgn, €
C’OO(R;O). Therefore, there exists ng = no(ng,€) € (0,7n) such that, for all y € Uy = (0,np) if
x=0andye U, =(x—ny,x+ n) otherwise,

|Pef Gng () = Pefgno (y)| < g

Since U, C K, we get, using the previous estimates, that for all y € U,,

[Fif(z) = Bf(y)l < [Bf(9 = gno) (@) + [P (9 = gno) W)| + [P f gno () — Frf gny (y)]
[ flloo (1Pe(g = gno)(@)] + |Pe(g = gno)(W)]) + [P gno () — Prf gno (y)]
< €.

IN

Hence, from the contraction property of P;, we conclude that for any ¢t > Ty and f € Bb(Rgo),
P f € Cb(R'go) which is the (eventually) strong Feller property.

7. EXAMPLES

We end this paper by detailing some examples of CBI-semigroups which illustrate the variety
of smoothness properties that the absolutely continuous part of their transition kernel enjoy.
The last example also reveals that our results are sharp in the sense that some instances of
CBl-semigroups do not have a better regularity property on R, than the one stated in Theorem

LT

7.1. Handa CBI-semigroups. In [20], Handa showed that that every generalized gamma
convolution distribution is an invariant measure for a CBI-semigroup and then he studied the
sector property of this class of CBI-semigroups and we refer to the aforementioned paper for
definition. More specifically, let us consider the mechanisms

(7.1) Y(u) = o*u® + mu + /000 (e —1+wur)I(dr) and ¢(u)=u

where 2 > 0, and

(7.2) II(dr) = /OOO v2e " M (dv)dr,

for some measure M on R, such that fooo N{Sﬁ’) < oo and which is associated to a Thorin

measure 7 by the following relation

/oor(dv)_ 1
o utv L4 (Y M (dv)

T1

where for £ = 0,1, 7, = fooo v~ F7(dv). We recall that a Thorin measure is a measure 7 on R
satisfying

(7.3) /0% [ og v](dv) + /100 )

v
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Then according to [20, Theorem 4.3], we have that the Lévy measure of ®,, the Laplace
KE,T) dr,r > 0, where

(7.4) K(r) :/000 U (dv) = W(l)(r)

is completely monotone and hence the invariant measure is a generalized gamma convolution

distribution. Note that (7.4]) combined with ({2.5)) yields that
1 B 7/
-+ — M (dv).
o) = 24—+ [ )

Thus, if M =0 on [0, R) for some R > 0 then it is easy to check that ¢, € H(R) and also ¢ €
’H(R) Moreover, the condition is according to Lemma!samsﬁed if 02 > 0, i.e. 7'0 < 00,

or, for instance if there exists g posmve and non-increasing such that égv) =g(v ) Cv™e,

€ (1,2), as by classical arguments, ﬁ(r) L Cor'=®. From (7.4]) we see that, as the Laplace
transform of a measure on R, x is completely monotone. Hence k € C*°(R,) and

(7.5) 5(0%) = K(07) = 7(R+) = WI(0F) = 5 € (0,00],

where for the last equality we have used Proposition . Thus, we have that £(0T) > 0,
which by Lemma implies that P (z,dy) = pi(x,y)dy. First, if 7(Ry) = oo then, by (7.5),
£ = oo and from Theorem 1| (4a)), we have that (t,z,y) — pi(z,y) € C°°((Ty, 00) x RE, xR).
Assume now that 7(R4) < oo. Then, by (7.4)), for any a > 0,

/0 e |d7~_/ / (dv) dr—/ooo(l e r(dy) < 7(Ry) < 00,

so that k1) € Lloc(Rero)‘ Moreover, since by (7.4) x, W € C*°(R4), we have that § = oo in
Theorem and hence (t,z,y) — pi(z,y) € C°((Th, 00) x R;O x Ry).
7.2. Tempered stable. Let for any a € (1,2] and 5 € (—1,1],

b(w) = a((u+ny)" +yu - 1) and ¢(u) = ca(u+ny)’

where a,c, 14,14 > 0 and v > —ang 1. Then v and ¢ are of the form and (| and
satisty (L.6) and (L.8) with m = a(any~ '+ 4) and

9 {0 if a <2, (dr) = {alg((za al)) “mrp—al e if o < 2,

o’ = i
a ifa=2, 0 if @ =2,
P ) F(C_“B)e_nwr_ﬁ_ldr if 8 <0,
<1 —mr—B— .
= { lfg ) wu(dr) = F(Cla_ﬁﬁ)e meTr=Bldr if 0 < B <1,
ca if f=1,
0 if 8 € {0,1},
where for a > 0, T'(a) = [ e “2° 'dx is the gamma function. Note that a(0") = oo if
0< B <1 Wefixt>Tyand z > 0 and investigate the regularity of y — pi(z,y).

If & < 8+ 1, then by combining Proposition and Theorem we have y — pi(z,y) €

C*>(R). Suppose now « > 3+ 1. Then as II is completely monotone and @ € C*°(R™) it

follows from Remark and Proposition (if @« < 2 and 8 > 0), Proposition (if
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a < 2 and 8 < 0) or Proposition (if o = 2) that W,k € C®°(R*) and kM) € L} (RY)
and thus by Theorem y — pi(x,y) € C®°(RT), provided K(07) = k(0") < co. To show
the latter, note that by Proposition , %®(0%) = 0 if & = 2 and by Proposition ,
EOT)=0ifa<2and 8 <0. Ifa<2and 3 >0, let £(u) = #Z) Then lim, o0 l(u) = 1/a
and thus in particular it is a slowly varying function at infinity. Since

T ey () dy = L — gl
/Oe W (y)dy O £(u),

and W) is non-increasing (since it is completely monotone), we have by [5, Theorem 1.7.1’
and Theorem 1.7.2b] that

W (y) 1
lim = .
ylo  yo—2 al’'(a — 1)

Let € > 0 be arbitrary and choose § > 0 be such that %ﬁm(y) €[l—e€1+¢ and e” Y €

[1 —¢,1] for all 0 < y < 0. Then, writing C, = %,

(7.6k(y) = /Oy W(l)(y —r)p(r)dr < /Oy(y — )2 /OO e 6%y~ B= 1 dudr

Yy Yy o0
= Ce / (y—r)*? ( / e MUy P dy + / e‘%“u—ﬂ—ldu) dr
0 r y
Y Y Y 00

Ce < / (y —r)* 2 / uw P dudr + / (y —r)*? / e%“uﬁldudr>

0 T 0 Yy
= C <1 /y(y — )2 (Tﬁﬁ - yiﬁ) dr + v /OO e%“uﬁldu)

‘ B Jo a—1 y

- (R ) o).

where for the last equality we used, for 1 < 1 and 72 < 1, the identity

Y oy L1 —n)T(1—m2) 1,
)My — men
/0 =) T2—m—mn)
(a=1)r(1-p)

which can be easily proved via Laplace transforms. Similarly, writing C_. = L B (a=F)

we have, for 0 <y < 4,

IN

m(l — ¢€), we have the lower bound

a—1 [e%¢)
(7.7) Ry) > Coe (ceya—ﬂ—wgl / e—nwu—ﬂ—ldu).
B y

Next, by means of I’'Hopital’s rule, we observe that

a—1 o] —N¢Y,,—B—1 a—pF—1
(7.8) y / eyl L C P 0 v
a—1/J, (a—1)2y= (a—1)

Recalling that we are considering the case a > f + 1, it follows from (7.6) and (7.8]) that
%(0%) = 0 also when a < 2 and 8 > 0. Thus, we conclude that y — pi(z,y) € C®(R+) if
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a > f+ 1. Now we consider the remaining case where o = 4 1. If @ = 2, then by Lemma
[L6|(T), ®(0F) = k(0T) =c. f a < 2, thenby..,wehaveforanye>0

cB(1 —¢)
D(a—1)I(1 - B)(a—1)2

ROT) <c(l+e), KOT)>c(l—e€)’+e

Hence %(0%) = k(0%) = ¢. Then, by Theorem y = pi(z,y) € CFHR) N CHRY) for all
integers k € [1,¢). To deal with additional regularity on R™, note that if « = 2, Theorem
[L.1J{4(D)2) applies via Lemma and Remark and thus y — pi(z,y) € C®(RY).
However, if o < 2 it is not obvious to us how to prove that (1) € L} .(RT) since the integral
condition in Lemma is not satisfied. Therefore we restrict ourselves to the special case
where 77¢ =1y and v = —nffl which has also been considered in [I0] and [35]. In that case,

% = and so by Laplace inversion, x(y) = ce”™Y. Then, recalling that W is in C*°(R*),

Theorem i 1.1] (b)) yields y — pi(z,y) € C°(R™).

7.3. Example of non-smoothness. This example provides an instance when the absolutely
continuous part of the transition density is not in C°°(R;.) in general. Let us consider the case
where 0 =1, m = 1 and II(dr) = 61(dr) and b = 0, p = 0, that is, P is a CB semigroup. Note
that from Proposition (ii), one may construct a CBI-semigroup whose transition kernel has
the same smoothness properties as the kernel of the CB semigroup. We fix t > Ty and = > 0.
Since W € C?(R;) when o > 0, see in [9, Theorem 1], we know by Theorems |1.1] and and
Lemma [3.3| that in this case Py(x,dy) = do(dy) + pi(x, y)dy, where

y = pe(,y) Zﬁ Je M Wi (y) € C*(Ry),

with, with the obvious notation,

= La@)e WP (y)
n=0

s @) (2
=3 La(a)e (wf? ®) + An ) Zﬁ et VW)
n=0

)

(7.9)

We are going to show that y + ps(x,y) ¢ C3(Ry). By (2.10} -7 we have, for y > 0,

(7.10) W@ (y) =Ti(y) Z 1) (y

As ﬁ(y) = (1-y)Ijo<y<1 is an absolutely continuous function with bounded density, we get by
Lemmaﬂ that II*™ € C*(R4.) for n > 2. It is then an easy exercise to show that the infinite
sum on the right hand side of (7.10) is in C*(R,.). Therefore, W is absolutely continuous on

R, (with a bounded density) and differentiable on R \{1} but not at y = 1, since ﬁ(lf) =-1
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and

and

[(1*) = 0. By (E12).
20 A W@ _ W) | A W
W ( =2—=5 4 — / W (y — 1YWy (r)dz
Yy ) ) 0
LI (1) (1)
+ Wy (y — r)WW (r)dr + W (5)Wi(5)

0

thus by invoking Lemma [2.4| for the first integral, y — yW.> (y) + MW (y) € CHRY).

Following the proof of Theorem in Section we deduce that the first infinite sum on

the
y =

1]

2]
3]

[16]
[17]
[18]

[19]

right hand side of (7.9) is in C*(R,). But the second infinite sum is not differentiable at
1 and thus y — pi(z,y) ¢ C3(R,).
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