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PROBABILISTIC TRACE AND POISSON SUMMATION
FORMULAE ON LOCALLY COMPACT ABELIAN
GROUPS

DAVID APPLEBAUM

ABSTRACT. We investigate convolution semigroups of probabil-
ity measures with continuous densities on locally compact abelian
groups, which have a discrete subgroup such that the factor group
is compact. Two interesting examples of the quotient structure are
the d—dimensional torus, and the adelic circle. Our main result is
to show that the Poisson summation formula for the density can
be interpreted as a probabilistic trace formula, linking values of
the density on the factor group to the trace of the associated semi-
group on L2-space. The Gaussian is a very important example.
For rotationally invariant a-stable densities, the trace formula is
valid, but we cannot verify the Poisson summation formula. To
prepare to study semistable laws on the adéles, we first investigate
these on the p—adics, where we show they have continuous densities
which may be represented as series expansions. We use these laws
to construct a convolution semigroup on the adeles whose densities
fail to satisfy the probabilistic trace formula.

MSC 2010: Primary 60B15, Secondary 60E07, 11F85, 43A25,
11R56.

Key Words and Phrases: locally compact abelian group, discrete
subgroup, Fourier transform, Poisson summation formula, convolu-
tion semigroup, a-stable, p-adic number, adeles, ideles, Riemann-
Roch theorem, Bruhat-Schwartz space, semistable, Gel’fand-Graev
gamma function.

1. INTRODUCTION

The classical Poisson summation formula is a well-known result from
elementary Fourier analysis. It states that for a suitably well-behaved
function f : R — C (and typically f is in the Schwartz space of rapidly
decreasing functions), we have

(1.1) STy =Y fn),

neL nez

where [ is the Fourier transform of f (see e.g. [42] p.154-6 or [28]
p.161). The importance of (1.1) can be seen from the fact that if f
is taken to be a suitable Gaussian, then (1.1) yields the celebrated
functional equation for Jacobi’s theta function, which was brilliantly

utilised by Riemann to establish the functional equation for the zeta
1
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function; this is itself then applied to analytically continue that function
to a meromorphic function on the complex plane (see e.g. the very
accessible account in [45]).

The Poisson summation formula involves wrapping a function around
the torus T = R/Z, and so it is natural to generalise it to the case where
we have a discrete subgroup I' of a locally compact abelian group G
such that the factor group G/T" is compact. In this case we obtain

(1.2) Y fm)y= > f.

~vel xeé/\F

where G/T" is the dual group of G/I". This general case turns out to be a
very useful tool in algebraic number theory. In his 1950 thesis, Tate [44]
used a slight extension of (1.2), which he called the “Riemann—Roch
theorem” to establish the analytic continuation of local zeta functions
by using harmonic analytic techniques. In that case, GG is the adeles
group, to be denoted A, T' is the rational numbers and G/T" is the so-
called “adelic circle”. In fact the classical Riemann—Roch theorem of
algebraic geometry, for curves over finite fields, may itself be derived
from Tate’s formula (see section 7.2. of [36]). Its worth pointing out
that the adeles group is a very rich mathematical structure that plays
an important role in the Langlands programme [22]; it is also central
to attempts to solve the Riemann hypothesis using non—commutative
geometry [15], and has been used to model string amplitudes in physics
[14]. A key feature of the adeles that makes them so mathematically
attractive is that they put all the different completions of the rational
numbers that are induced by a norm, on an equal footing, i.e. the
real numbers together with the collection of non-Archimedean p-adic
number fields, where p varies over the set of prime numbers.

The main purpose of this paper is to explore the interaction of the
abstract Poisson summation formula (1.2) with probability theory. For
this we need some probabilistic input, and that is provided by a con-
volution semigroup of probability measures (p;,¢t > 0) on G, which is
such that for all £ > 0, u; has a continuous density f;. This is a very rich
class of measures. On R? it includes Gauss-Weierstrass heat kernels,
and also the a—stable laws which have a number of desirable properties,
such as self-similarity and regularly varying tails. Our main result is to
show that, when we consider it within the context of such convolution
semigroups, (1.2) may be interpreted as a probabilistic trace formula:

(1.3) F,(e) = tr(Py),

for each t > 0, where F} is the pushforward of f; to the density of a con-
volution semigroup on G/I', and P, is the associated Markov semigroup
of trace—class operators acting in L?(G/T"). Formulae of the form (1.3)
have been established for a class of central convolution semigroups on
compact Lie groups in [9]. Such formulae also arise in the study of heat
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kernels on compact Riemannian manifolds (see Corllary 3.2 on p.90) of
[38]). In fact, all of these results can be seen as special cases of Mercer’s
theorem in functional analysis (see e.g. [16], Proposition 5.6.9., p.156).
It has been known for a long time, that the classical Poisson summation
formula (1.1) for a Schwartz function can be expressed as the trace of a
convolution operator (see [46] pp.53-5), but thus far, this viewpoint has
only been developed from a purely analytic perspective. In the context
of (1.1), we investigate examples of the probabilistic trace formula aris-
ing from both Gaussian and rotationally invariant a-stable convolution
semigroups. Only in the Gaussian case can we legitimately realise this
as an instance of the Poisson summation formula, and it is conceivable
that this is, in fact, the only convolution semigroup where that formula
is valid.

In the second part of the paper, our goal is to begin the probabilistic
investigation of the “Riemann-Roch form” of the Poisson summation
formula. Here we can report only limited progress. We must find
good examples of convolution semigroups on the adele group A. We
know of no previous probabilistic work in this context other than [27]
and [51, 47, 52|, where the approach seems to be different. Since the
group A is a restricted direct product of the additive group @Q, of p-
adic rationals, where p ranges over the set of prime numbers (including
p = oo, for the real numbers), we first turn our attention to the study
of convolution semigroups on @Q,. At this stage we should emphasise
that we are working in the context of “classical probability” on p-adic
groups, and not the p-adic probability theory of [29], where the prob-
abilities are themselves p-adic numbers. We investigate a y-semistable
rotationally invariant convolution semigroup (p§” ),t > 0) that has been
studied by a number of authors; see [1, 2, 48] for its construction as
a Markov process by solving Kolmogorov’s equations, [30, 49, 50| for
characterisation as a limit of sums of i.i.d. p-adic random variables,
6] for a construction using Dirichlet forms, and [24, 17] for a Fourier
analytic approach within the spirit of the current article. An account
of the relationship between some of these different constructions may
be found in [5]. Here there is already an interesting departure from
the Euclidean case, where the index of stability a is constrained by the
restriction 0 < a < 2. The p-adic counterpart has index of stability
~v which can take any positive value. Our main result here is to show
that, just as in Euclidean case, pip ) has a density ft(p ) for each t > 0.

We also find a series expansion for ft(p ). In the final part of this sec-
tion, we show how to use the p-adic distributions described above to
construct a convolution semigroup on the adeles, and we conclude with
a calculation that demonstrates that its projection to the adelic circle
fails to satisfy the probabilistic trace formula.

Our investigations yield three different types of behaviour for convo-
lution semigroups of measures. Gaussian densities in Euclidean space
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satisfy the Poisson summation formula, which is a special case of the
probabilistic trace formula. Stable densities satisfy the second of these,
but not necessarily the first. Finally the densities we have constructed
on the adeles satisfy neither of these.

It is well-known that the Poisson summation formula is a special
case of the Selberg trace formula with compact quotient (see e.g. [12]
p.9). Gangolli [21] has given the latter a probabilistic interpretation
by using wrapped heat kernels on symmetric spaces (see in particular,
Proposition 4.6 therein). More recently, Albeverio et al. [3] have es-
tablished a p-adic analogue of the Selberg formula using the semistable
process described above. It would be interesting to extend their p-adic
formula to the adeles, and also to seek a more general probabilistic
trace formula which subsumes all the cases discussed here.

Notation and Basic Concepts. If X is a topological space, then B(X)
is the Borel o—algebra of X. All measures introduced in this paper will
be assumed to be defined on (X, B(X)), and to be regular (i.e. they
are both inner and outer regular, and every compact subset of X has
finite mass). Note that this is the case for Haar measure on a locally
compact abelian group.

If X is locally compact, then C.(X) will denote the space of all con-
tinuous, real-valued functions defined on X that have compact support.
By the Riesz representation theorem, regular measures on (X, B(X))
are in one-to-one correspondence with positive, linear functionals on
C.(X).

Let G be a locally compact, Hausdorff abelian group with neutral
element e. We will write the group law in G multiplicatively, except in
examples where addition is natural. The Dirac mass at e will be de-
noted d.. If 1 and ps are probability measures on G, their convolution
is the unique probability measure py * pp such that for all h € C.(X),

| r@n s me) = [ nenm(asi).

We say that a family (u, ¢ > 0) of probability measures on G is an
1-convolution semigroup if

(1) ps * py = psH for all s,t > O
(2) limy_o [, h(x)p(de) = [, h(z)po(dzx), for all h € C.(G).

Note that 1 is an idempotent measure, i.e. pg* g = pio, and the prefix
“I-” is meant to indicate this. In the case where py = d., we say that
we have a convolution semigroup of probability measures on G. We
say that a probability measure p on G is embeddable, if there exists an
i-convolution semigroup (u,t > 0) on G with p = py. If G is arcwise
connected, then every infinitely divisible measure on G is embeddable

(see Theorem 4.5 in [26]).
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If i is a measure on G and f : G — G is measurable, then fu is the
(pushforward) measure on G given by (fu)(A) := u(f~'(A)), for all
A € B(Q).

If v = (z1,...,24) € R then the Euclidean norm of x is |z| =

<Zd x2>1/2
=1 "1 .

2. THE POISSON SUMMATION FORMULA

Let G be a locally compact, Hausdorff abelian group, and I' be a
discrete subgroup of G such that the factor group of left cosets, G /T,
is compact. If z € G we often use the notation [z] for the coset zI". The
quotient map from G to G/I'" will be denoted by 7. It is a continuous
homomorphism. Given a Haar measure on G, which we write infor-
mally as dx, and fixing counting measure (which is a Haar measure) on
I', then it is well-known that there exists a Haar measure d[z] on G/T
so that for all h € L'(G) we have

(2.4) /G h(z)dx = /G /Fth)d[x],

vel

(see e.g. Reiter [37], p.69-71).

Let G be the dual group of GG. Then G is itself a locally compact
abelian group, when equipped with the compact—open topology, which
we may also equip with a Haar measure. The Fourier transform of

h e LYG)is h: G — C which is given by
25) 0 = [ bt
G

for all Y € G. If h € LY(G) is continuous and h € L'(G), then Fourier
inversion holds, and for all z € G,

(2.6) M@z/EMM@W-

G
For details see e.g. Folland [20] Theorem 4.3.3, p.111. If G is compact,
then G is discrete, and (2.6) is a sum. In particular, it is known that
GJT ~ T+ = {xy € G;x(y) = 1 forall y € I'}, and we will find it
convenient to identify these two groups in the sequel.
From now on, we assume that i € L*(G) is such that:
(A1). The series > h(z7) converges absolutely and uniformly for
all x € G, R
(A2). The series > . h(x) converges absolutely.
The following is based on Lang [32] pp.291-2. We include it for the

convenience of the reader, noting that we will make use of some aspects
of the proof within the sequel.
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Theorem 2.1. [The Poisson Summation Formula). If h : G — C is
continuous and integrable, then for all x € G

(2.7) > hzy) =Y hOox([).
In particular,

(2.8) > h(y) =Y h(x).

~yel' XEFL
Proof. Define H : G/T' — C by
H([z]) =) h(zv),
~vel

for all x € G. By uniformity of convergence of the series, H is contin-
uous at [x], and so by Fourier inversion (2.6),

H(lz) = Y Hox([=]) = > H)x(@).

X€G/T xer-+

Now using (2.5) and (2.4) we deduce that for all y € T'*

H(x) = G/FH([x])x([w‘l])d[x]

= /G/F > h(zy)x(y 2 d[a]

vyerl

and the result follows. O

3. A PROBABILISTIC TRACE FORMULA

Let f : G — R be a probability density function (pdf, for short), so
that f > 0 and [, f(g)dg = 1. We define its ' - periodisation to be
the mapping F': G/T' — R given for all z € G by

(39 F(la]) = 3 fa)
yel’
provided that the series converges for all x € G.

It follows from (2.4) that F' is also a pdf. In fact we can say a
little more. Recall that if p is a (finite) measure on (G, B(G)), then
fo:=pom !isa (finite) measure on (G/T, B(G/T)). Moreover, if h is
a mapping from G/T" to C, then h, := h o r is a [-invariant mapping
from G to C, which is continuous if A is. Now suppose that u is a
probability measure on G having a pdf f. If y is I'-invariant, then so is
J and it is easy to see that fi is absolutely continuous with respect to
the induced Haar measure, with density f(zI') := f(z), for all z € G.
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Clearly if f is I-invariant, then - . f(27) diverges. On the other
hand, we have:

Proposition 3.1. If i has a density f and the series Z’yel“ f(y) con-
verges to an L'-function f, then f is the density of fi.

Proof. Let h € C.(G/I"). Then by (2.4),

h(lz)p(dlx]) = ho(x)u(dx
/G/F () i(d]a]) /G (2)u(dr)
= /Gh,r(x)f(x)dx
_ /G 3 helen) el
- /G /Fh([w])%f(m)d[x],
and the result follows. O

If i is a bounded Borel measure on G, its Fourier transform is the
mapping i : G — C defined by 7i(x) = [, x(97")u(dg) for all x € G.
The next result is quite well-known. We include it for completeness.

Proposition 3.2. If 37 . [1i(x)| < 0o, then i has a continuous den-
sity.

Proof. For each z € G, define F([z]) = >_ .r. x(2)i(x). Then F is
Well—deAﬁned and continuous, by the dominated convergence theorem.
Since F' = [i the result follows by Fourier inversion. O

Now let (i, t > 0) be a convolution semigroup of probability mea-
sures on GG. We assume that p; has a continuous density f; (with
respect to Haar measure) for all ¢ > 0. In particular pu, is infinitely
divisible for all ¢ > 0 and there exists a continuous negative definite
function 7 : G — C so that for all £ > 0,x € @,

(3.10) fi(y) = 00,

In fact a great deal is known about the structure of n — it is described
by an abstract version of the classical Lévy-Khintchine formula. We
will not need this level of detail, which can be found in Chapter 1V,
section 7 of [34] (see also Theorem 8.3 of [13]). It is well-known (and
easily checked) that (i, ¢ > 0) is a convolution semigroup of probability
measures on G/T", where [i; := pzom 1. We introduce the Cy—semigroup
(P;,t > 0) of positivity preserving operators P, : L*(G/T") — L*(G/T)
(see Chapter 5 of [11] for details) given by

(3.11) FH([z]) = o H([zy)) Fi(ly])dly]
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for each t > 0, H € L*(G)T),x € G.
Now note that {x,x € I'*} is a complete orthonormal basis for
L*(G/T). For each t > 0,y € I't,z € G we have

Px(la)) = / () El))dly]

= e (),

by (3.10), noting that F,(x) = ﬁ(x) was established within the proof
of Theorem 2.1. So we have deduced that {e™) y € 't} is the

spectrum of the operator P;.
Then (2.7) yields

(3.12) Fy(lz™1 = Y e x([a]),

xer+

and when we take x = e, we obtain

(3.13) Fi(e) = tr(Py).

(3.13) is our required probabilistic trace formula. The formula (3.13)
holds more generally for densities of certain central convolution semi-
groups on non-abelian compact Lie groups — see Theorem 5.3 of [9].
Note that it also holds for i-convolution semigroups, as we make no use
of the measure y in the above argument. Furthermore, if (3.13) fails
to hold, then (2.8) cannot be valid.

When we proved Theorem 2.1, we required both assumptions (A1)
and (A2) to hold. In the case where f; is the continuous density of a
measure j; from a convolution semigroup, we only require that (Al)
holds. To see why this is true, suppose that only (A1) holds. Then F; is
continuous on G/T'; and hence square—integrable. It then follows from
Theorem 5.4.4 of [11] (see also section 3 of [8]) that P, is trace—class.!
We give the essential details. We first rewrite (3.11) as

PH([x]) = | H(y)F([=""yDdly]-
G/T
Then F; is a bounded linear operator with a continuous kernel, which
(since G/T" is compact) is also square-integrable. Thus P; is Hilbert—
Schmidt for all £ > 0. But now P, = P,/3F,; is the product of two
Hilbert—Schmidt operators, and so it is trace—class. Hence (A2) is a
consequence of (Al).

L Although the results in [11] and [8] were proved for compact Lie groups, the Lie
structure is not needed for them to hold.
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We now obtain an immediate consequence of (3.13). If (p, ¢t > 0) is
symmetric for all ¢ > 0, then Fy([z]) = Fy([z7!]) forallt > 0,z € G. In

~

this case n(x) > 0 for all y € G, and from (3.12) and (3.13), we easily
deduce that for all x € G,

Fi([2]) < Fife).

To be precise, we have

F(la]) = Y e ()

xer+

b))

xert

and so
Fy(l2]) = ) e "OR(x([2]),
xer+
and the inequality follows from the fact that |R(x([z]))| < 1 for all
xy €Tt

Suppose that G/I' is metrisable (which is always the case when it
is second countable). Then for all ¢ > 0, u; is recurrent, and so the
potential measure of every open ball in G/I' is infinite (see Theorem
4.1 and Proposition 4.1 in [10]). Consequently the integral [° Fy(-)dt,
which would define the potential density in the transient case, is also
infinite. This last fact can also be seen by formally integrating both
sides of (3.12) and observing that 't contains the trivial character xo
which maps each point in G to 1, but n(xo) = 0.

On the other hand, let I's := 't \ {xo}. Then provided that the
sum on the right hand side makes sense, there may be a possibility for
giving meaning to the identity obtained by formally integrating (3.13)
after 1 has been subtracted from both sides, to obtain:

(3.14) /OOO(Ft(e) S

)

In section 4, we will examine examples where this can be done, and
also where it can’t. The left hand side of (3.14) is a potential theoretic
quantity. The right hand side may be thought of as the value at z = 2
of a generalised zeta-function | 1 1 /n(x)*? (see also the discussion
at the top of p.225 in [8]).

Note that if g is symmetric for all ¢ > 0, i.e. p(A) = (A1) for all
A € B(G), then fiy(y) € R for all x € G, and 5(x) > 0 for all y € I'E.
In this case (3.14) holds if and only if 3 .1 1/1(x) converges.

In all the examples that we consider in sections 5 and 6, it will
always be the case that the density f;, for ¢ > 0, is not ['-invariant.
This is easily verified, either directly from the given form of f; or from
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inspection of the Fourier transform, using the fact that f; is I'-invariant,
if and only if fi(x) = fi(x)x(y) for all x e I',y € I.

4. THE CONNECTION WITH INDUCED REPRESENTATIONS

If h € L'(G/T) and 7 is a unitary representation of G in some com-
plex, separable Hilbert space H, we may define the co-Fourier trans-
form of h at m to be the operator

() = /G @)z

which is well-defined as a Pettis integral in H.
As pointed out by Mackey in [33], if we take H = L*(G/T") and 7 to
be the left action of G on H defined by
(@) F([y]) = F(lz""y)),
for all z,y € G, F € H, then 7 is the induced representation obtained

from the trivial representation of I' on C.
Proposition 4.1. For allt > 0,

tr(m(Fy)) = tr(Py).
Proof. By Fubini’s theorem,

r(r(F) = D (T(F)x.x)

xer+

_ /G i /G | FllaDx(la il

xer+

= % [ A /G I

xert

= Z Ft(X)

xer+

= > i)

xer+

5. GAUSSIAN AND STABLE LAWS ON THE TORUS

5.1. The Gaussian Case. In this section, for d € N, we take G = R?
and I' = Z% so that G/T is the d-dimensional torus T¢. Note that
we also have 't = Z% in this case, and that for all f € L'(R?),y €

= Jpae TV f(2)dx. If h € S(RY), the usual Schwartz space
of rapldly decreasing functions, then both (A1) and (A2) are satisfied.
The Poisson summation formula (2.7) then takes the familiar form:
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(5.15) > h(z+n) =Y hn)e*m,

nezd nezd

for each x € RZ Also in this case, the negative definite function 7
is given by the classical Lévy-Khintchine formula (see e.g. [39], The-
orem 8.1); however, we cannot consider the validity of (3.12) unless
the measure pu; has a sufficiently regular density f; for all ¢ > 0. One
well-known example where this holds is when f; is Gaussian. In this

case f; € S(RY) for all + > 0. We consider the case d = 1 and
22

fi ~ N(0,t/2m). Then for all t > 0,z € R, fi(z) = \/%eJT. Its

Z—periodisation is given by

Fy(]) V/_Ezexp{ n+x)}

which is the fundamental solution of the heat equation on the torus,

aFt . 1 32Ft
ot 4w Ox2’
In this case we have
0(t) = tr(Py) = Ze_t’m ,
nez

where 6 is the Jacobi theta function (see also [25] pp.375-6 where the
multivariate case is considered).

As is well-known, (3.13) (or equivalently, (2.8)) yields the functional
equation

0(1/t) = Vto(1),

for all ¢ > 0.

In this case the right hand side of (3.14) is 2 3~
yields the elementary identity

/ 00 — 1)dt —

5.2. The Stable Case. Recall that a probability measure p on RY is
stable if given any a > 0 there exists b > 0 and ¢ € R? so that for all
y € R,

and so (3.14)

n= 1n27

ol 3

1iy)* = p(by)e?.
A measure p is rotationally invariant if u(OA) = p(A) for all O €
O(d), A € B(RY). Tt can be shown (see e.g. [39] Theorem 14.14, p.
86) that a convolution semigroup i, t > 0) is stable and rotationally
invariant if and only if there exists 0 < @ < 2 and o > 0 so that for all
t>0:

(5.16) fir(y) = exp {—toly|*}.
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The cases @ = 2 and a = 1 are familiar Gaussian and (when d = 1)
Cauchy distributions, respectively. More generally p; always has a
continuous density f; for ¢ > 0, but there may not be a closed form for
this. From now on, we assume that 0 < a < 2. The following useful
estimate was obtained in [35] (see also the discussion in [43], p.1247):

Ct—d/a
(A1 ¢ Vaja)ira’

for all t > 0,2 € RY, and where C' > 0 is independent of = and t.

Let M, (R?) denote the space of functions of moderate decrease on
R, so that g € M, (R?) if and only if there exists K > 0 so that for
all x € RY,

K
5.18 < —
(5.18) 9] < s
We see easily from (5.17) that f; € My(R?). Furthermore, the
Fourier transform is defined on M, (R?), and Fourier inversion holds
there (see e.g. [42], p.144). In this case (A2) is satisfied, for as shown
in equation (4.5) of [7],

D f(m) =) e < oo,

nezd nezd
so we can assert that f;, projects to a continuous density on T¢, by
Proposition 3.2. Then the argument given in section 3 (or see Theorem
5.4.4 of [11]), ensures that the probabilistic trace formulae (3.12) and
(3.13) are both valid. Summability of the right hand side of (3.14)
requires that 1 < a < 2. We then have

(5.17) filz) <

00 00 1
/ (Fi(0) — )t =25 .
0 n=1 n®

If 0 < a <1, then (3.14) does not hold.
Investigating (A1) is far more tricky in this case. We have

Proposition 5.1. For each x € Rt > 0,3, ,a fi(x +n) converges.
Proof. By (5.17) and (5.18) it is sufficient to show that

1
— < 0o,
ne%i 14+ (z+n)s
where 8 := 1+ «. We first consider the case d = 1. If x and n are both
of the same sign (say they are positive), then
o) o0
1 1
— < — <
;1+(I—|—n)5 _Z;nﬂ o

and convergence is even uniform (by the Weierstrass M-test).
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If  and —n are of opposite sign (say x > 0 and —n < 0), then we
write z = || + {x}, where |z | is the integer part of = (i.e. the largest
integer that fails to exceed ) and {x} > 0 is the fractional part of .
Then

= 1 1 1
)DE e D Dl oy D Dl pr e

n=1 n<|z] n>|x]

1 1
<D Tt
- —n)B —n)B
it @=n)f o e 1+ ([z] —n)
1 =1
= S < o0.
;JH(:(:—n)ﬂ*;:leﬁ >

It follows that for all x € R,

1
—_— < Q.
§:1+@+MW

neZ

When d > 1, we may use Holder’s inequality to deduce that for all
y € RY,

d
2.8
yl? > d7 Y il
i=1

and so

A

-1
1 2-8
- - 1 d B . _n.|B

nezd nezd
d oo
1
= H Z 25 < 00,

by the one-dimensional result. To obtain the last line in the display we
used the elementary inequality

<1+a1>(1+a2)"'<1+ad)21—|—a1a2...ad’

fora; > 0,i=1,2,...,d.
O

We are unable to verify that the convergence is uniform in Proposi-
tion 5.1, nor that the series converges to an integrable function. So we
cannot apply Proposition 3.1. In this case we cannot assert the valid-
ity of the Poisson summation formula. If d = 1 and (u, ¢ > 0) is the
Cauchy semigroup, we may verify directly that the Poisson summation
formula (2.8) fails. For convenience we take ¢t = 1, and write f := f;.
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Then for all z € R, f(z) = (1+12 and f(z) = eI, We have

1 1 :
> fn) <1+221+n2>§;(l+3)=1.3655....

neL

However

~ = _, 2
Zf(n):1+2nzle =1+ =7 =21639....

neL

6. SEMISTABLE SEMIGROUPS ON THE p-ADICS AND THE ADELES

In this section we will work extensively with p—adic analysis and its
generalisations to the adele group. Good references for the former are
[4], [14] and [31], and for the latter [14] again, [32] and [36].

Let Z be a set and {(Gq, Ha),« € I} be a collection of pairs wherein
G, is a locally compact abelian group and H, is an open subgroup of
(. The corresponding restricted direct product G is the collection of
all sets {ga, @ € Z} where g, € G, with g, € H, for all but finitely
many o € Z. G is itself a locally compact abelian group, with the
group law defined component—wise. The open sets in G are of the form
[MyezU,, where U, is open in G, with U, = H, for all but finitely
many values of a.

Let P denote the set of all prime numbers and P* := {oo} U P.
Recall that for each p € P, the group Q, of p-adic rationals is the
completion of Q with respect to the metric d(z,y) = |z — y|,, where
z,y € Q, and the p-adic norm |z|, = p~™, where m is the unique
integer for which x = #p™, with the integers a,b and p being relatively
prime. Define Q4 := R with its usual metric. For each p € P, let
Z, = {x € Q, : |z|, < 1} be the open subgroup of p-adic integers.
Note that it is also compact. We find it convenient to define Z., = Z.
Now take Z to be P*. We obtain the adele group, to be denoted A, by
taking the restricted direct product with G, = Q, and H, = Z,, for all
p € P

The rational numbers QQ are a discrete subgroup of A with the diag-
onal embedding ¢ — {¢,,p € P*} where g, = ¢ for all p. To see this
observe that if ¢ = ¢/d then d is divisible by only finitely many p € P,
and so for all but finitely many p, either p divides ¢ but not d (and
S0 q € Z,), or p divides neither ¢ nor d in which case |¢q|, = 1. It can
be shown (see e.g. Chapter 7, Theorem 2, p.139 of [32]) that A/Q is
compact, and so we are in the context of section 1.

Before proceeding further, let us form another restricted direct prod-
uct over P*. This time, for p € P, we take G, = Q;( = Q, \ {0},
which is the multiplicative group of non-zero p-adic numbers, and
H, = U, := {z € Qp;|z|, = 1}, the group of multiplicative units.
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We take G, = R\ {0}, and H,, = {—1,1}. In this case, our re-
stricted direct product is the idéele group, to be denoted J. The group
J acts on A by automorphisms, to be precise if a € J and z € A, then
za = {xpay;p € P*}. We also need the idelic norm of a € J which is
|a|]| = Iyep~|al,. Note that the product is finite as |a|, = 1 for all but
finitely many p. We will need the fact that if dx denotes Haar measure
on A, then d(ax) = ||a||dz, for all a € ]J.

Recall that every z € Q, may be written uniquely as * = z; + zy,
where x; € Z,, and either zy = 0 or |z|, > 1. We call x, the fractional

part of z, and write [x] = zy. We have Q, = Q,, and every character
of Q, is of the form x,, where y € Q, and x,(z) = e?™#y] for each
x € Q. Similarly, we have A= A, and the characters of A are all of
the form x,, where y € A and for all z € A,

(6.19) Xy(2) = Hpepe Xy, (7).

Again we note that x,, (z,) = 1 for all but finitely many p.
If f: A— Canda €], wedefine f, : A — C by fu(x) := ||a||f(ax),
for all x € A.

Proposition 6.1. If f is a probability density function defined on A
and a € J, then f, is a probability density function on A.

Proof.

[ ez = al [ flaz)aa
_ /Af(ax)d(ax):/Af(:c)dle.
O

If (A1) and (A2) hold, then we have the Poisson summation formula
from section 1. In fact the following form is often called the Riemann-
Roch theorem in this context, as the well-known formula of that name
in algebraic geometry may be derived from it (see section 7.2. of [36]).

Theorem 6.1. If f is continuous, a € J and (A1) and (A2) hold for
fa, then for all x € A,

S flalr + 7)) = ﬁ S Fla ) (@),
reQ

reQ
and when x = 0,
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Proof. This follows from Theorem 2.1, and then fact that for y € A,

1 ~ -
() = / Flax)xy (@)da

= /f(am)e_%i[xy]dx
A
_ /f(l,)€27ri[zaly}dalx
A
1 ~
= —fla'y).
|lal|

4

To connect with probability theory, our goal (which will not be re-
alised in this paper) should be to

(1) Find some interesting examples of infinitely divisible probability
measures and /or convolution semigroups that are defined on the
adele group, which have densities, and which satisfy (A1) and
(A2).

(2) To make contact with the “Riemann-Roch theorem”, we would
want the above to continue to hold when we transform the pdf
by an idele, as in Proposition 6.1.

To address (1), we first work on the p-adic group Q,, for some prime
p. Following [4], p.24, we say that a mapping f : O — C, where
O is an open set in Q,, is locally constant if given any x € O there
exists {(x) € Z so that f(x +y) = f(x) for all y € Q, for which
|z — yl, < p'™@ (so that y is in the closed ball of radius p!® about
x). Clearly every locally constant function is continuous. The Bruhat-
Schwartz space of test functions D(Q,) is the set of all locally constant
functions that have compact support. A nice example of an element
of D(Q,) is the function v, = 1z, the indicator function of the p-adic
integers. From an analytic perspective, it is a good candidate to be
a “p-adic Gaussian” as it is equal to its own Fourier transform. It
is also a pdf, if we scale Haar measure on Q, in the usual way, so
that Z, has total mass one (and this will be the case from now on).
It is certainly infinitely divisible, but also idempotent, and so can be
embedded in an i-convolution semigroup of probability measures in
which every measure has density «,. It is worth pointing out that since
Q, is totally disconnected, an infinitely divisible measure on Q, can
only have a Lévy-Khintchine formula of pure jump type, as shown in
Remark 1 (after Corollary 7.1) of [34] p.109, and also Proposition 1
of [18]; in particular, there are no Gaussians in the probabilistic sense
outside the idempotent class.

We now describe the corresponding space of Bruhat-Schwartz test
functions on A. This is the set D(A) of all mappings ¢ : A — C for
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which for all x € A, with x = (2o, T2, T3, X5, . . .):

(620) ¢(x) = ¢OO<IOO)HPE7D¢p(Ip>7

where

(1) ¢poo : R = C with max,ez, Sup,cp |2]"¢ (20| < 00,
(2) ¢, € D(Q,) for all p € P,
(3) ¢, =, for all but finitely many p € P.

Each ¢ € D(A) is continuous. It is shown in [36] p.261, that The-
orem 6.1 holds when f € D(A). Since such an f is also integrable,
we then have a large supply of probability density functions for which
Theorem 6.1 holds. But apart from the trivial Gaussian case discussed
above, there is no obvious connection to more sophisticated probabilis-
tic structure.

We now turn our attention to convolution semigroups on the p-adics.
At the general level, we remark that there has been work on the solution
of the embedding problem of realising an infinitely divisible measure as
an element of a convolution semigroup, see [40, 41]. We are interested
in concrete examples, and as pointed out in the introduction, there
has been a substantial amount of work on constructing rotationally
invariant semistable processes, mainly from the point of view of solving
Kolmogorov’s equation to find the transition probabilities (see e.g. [2,
48]). On the other hand, the emphasis in [24] pp. 504-6 is on Fourier
analysis (see also [50]). In particular in [24] p.506, it is shown that
for any C, v > 0, there exists a rotationally invariant, strictly-operator
semistable convolution semigroup (p,E” ),t > 0) of probability measures
on Q, such that, for all t > 0,y € Q,,

—

(6.21) PP (xy) = exp {~Ctly[2}

(see [48, 50, 17] for related work).

In this context a probability measure A on Q,, is rotationally invariant
if A(uA) = A(A) for allu € U, A € B(Q,) and a convolution semigroup
(ue, t > 0) is strictly-operator semistable if there exists a continuous
homomorphism ¢ of Q, and € (0,1) so that for all ¢ > 0,0, = pg.
In the case we are considering we have dz = pz for all z € Q,, and
B = p~7. We assume from now on that (u;,t > 0) is non-trivial, in
that for all ¢ > 0, uy # do.

We will first show that the measures p, have a continuous density
for all £ > 0. We show that the Fourier transform is integrable, and for
ease of notation we take t = 1/C"

Theorem 6.2. For all v > 0,

(1) f, Wiy = p—1 D

p = P

_p—nY
e p
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2) [y, e Widy = (p— 1), cp (P n)p e,
1/p ifn <0
where Y(p,n) = e ifn>0
I/p+e™®? ifn=0
Proof. We follow the method of calculation of integrals given in [14]
pp. 12-14.

(1) Write Z,, = Ui;(l) Ck, where Cy :={x € Zy;x = k+> o0 a;p’, a; =

0,...,p—1}. Since, by translation invariance, the Haar measure
of C} takes the same value for all £k = 0,...,p — 1, we deduce
that
/ el gy = P~ 16*1 +/ e Wl gy,
Zp p Co
We now write Cy = ?:—01 Co,, where Co; = {2 € Z,;z =

Ip+ > ap™a; =0,...,p—1}. By a similar argument to
the above, we find that

/ e"y‘;dy: p_zle—p*” +/ e—lylgdy.
Co p Co,0

Iterating this argument leads to
—1 -1 _ - -1 _ -
/e—lylgdy:p 6_1+p2 e—p”+p3 e 4

7, p p p
and the result follows easily.

(2) Write ¢, = pr e WEdy to ease the burden of notation. Let
KV = {z € Q, 2], < p} = Uiy Kin V. where KiyV =
{r € KY;2 =mp~ +y,y € Z,}. By translation invariance,
we have forallm=1,...,p—1, fK(—l) e*‘ygdy =77 and so

/ e Wrdy = (p—1)e™ + Cpiye
K(=1)

Now for all n € N define K™ := {z € Q,, |z|, < p"}, then by
a similar argument to that given above we obtain

/ e Widy = (p-1p" e 4" 2T p o p e gy,
K(=n)

n—1
= (p—1e? Zp’"e_pm +cpry
r=0
But by the monotone convergence theorem
/ e W dy = lim e Whdy = (p—1)e ane—pm + cpy-
Qp

n—oo —
K(=n) =0

g
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Note that both series obtained in Theorem 6.2 converge; the conver-
gence of the first is obvious, and that of the second follows from using
Cauchy’s root test. In fact we could also have deduced the finiteness of
the integrals in Theorem 6.2 from the more general result of Proposi-
tion 3.1 in [50]. The proof therein uses a more probabilistic approach,
but does not compute the integrals explicitly.

It is now easy to see that p; has a continuous density for all ¢ > 0,
by essentially the same method as used in Proposition 3.2. Define for

all z € Q,

(6.22) 2 () = / Xy (z)e S dy.

P

Then f; is continuous by standard use of dominated convergence. But
fi is the density of y; by uniqueness of Fourier transforms.

We will obtain a series expansion for the density f;. To carry this
out we will need the Gel'fand-Graev gamma function (see [14] and [23]
pp.144-51) I',, : C — C defined by

(6.23) (s = [ xa(olely e

p

where s € C. It is shown in [14] that

1 — psfl

(6.24) L) = T

In the sequel, we will consider the case s € R with s > 0, in which
case we have the easy estimate:

(6.25) D) <
Theorem 6.3. For eacht > 0,2 € Q, \ {0},

in!

n=0

4

]x\mﬂ I'(ny +1).

Proof. By (6.22) we have the following, where we’ve chosen t = 1/C
for convenience,

(z) = / xa(zy)e Wy

Qv

= /X1 zy) , Iyl’”dy
0 n.

n=
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However, for x # 0,

— (=1)" -
> /@xl(xy)lylp dy

Il
(]2
s ||
= | =
s
3,_.
£
o~
>
—
s
<
o
S
SN
<

n=0 ’ P n=0 ) |I|p P
oy
2 g Y

S| =
SF
=2
x
=
3
)
+
=
IA
‘H
3
[~
S | =
VR
‘»s
N———
3
5

and the result follows by Fubini’s theorem.
O

It is interesting to compare the series expansions just established for
the p-adic semistable laws to those obtained on the real line for a-stable
laws — see [19], p.548-9.

We consider probability measures p on the adeles A which are defined
by analogy with the Bruhat-Schwartz test functions. To be precise,
suppose that for each p € P* we are given a probability measure p,
defined on @Q,, then we define a positive linear functional 1 on D(A)
as follows:

(6.26) (D) = poo(Poo) pepiip(@yp),

for all ¢ € D(A) having the form (6.20). Here we have also assumed
that for all but finitely many p € P, u,(¢,) = pr Op(Tp)Yp(xp)dx,. We
can in fact extend the domain of definition of p in (6.26) to a wider
class of functions on A, in particular to those ¢ having the product form
(6.20) wherein ¢, is a bounded measurable function for all p € P*, with
only finitely many of the ¢,’s having (supremum) norm exceeding one.
It is then clear that p induces a probability measure on A. If p, has
a pdf f, for all p € P*, then it is easy to see that p has a density f
where

(627) f([)?) = foo(IOO)HPEpr(:Ep)a

where © = (T, T2, 23,...) € A, and from the definition of y, f, = 7,
for all but finitely many values of p. By [36], Proposition 5-6 (ii),
p.186, the function f is continuous if f, is continuous for all p € P*
and furthermore, for all h € L*(A, C) of the form (6.27),

(6.28) /A h(z)de = ] / php(mp)dxp,

peP*
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whenever the right hand side is finite. Hence for all y € A, by (6.19),
we have

FW) = oo (Woo) per f (4p)-

We consider a family of probability measures (p, ¢ > 0) on A, where

for each ¢t > 0, yi; is of the form (6.26). For ¢ > 0, the finitely many

non-Gaussian uip Ps will all be v-semistable measures on Q,, (which we

previously denoted as p§P )), while 17 is a rotationally invariant a-stable

measure with 0 < o < 2. For convenience we will take the indices v

and «, and the constants ¢ and C' to be the same for each of these

measures. Then p, has a density f; of the form (6.27) for all ¢ > 0.

We will also fix a finite set S = {pi,,...,pin} C P so that for all
(pi;

t>0,7=1,...,N, f, ) #+ Vi, Using (6.26), we see that (u:,t > 0)
is an i-convolution semigroup. To check the validity of (3.13), we must
verify (A2) and investigate the behaviour of ) o fi:(r), for £ > 0.

Now for p € 5S¢ ,(r) # 0 if and only if r € Z,. It follows that for
non-vanishing fi;(r), we must have r = a/b, where a € Z,b € N and
the prime factorisation of |a| features only primes in S¢, while that of b
involves only primes in S. Let D := {r = a/b;~,(r) # 0 for all p € S}.
Then

_ FESTRYCN) i)
Do Galr) =D L) £ ).
reQ reD
Now let D = BU B¢, where B :={r=a/be D;b=1}. If r=a/b e
B¢, we must have b = p;"'p;* - - - ;"N where my,ma,...,my € Z; and

at least one of these is non-zero. Then we have

S = @)+ Y @)

reQ reB reBe
s (09 #Piy) o)
< SO0+ S P 0 10 ).
reB reBe¢
We have -
th(oo)(r) S Ze—oﬂn‘a < 0.
reB neL

Now let pg := min(S) and A € N be coprime to py, and define £ C B¢
by E :={r = a/b € Ba = A,b = pjq,n € N}. Then there exists
K > 0 so that

Yoy = Y )

reBe¢ rek
0o L)
- K § efo't(A/pg)“ § efCtng’Y )
n=1 m=1

Now > e 7t/ = oo aslim,, yoo e #/¥" = 1forall > 0,y > 1.
But 0 < 325, e ¢ < o0.
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We conclude that »_ . fir(r) = oo, and so the probabilistic trace
formulae are not valid in this case. Indeed we have just shown that
tr(Py) = oo for all ¢ > 0. It then follows, by a slight extension of
Theorem 5.4.4 in [11] p.144, that the projection of p; to A/Q cannot
have a square-integrable density for any ¢ > 0.

It would be interesting to clarify the relationship between our con-
volution semigroup on A and the Markov process constructed in [51],
which has such interesting connections with number theory (see also
[47, 52]). In fact the processes constructed in those papers have a very
similar structure to ours, but they are not of “Bruhat-Schwartz type”,
in that semistable activity is manifest in every p-adic component of the
adeles.

Acknowledgement. 1 am very grateful to Nick Bingham for reading
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