THE RIEMANN HYPOTHESIS

Louls DE BRANGES*

ABSTRACT. A proof of the Riemann hypothesis is to be obtained for the zeta functions
constructed from a discrete vector space of finite dimension over the skew—field of quaternions
with rational numbers as coordinates in hyperbolic analysis on locally compact Abelian groups
obtained by completion. Zeta functions are generated by a discrete group of symplectic
transformations. The coefficients of a zeta function are eigenfunctions of Hecke operators
defined by the group. In the nonsingular case the Riemann hypothesis is a consequence of
the maximal accretive property of a Radon transformation defined in Fourier analysis. In the
singular case the Riemann hypothesis is a consequence of the maximal accretive property of
the restriction of the Radon transformation to a subspace defined by parity. The Riemann
hypothesis for the Euler zeta function is a corollary.

1. GENERALIZATION OF THE GAMMA FUNCTION

The Riemann hypothesis is the conjecture made by Riemann that the Euler zeta func-
tion has no zeros in a half-plane larger than the half-plane which has no zeros by the
convergence of the Euler product. When Riemann made his conjecture, zeros were of
interest for polynomials since a polynomial is a product of linear factors determined by
zeros. Polynomials having no zeros in the upper or the lower half-plane appear when the
vector space of all polynomials with complex coefficients is given a scalar product defined
by integration with respect to a nonnegative measure on the real line.

The vector space has an orthogonal basis consisting of a polynomial S,,(z) of degree n in
z for every nonnegative integer n. The polynomials have only real zeros and can be chosen
to have real coefficients. A linear combination S,,(z) —iS,+1(2) of consecutive polynomials
is a polynomial which has either the upper or lower half-plane free of zeros.

Riemann was familiar with examples of orthogonal polynomials constructed from hy-
pergeometric series. For these special functions it happens that linear combinations of
consecutive orthogonal polynomials have no zeros in a half-plane which is larger than the
upper or the lower half-plane. The boundary of the larger half—plane is shifted from the
real axis by a distance one—half.

The Riemann hypothesis is contained in the issue of explaining the observed shift in
zeros. There is no reason to restrict the study to orthogonal polynomials since the efforts of
Hermite and Stieltjes create a larger context. The contribution of Hermite is a class of entire
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functions which like polynomials are essentially determined by zeros. The contribution of
Stieltjes is a treatment of integration on the real line as a representation of positive linear
functionals on polynomials. His death from tuberculosis prevented application to the
Hermite class. The remaining step [1] is preparation for a continuation of their efforts on
the Riemann hypothesis.

The Riemann hypothesis for Hilbert spaces of entire functions [2] is a condition on
Stieltjes spaces of entire functions which explains the observed shift in zeros and which
implies the Riemann conjecture if it can be applied to the Euler zeta function. Such
application is not obvious since the Euler zeta function has a singularity in the proposed
half-plane of analyticity. It will be seen that the function satisfies a parity condition which
permits removal of the singularity. The Euler zeta function is an analogue of the Euler
gamma function, whose properties indicate a successful treatment of the zeta function.

The gamma function is an analytic function of s in the complex plane with the exception
of singularities at the nonpositive integers which satisfies the recurrence relation

sI'(s) =T(s + 1).

A generalization of the gamma function is obtained with the factor of s in the recurrence
relation replaced by an arbitrary function of s which is analytic and has positive real part
in the right half-plane.

An analytic weight function is defined as a function W(z) of z which is analytic and
without zeros in the upper half—plane.

Hilbert spaces of functions analytic in the upper half-plane were introduced in Fourier
analysis by Hardy. The weighted Hardy space F(W) is defined as the Hilbert space of
functions F'(z) of z analytic in the upper half-plane such that the least upper bound

+oo
P13y =sup [ Pl i)/ W(o + ig) Pda
—oo
taken over all positive y is finite. The least upper bound is attained in the limit as y
decreases to zero. The classical Hardy space is obtained when W(z) is identically one.
Multiplication by W (z) is an isometric transformation of the classical Hardy space onto
the weighted Hardy space with analytic weight function W (z).

An isometric transformation of the weighted Hardy space F(W) into itself is defined by
taking a function F'(z) of z into the function

F(z)(z —w)/(z —w™)

of z when w is in the upper half-plane. The range of the transformation is the set of
elements of the space which vanish at w. A continuous linear functional on the weighted
Hardy space F(W) is defined by taking a function F(z) of z into its value F(w) at w
whenever w is in the upper half-plane. The function

W ()W (w)™ /[2ri(w™ — 2)]
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of z belongs to the space when w is in the upper half—plane and acts as reproducing kernel
function for function values at w.

A Hilbert space of functions analytic in the upper half-plane which has dimension
greater than one is isometrically equal to a weighted Hardy space if an isometric transfor-
mation of the space onto the subspace of functions which vanish at w is defined by taking
F(z) into

F(z)(z —w)/(z —w")

when w is in the upper half-plane and if a continuous linear functional is defined on the
space by taking F'(z) into F'(w) for w of the upper half-plane.

Examples of weighted Hardy spaces are constructed from the Euler gamma function.
An analytic weight function

is defined by

—_1_
8—2 1z.

A maximal accretive transformation is defined in the weighted Hardy space F(W) by
taking F'(z) into F(z + i) whenever the functions of z belong to the space.

A linear relation with domain and range in a Hilbert space is said to be accretive if the
sum

{(a,b) + (b,a) >0

of scalar products in the space is nonnegative whenever (a, b) belongs to the graph of the
relation. A linear relation is said to be maximal accretive if it is not the proper restriction of
an accretive linear relation with domain and range in the same Hilbert space. A maximal
accretive transformation with domain and range in a Hilbert space is a transformation
which is a maximal accretive relation with domain and range in the Hilbert space.

Theorem 1. A mazimal accretive transformation is defined in a weighted Hardy space
F(W) by taking F(z) into F(z+ 1) whenever the functions of z belong to the space if, and
only if, the function

W(z— i) /W (z + %4)

of z admits an extension which is analytic and has nonnegative real part in the upper
half-plane.

Proof of Theorem 1. A Hilbert space H whose elements are functions analytic in the
upper half-plane is constructed when a maximal accretive transformation is defined in
the weighted Hardy space F (W) by taking F(z) into F'(z + i) whenever the functions of
z belong to the space. The space H is constructed from the graph of the adjoint of the
transformation which takes F'(z) into F'(z + i) whenever the functions of z belong to the
space.

An element
F(z) = (F1(2), F(2))
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of the graph is a pair of analytic functions of z, which belong to the space F (W), such
that the adjoint takes F(z) into F_(z). The scalar product

(F(t),G(t)) = (Fy (1), G- () Fow) + (F- (1), G (1)) Fw)

of elements F'(z) and G(z) of the graph is defined as the sum of scalar products in the space
F(W). Scalar self-products are nonnegative in the graph since the adjoint of a maximal
accretive transformation is accretive.

An element K (w, z) of the graph is defined by

Ki(w,2) =W ()W (w— i)~ /[2mi(w™ + 5i — 2)]

and
K_(w,z) =W(z)W(w+ i)~ /2mi(w™ — 3i — 2)]
when w is in the half-plane
1 <iw™ —w.

The identity

holds for every element
F(z) = (Fy(2), F-(2))

of the graph. An element of the graph which is orthogonal to itself is orthogonal to every
element of the graph.

An isometric transformation of the graph onto a dense subspace of H is defined by
taking
F(z) = (Fi(2), F-(2))
into the function
Fi(z+ 3i) + F_(z — i)
of z in the half-plane
1 <iz™ —1z.
The reproducing kernel function for function values at w in the space H is the function
(W (z+ 30)W(w— 3i)~ + W(z— 3)W(w+ 3i)7]/[2mi(w™ — 2)]
of z in the half-plane when w is in the half-plane.

Division by W(z + 14) is an isometric transformation of the space H onto a Hilbert
space £ whose elements are functions analytic in the half-plane and which contains the
function

[p(2) + @(w)~]/2mi(w™ — 2)]

of z as reproducing kernel function for function values at w when w is in the half—plane,

o(z) =W(z — %z)/W(z + %@)
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A Hilbert space with the same reproducing kernel functions is given an axiomatic char-
acterization in the Poisson representation [1] of functions which are analytic and have
positive real part in the upper half-plane. The argument applies to the present space L
whose elements are functions analytic in the smaller half—plane.

The function
[F(2) = F(w)]/(z — w)

of z belongs to £ whenever the function F(z) of z belongs to £ if w is in the smaller
half-plane. The identity

0= (F(t),[G(t) = G(a)]/(t = a))c = ([F(t)
—(B—a”)([F(t) = F(B)]/(t - B),|G(t)

F(B)]/(t=B),G{t))c
G()l/(t =)

holds for all functions F'(z) and G(z) which belong to £ when a and g are in the smaller
half-plane.

An isometric transformation of the space L into itself is defined by taking a function
F(z) of z into the function

F(z) + (w—w™)[F(z) = F(w)]/(z —w)

of z when w is in the smaller half-plane.

The same conclusion holds when w is in the upper half-plane by the preservation of the
isometric property under iterated compositions. The elements of £ are functions which
have analytic extensions to the upper half-plane. The computation of reproducing kernel
functions applies when w is in the upper half-plane. The function ¢(z) of z has an analytic
extension with nonnegative real part in the upper half—plane.

Since multiplication by W (z + %z) is an isometric transformation of the space £ onto
the space H, the elements of H have analytic extensions to the upper half-plane. The
function

(W(z+ %Z)W(w — %Z)_ +W(z— %Z)W(UJ + %i)_]/[27ri(w_ —2)]

of z belongs to the space when w is in the upper half-plane and acts as reproducing kernel
function for function values at w.

The argument is reversed to construct a maximal accretive transformation in the weighted
Hardy space F (W) when the function ¢(z) of z admits an extension which is analytic and
has positive real part in the upper half-plane. The Poisson representation constructs a
Hilbert space £ whose elements are functions analytic in the upper half-plane and which
contains the function

[6(2) + ¢(w)~]/[2mi(w™ — 2)]

of z as reproducing kernel function for function values at w when w is in the upper half-
plane. Multiplication by W(z + %z) acts as an isometric transformation of the space £
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onto a Hilbert space H whose elements are functions analytic in the upper half-plane and
which contains the function

(W (z+ 20)W(w— i)~ + W(z— 3)W(w+ 3i)7]/[2mi(w™ — 2)]
of z as reproducing kernel function for function values at w when w is in the upper half-
plane.

A transformation is defined in the space F (W) by taking F'(z) into F'(z + i) whenever
the functions of z belong to the space. The graph of the adjoint is a space of pairs

F(z) = (Fy.(2), F-(2))

of elements of the space such that the adjoint takes the function F' (2) of z into the function
F_(z) of z. The graph contains

K(w’ Z) = (K+<w7 Z’), K_ (wv Z))
with
Ki(w,2z) =W(E)W(w— 1)~ /2ri(w™ + 3i — 2)]

and
K_(w,2z) =W(z)W(w+ 3i)~/[2mi(w™ — i — 2)]
when w is in the half-plane
1 <iw™ —w.

The elements K (w, z) of the graph span the graph of a restriction of the adjoint. The
transformation in the space F(W) is recovered as the adjoint of the restricted adjoint.

A scalar product is defined on the graph of the restricted adjoint so that an isometric
transformation of the graph of the restricted adjoint into the space H is defined by taking

F(z) = (Fy(2), F-(2))
into
Fi(z+ 3i) + F_(z — 31).
The identity

(F(t),G(t) = (F. (), G- (£) rwy + (F- (1), G+ (1) Fow)

holds for all elements
F(2) = (Fy (2), F_(2)

and

G(2) = (G4(2),G-(2))

of the graph of the restricted adjoint. The restricted adjoint is accretive since scalar self—
products are nonnegative in its graph. The adjoint is accretive since the transformation
in the space F (W) is the adjoint of its restricted adjoint.
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The accretive property of the adjoint is expressed in the inequality

[ Fy () = A" F_ ()| 7wy < N Fe () + A=) | 7w
for elements
F(z) = (Fy(2), F-(2))

of the graph when A is in the right half-plane. The domain of the contractive transforma-
tion which takes the function
Fi(2) + AF_(2)

of z into the function

Fi(z) = A" F_(2)

of z is a closed subspace of the space F(W). The maximal accretive property of the adjoint
is the requirement that the contractive transformation be everywhere defined for some, and
hence every, A in the right half-plane.

Since K (w, z) belongs to the graph when w is in the half-plane
1 <iw™ — 1w,

an element H(z) of the space F(W) which is orthogonal to the domain of the accretive
transformation satisfies the identity

H(w— 3i) + AH(w + 3i) = 0

when w is in the upper half-plane. The function H(z) of z admits an analytic extension
to the complex plane which satisfies the identity

H(z)+ AH(z+1i) =0.
A zero of H(z) is repeated with period i. Since
H(z)/W(z)

is analytic and of bounded type in the upper half-plane, the function H(z) of z vanishes
everywhere if it vanishes somewhere.

The space of elements H(z) of the space F (W) which are solutions of the equation
H(z)+AH(z+1i)=0

for some A in the right half-plane has dimension zero or one. The dimension is independent
of \.

If 7 is positive, multiplication by
exp(iTz)
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is an isometric transformation of the space F (W) into itself which takes solutions of the
equation for a given A into solutions of the equation with A\ replaced by

Aexp(T).
A solution H(z) of the equation for a given A vanishes identically since the function
exp(—itz)H(z)

of z belongs to the space for every positive number 7 and has the same norm as the function
H(z) of z.

The transformation which takes F'(z) into F'(z+1) whenever the functions of z belong to
the space F (W) is maximal accretive since it is the adjoint of its adjoint, which is maximal
accretive.

This completes the proof of the theorem.

The theorem has an equivalent formulation. A maximal accretive transformation is
defined in a weighted Hardy space F (W) for some real number h by taking F(z) into
F(z + ih) whenever the functions of z belong to the space if, and only if, the function

W (z + 3ih)/W(z — 1ih)

of z admits an extension which is analytic and has nonnegative real part in the upper
half—plane.

Another theorem is obtained in the limit of small h. A maximal accretive transformation
is defined in a weighted Hardy space F(W) by taking F(z) into iF'(z) whenever the
functions of z belong to the space if, and only if, the function

iW'(z)/W(z)

of z has nonnegative real part in the upper half—plane. The proof of the theorem is similar
to the proof of Theorem 1. A maximal accretive transformation is defined in a weighted
Hardy space F (W) by taking F(z) into iF’(z) whenever the functions of z belong to the
space if, and only if, the modulus of W (z + iy) is a nondecreasing function of positive y
for every real number x.

An entire function E(z) of z is said to be of Hermite class if it has no zeros in the
upper half-plane and if the modulus of E(x + iy) is a nondecreasing function of positive
y for every real number x. The Hermite class is also known as the Pdlya class. Entire
functions of Hermite class are limits of polynomials having no zeros in the upper half—plane
[1]. Such polynomials appear in the Stieltjes representation of positive linear functions on
polynomials.

An Euler weight function is defined as an analytic weight function W (z) such that a
maximal accretive transformation is defined in the weighted Hardy space F (W) whenever
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h is in the interval [—1, 1] by taking F(z) into F'(z+th) whenever the functions of z belong
to the space.

If a function ¢(z) of z is analytic and has positive real part in the upper half-plane, a
logarithm of the function is defined continuously in the half-plane with values in the strip
of width 7 centered on the real line. The inequalities

—m <ilogp(z)” —ilogg(z) <m

are satisfied. A function ¢ (z) of z which is analytic and has nonnegative real part in the
upper half-plane is defined when A is in the interval (—1, 1) by the integral

o 0 logg(z —t)dt
log qﬁh(z) = Sln(ﬁh) /_Oo COS(??Tit) + COS(’]‘(‘]’L) ’

An application of the Cauchy formula in the upper half-plane shows that the function

dt

exp(2mitz)

sin(7h) /+°° exp(mwht — exp(—mht)
cos(2miz) + cos(mh)

oo exp(mt) — exp(—mt)
of z is the Fourier transform of a function
exp(mht) — exp(—mht)

exp(mt) — exp(—mt)

of positive t which is square integrable with respect to Lebesgue measure and is bounded
by h when h is in the interval (0, 1).

The identity
¢—n(2) = on(2)~!
is satisfied. The function
¢(z) = lim ¢p(2)
of z is recovered in the limit as h increases to one. The identity
Gatd(2) = Pa(z — 5ib)p(z + 3ia)
when a,b, and a + b belong to the interval (—1,1) is a consequence of the trigonometric

identity
sin(ma + 7b)

cos(2miz) 4 cos(ma + 7b)
sin(ma) sin(7b)

- cos(2miz + wb) + cos(mwa)  cos(2miz — wa) + cos(wb)
An Euler weight function W (z) is defined within a constant factor by the limit

log i (2) _ 7T/*"" log ¢(z — t)dt

W(2)/W () = lim h oo 1+ cos(2mit)”
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as h decreases to zero. The identity
W (z + 3ih) = W(z — 3ih)én(2)
applies when h is in the interval (—1,1). The identity reads
W (z+ 5i) = W(z — 3i)¢(z)

in the limit as h increases to one.

An Euler weight function W (z) is constructed which satisfies the identity
for a given nontrivial function ¢(z) of z which is analytic and has nonnegative real part in
the upper half-plane.

A factorization of Euler weight functions is a consequence of the construction of Euler
weight functions. If W (z) is an Euler weight function, Euler weight functions W, (z) and
W_(z) exist such that

W(z) = Wy (2)/W_(2)

and such that the real part of

Wi (z — 3ih) /Wi (2 + Lih)
and of

W_(z — 3ih)/W_(z + Lih)

is greater than or equal to one when z is in the upper half-plane and h is in the interval
[0,1]. The functions
(W (z + iy)]

and
(W_(x +iy)|

of positive y are nondecreasing for every real number x.

If a maximal accretive transformation is defined in a weighted Hardy space F(W) by
taking F'(z) into F'(z+1i) whenever the functions of z belong to the space, then the identity

W(z+ 3i) = W(z — 3i)¢(2)

holds for a function ¢(z) of z which is analytic and has nonnegative real part in the upper
half-plane. The analytic weight function W (z) is the product of an Euler weight function
and an entire function which is periodic of period ¢ and has no zeros.

If W (%) is an Euler weight function, the maximal accretive transformation defined for h
in the interval [0, 1] by taking F'(z) into F'(z+ih) whenever the functions of z belong to the
space F (W) is subnormal: The transformation is the restriction to an invariant subspace
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of a normal transformation in the larger Hilbert space H of (equivalence classes of) Baire
functions F'(z) of real = for which the integral

+o00
|F|? = / F()W(1)2dt

— 0o

converges. The passage to boundary value functions maps the space F (W) isometrically
into the space H.

A linear functional on polynomials with complex coefficients is said to be nonnegative
if it has nonnegative values on polynomials whose values on the real axis are nonnegative.
A positive linear functional on polynomials is a nonnegative linear functional on polyno-
mials which does not vanish identically. A nonnegative linear functional on polynomials is
represented as an integral with respect to a nonnegative measure p on the Baire subsets
of the real line. The linear functional takes a polynomial F'(z) into the integral

/ F(t)du(t).

Stieltjes examines the action of a positive linear functional on polynomials of degree
less than r for a positive integer . A polynomial which has nonnegative values on the real
axis is a product

F*(2)F(2)

of a polynomial F'(z) and the conjugate polynomial

If the positive linear functional does not annihilate
F*(2)F(2)

for any nontrivial polynomial F'(z) of degree less than r, a Hilbert space exists whose
elements are the polynomials of degree less than r and whose scalar product

(F(t),G(t))
is defined as the action of the positive linear functional on the polynomial
G*(2)F(z).

Stieltjes shows that the Hilbert space of polynomials of degree less than r is contained
isometrically in a weighted Hardy space F (W) whose analytic weight function W (z) is a
polynomial of degree r having no zeros in the upper half-plane.

An axiomatization of the Stieltjes spaces is stated in a general context [1]. Hilbert
spaces are examined whose elements are entire functions and which have these properties:
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(H1) Whenever an entire function F'(z) of z belongs to the space and has a nonreal zero
w, the entire function
F(2)(z —w™)/(z — w)

of z belongs to the space and has the same norm as F'(z).

(H2) A continuous linear functional on the space is defined by taking a function F'(z)
of z into its value F(w) at w for every nonreal number w.

(H3) The entire function
F*(z)=F(z7)~

of z belongs to the space and has the same norm as F(z) whenever the entire function
F(z) of z belongs to the space.

An example of a Hilbert space of entire functions which satisfies the axioms is obtained
when an entire function E(z) of z satisfies the inequality

|E(x —iy)| < [E(x +iy)]

for all real  when y is positive. A weighted Hardy space F(W) is defined with analytic
weight function

A Hilbert space H(E) which is contained isometrically in the space F (W) is defined as the
set of entire functions F'(z) of z such that the entire functions F(z) and F*(z) of z belong
to the space F(W). The entire function

[E(z)E(w)” = E*(2) E(w™)]/[2mi(w™ - 2)]

of z belongs to the space H(FE) for every complex number w and acts as reproducing kernel
function for function values at w.

A Hilbert space H of entire functions which satisfies the axioms (H1), (H2), and (H3)
is isometrically equal to a space H(F) if it contains a nonzero element. The proof applies
reproducing kernel functions which exist by the axiom (H2).

For every nonreal number w a unique entire function K (w, z) of z exists which belongs
to the space and acts as reproducing kernel function for function values at w. The function
does not vanish identically since the axiom (H1) implies that some element of the space
has a nonzero value at w when some element of the space does not vanish identically.
The scalar self-product K (w,w) of the function K (w, z) of z is positive. The axiom (H3)
implies the symmetry

Kw ,z)=K(w,z")~

If X is a nonreal number, the set of elements of the space which vanish at A is a Hilbert
space of entire functions which is contained isometrically in the given space. The function

K(w,z) — K(w, ) K\ TK(),2)
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of z belongs to the subspace and acts as reproducing kernel function for function values at
w. The identity

[K(w,z) — K(w,\)K(A, MR (), 2)(z=A7)(w™ —A)
= [K(w,z) — K(w,\7)K(\™, A_)_lK()\_,z)](z —A)(w™ = A7)

is a consequence of the axiom (H1).

An entire function E(z) of z exists such that the identity
K(w,z) = [E(z) E(w)” — E"(2) E(w™)]/[2mi(w™ — 2)]

holds for all complex z when w is not real. The entire function can be chosen with a zero
at A when X is in the lower half-plane. The function is then unique within a constant
factor of absolute value one. A space H(E) exists and is isometrically equal to the given
space H.

Examples [1] of Hilbert spaces of entire functions which satisfy the axioms (H1), (H2),
and (H3) are constructed from the analytic weight function

W(z) =T(3 —iz)/T(h—i2)

when h > % The space is contained isometrically in the weighted Hardy space F(W) and
contains every entire function F(z) such that the functions F(z) and F*(z) of z belong to
the space F(W). The space of entire functions is isometrically equal to a space H(E) whose
defining function F(z) is computed [1]. Properties of the space motivate the definition of
a class of Hilbert spaces of entire functions.

An Euler space of entire functions is a Hilbert space of entire functions which satisfies
the axioms (H1), (H2), and (H3) such that a maximal accretive transformation is defined
in the space for every h in the interval [—1, 1] by taking F(z) into F(z 4 ih) whenever the
functions of z belong to the space.

Theorem 2. A mazimal accretive transformation is defined in a Hilbert space H(E) of
entire functions for a real number h by taking F(z) into F(z + ih) whenever the functions
of z belong to the space if, and only if, a Hilbert space H of entire functions exists which
contains the function

[E(z + 3ih)E(w — 3ih)™ — E*(2 4+ Lih) E(w™ + ih)]/[2mi(w™ — 2)]
+ [E(z — 2ih)E(w+ 1ih)™ — E*(z — 3ih)E(w™ — 3ih)]/[2mi(w™ — 2)]

of z as reproducing kernel function for function values at w for every complex number w.

Proof of Theorem 2. The space H is constructed from the graph of the adjoint of the
transformation which takes F'(z) into F'(z 4 ¢h) whenever the functions of z belong to the
space. An element

F(z) = (Fy.(2), F-(2))
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of the graph is a pair of entire functions of z, which belong to the space H(F), such that
the adjoint takes F' (z) into F_(z). The scalar product

(F(t),G(1) = (Fi(t), G- () np) + (F-(1), G (t)aum)

of elements F(z) and G(z) of the graph is defined as a sum of scalar products in the
space H(E). Scalar self-products are nonnegative since the adjoint of a maximal accretive
transformation is accretive.

An element
K(w,z) = (Ki(w,z), K_(w,2))

of the graph is defined for every complex number w by

Ki(w,z) = [E(2)E(w — 3ih)™ — E*(2)E(w™ + 3ih)]/[2mi(w™ + 1ih — 2)]
and

K_(w,z) = [E(z)E(w + 3ih)™ — E*(2)E(w™ — 3ih)]/[2mi(w™ — Lih — 2)].
The identity

Fi(w+ 3ih) + F_(w — 3ih) = (F(t), K (w, 1))
holds for every element
F(z) = (Fy(2), F-(2))

of the graph. An element of the graph which is orthogonal to itself is orthogonal to every
element of the graph.

A partially isometric transformation of the graph onto a dense subspace of the space H
is defined by taking

F(2) = (Fy (2), F-(2)
into the entire function

Fi(z+ 3ih) + F_(z — 3ih)

of z. The reproducing kernel function for function values at w in the space H is the function

[E(z + 3ih)E(w — 3ih)™ — E*(2 4 Lih)E(w™ + ih)]/[2mi(w™ — 2)]
+ [E(z — ih)E(w + 2ih)™ — E*(z — ih)E(w™ — 1ih)]/[2mi(w™ — 2)]

of z for every complex number w.

This completes the construction of a Hilbert space H of entire functions with the desired
reproducing kernel functions when the maximal accretive transformation exists in the space
H(E). The argument is reversed to construct the maximal accretive transformation in the
space H(FE) when the Hilbert space of entire functions with the desired reproducing kernel
functions exists.
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A transformation is defined in the space H(E) by taking F'(z) into F'(z + ih) whenever
the functions of z belong to the space. The graph of the adjoint is a space of pairs

F(z) = (Fy(2), F_(2)

such that the adjoint takes the function Fy (z) of z into the function F_(z) of z. The graph

contains
K(w,z) = (Ky(w,2), K_(w, 2))

with

Ki(w,2) = [E(z)E(w — 3ih)™ — E*(2)E(w™ + 5ih)]/[2mi(w™ + 3ih — 2)]
and

K_(w,z) = [E(z)E(w + 3ih)™ — E*(2)E(w™ — 3ih)]/[2mi(w™ — Lih — 2)]

for every complex number w. The elements K(w,z) of the graph span the graph of a
restriction of the adjoint. The transformation in the space H(F) is recovered as the adjoint
of its restricted adjoint.

A scalar product is defined on the graph of the restricted adjoint so that an isometric
transformation of the graph of the restricted adjoint into the space H is defined by taking

F(z2) = (Fy.(2), F--(2))

into

Fi(z+ 3th) + F_(z — 3ih).

The identity
(F(t),G(t)) = (Fi(t), G-(O))um) + (F-(1), G+()n(E)

holds for all elements
F(z) = (Fy(2), F-(2))

of the graph of the restricted adjoint. The restricted adjoint is accretive since scalar self—
products are nonnegative in its graph. The adjoint is accretive since the transformation
in the space H(F) is the adjoint of its restricted adjoint.

The accretive property of the adjoint is expressed in the inequality
[F4(t) = AT F_ () [n(m) < [[1F4 () + AF-(8) ()
for elements
F(z) = (Fy(2), F-(2)

of the graph when A is in the right half-plane. The domain of the contractive transforma-

tion which takes the function
Fi(2) + AF_(z)
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of z into the function
Fi(z) = A"F_(2)

of z is a closed subspace of the space H(E). The maximal accretive property of the adjoint
is the requirement that the contractive transformation be everywhere defined for some,
and hence every, A in the right half-plane.

Since K(w, z) belongs to the graph for every complex number w, an entire function
H(z) of z which belongs to the space H(F) and is orthogonal to the domain is a solution
of the equation

H(z)+ AH(z+1i)=0.

The function vanishes identically if it has a zero since zeros are repeated periodically with
period ¢ and since the function
H(z)/E(z)

of z is of bounded type in the upper half-plane. The space of solutions has dimension zero
or one. The dimension is zero since it is independent of \.

The transformation which takes F(z) into F(z+ih) whenever the functions of z belong
to the space H(E) is maximal accretive since it is the adjoint of its adjoint, which is
maximal accretive.

This completes the proof of the theorem.

The defining function F(z) of an Euler space of entire functions is of Hermite class since
the function
E(z — 3ih)/E(z + 1ih)

of z is of bounded type and of nonpositive mean type in the upper half-plane when h is
in the interval (0,1). Since the function is bounded by one on the real axis, it is bounded
by one in the upper half-plane. The modulus of E(x + iy) is a nondecreasing function of
positive y for every real x. An entire function F'(z) of z which belongs to the space H(E)
is of Hermite class if it has no zeros in the upper half—plane and if the inequality

|F(z —iy)| < [F(z +iy)]
holds for all real x when vy is positive.

In a given Stieltjes space H(E) multiplication by z is the transformation which takes
F(z) into zF(z) whenever the functions of z belong to the space. Multiplication by =z
need not be a densely defined transformation in the space, but if it is not, the orthogonal
complement of the domain of multiplication by z has dimension one. If F(z) = A(z)—iB(z)
for entire functions A(z) and B(z) of z which are real for real z, an entire function

S(z) = A(z)u + B(z)v

of z which belongs to the orthogonal complement of the domain of multiplication by z is
a linear combination of A(z) and B(z) with complex coefficients u and v. This result is a
consequence of the identity

(K (w, 2)5(w) — K(w,w)S(2)]/(z —w) = [K(w™,2)S(w™) = K(w™,w™)5(2)]/(z —w™)
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which characterizes functions S(z) of z which belong to the space and are linear combina-
tions of v and v. The identity

vu=u v
is then satisfied.

When multiplication by z is not densely defined in a Stieltjes space with defining function
E(b,z) = A(b,z) —iB(b, z)

and when the domain of multiplication by z contains a nonzero element, the closure of the
domain of multiplication by z is a Stieltjes space with defining function

E(a,z) = A(a,z) —iB(a, z)

which is contained isometrically in the given space. The defining function can be chosen
so that the matrix equation

—TVV” % 1+ mouz

(A(b,2),B(b,2)) = (A(a, 2), B(a, 2)) (

1 —muv—z TUuU~ 2 >

holds for complex numbers v and v such that

vVU=Uu v.

A Stieltjes space of dimension r whose elements are the polynomials of degree less than

r has a polynomial
E(r,z) = A(r,z) —iB(r, z)

of degree r as defining function. A Stieltjes space of dimension n whose elements are the
polynomials of degree less than n and which is contained isometrically in the given space
exists for every positive integer n less than r. The defining function

E(n,z) = A(n,z) —iB(n, 2)
of the space can be chosen so that the matrix equation

(A(n+1,z),B(n+1,z)):(A(n,z),B(n,z>)<1—7anﬁz Tlintiy 2 )

—mupv, 2 1+ mopu, 2
is satisfied. The initial defining function can be chosen so that the equation holds when n
is zero with
(A(0,2), B(0, 2)) = (1,0).
A Stieltjes space is defined by the function

Et,z)=(n+1—t)E(n,2)+ (t—n)E(n+1,2)
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when n < t < n + 1. The space is contained contractively in the Stieltjes space with
defining function E(n + 1, z) and contains isometrically the Stieltjes space with defining
function E(n, z).

A nondecreasing matrix function

and

TUU, TUU,
m(n +1) = m(n) = (wv:uE Wvaﬁ )
n n

for every nonnegative integer n less than r, and
m(t)=(n+1—t)m(n)+ (t—n)m(n+1)
whenn <t <n+1.

The differential equation
(A'(t,2), B'(t, 2))I = 2(A(t, 2), B(t, z))m'(t)
is satisfied when ¢ is in an interval (n,n + 1) with the prime indicating differentiation with

respect to t and with
0 —1
- (1 ! ) .

Since A(t, z) and B(t, z) are continuous functions of ¢, the integral equation
b
(A(b,2), B, )T = (A(0,2), Bla, ) = = [ (4(0,2), Bt 2))dm()

is satisfied when a and b are in the interval [0, r].

The integral equation for Stieltjes spaces of finite dimension admits a generalization to
Stieltjes spaces of infinite dimension. The generalization applies a continuous function of
positive ¢ whose values are matrices

with real entries such that the matrix inequality

m(a) < m(b)
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holds when a is less than b. It is assumed that «(t) is positive when ¢ is positive, that
lima(t) =0

as t decreases to zero, and that the integral

/ a(t)dn (t)
0

converges.

When a is positive, the integral equation
b
M(a,b,2)I — I = z/ M(a,t, z)dm(t)

admits a unique continuous solution

A(a,b,2) Bla,b,z)
M(a,b,2>: (C(a,b,z) D(a,b,Z))

as a function of b greater than or equal to a for every complex number z. The entries of
the matrix are entire functions of z which are self-conjugate and of Hermite class for every
b. The matrix has determinant one. The identity

M(a,c,z) = M(a,b,z)M(b,c, z)

holds when a < b < c.

A bar is used to denote the conjugate transpose

w5 o)

u(t )

with complex entries and also for the conjugate transpose

of a square matrix

¢ = (ci,cl)

= (&)

with complex entries. The space of column vectors with complex entries is a Hilbert space
of dimension two with scalar product

of a column vector

(u,v) =v u =v up +v_u_.
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When a and b are positive with a less than or equal to b, a unique Hilbert space
H(M (a,b)) exists whose elements are pairs

Po) = (7))

of entire functions of z such that a continuous transformation of the space into the Hilbert
space of column vectors is defined by taking F(z) into F'(w) for every complex number w
and such that the adjoint takes a column vector ¢ into the element

[M(a,b,z)IM (a,b,w)” — I|c/[2n(z — w™)]

of the space.

An entire function

E(e,z) = A(e,z) —iB(c, 2)
of z which is of Hermite class exists for every positive number ¢ such that the self-conjugate
entire functions A(c, z) and B(c, z) satisfy the identity
(A(b, 2), B(b, 2)) = (A(a, ), B(a, 2)) M(a, b, 2)
when a is less than or equal to b and such that the entire functions
E(c, z) exp[B(c)z]
of z converge to one uniformly on compact subsets of the complex plane as ¢ decreases to

Zero.

A space H(E(c)) exists for every positive number ¢. The space H(E(a)) is contained
contractively in the space H(E(b)) when a is less than or equal to b. The inclusion is
isometric on the orthogonal complement in the space H(E(a)) of the elements which are
linear combinations

A(a, z)u + B(a, z)v

with complex coefficients u and v. These elements form a space of dimension zero or one
since the identity

is satisfied.

A positive number b is said to be singular with respect to the function m(t) of t if it
belongs to an interval (a,c) such that equality holds in the inequality

[B(c) = B(a)* < [a(e) — ala)][¥(c) —v(a)]

with m(b) unequal to m(a) and unequal to m(c). A positive number is said to be regular
with respect to m(t) if it is not singular with respect to the function of ¢.
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If a and ¢ are positive numbers such that a is less than ¢ and if an element b of the interval
(a, c) is regular with respect to m(t), then the space H(M (a,b)) is contained isometrically
in the space H(M (a,c)) and multiplication by M (a,b,z) is an isometric transformation
of the space H(M (b, c)) onto the orthogonal complement of the space H(M (a,b)) in the
space H(M (a,c)).

If @ and b are positive numbers such that a is less than b and if a is regular with respect
to m(t), then the space H(E(a)) is contained isometrically in the space H(FE(b)) and an
isometric transformation of the space H(M (a,b)) onto the orthogonal complement of the
space H(E(a)) in the space H(E(b)) is defined by taking

(£49)

V2 [A(a, 2)Fy(2) + B(a, 2)F_(2)).

into

A function 7(t) of positive ¢t with real values exists such that the function
m(t) + Iih(t)

of positive ¢t with matrix values is nondecreasing for a function h(t) of ¢ with real values
if, and only if, the functions
7(t) = h(t)

and
7(t) 4+ h(t)

of positive t are nondecreasing. The function 7(¢) of ¢, which is continuous and nonde-
creasing, is called a greatest nondecreasing function such that

m(t) + Tir(t)

is nondecreasing. The function is unique within an added constant.

If a and b are positive numbers such that a is less than b, multiplication by
exp(ihz)

is a contractive transformation of the space H(E(a)) into the space H(E(b)) for a real
number h, if, and only if, the inequalities

7(a) — 7(b) < h < 7(b) — 7(a)

are satisfied. The transformation is isometric when «a is regular with respect to m(t).

An analytic weight function W (z) may exist such that multiplication by

exp(iT(c)z)
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is an isometric transformation of the space H(E/(c)) into the weighted Hardy space F (W)
for every positive number ¢ which is regular with respect to m(t). The analytic weight
function is unique within a constant factor of absolute value one if the function

a(t) + (1)
of positive ¢ is unbounded in the limit of large ¢. The function
W(z) =1lim E(c, z) exp(it(c)z)

can be chosen as a limit as ¢ increases to infinity uniformly on compact subsets of the
upper half-plane.

If multiplication by
exp(iTz)

is an isometric transformation of a space H(E) into the weighted Hardy space F (W) for
some real number 7 and if the space H(F) contains an entire function F'(z) whenever
its product with a nonconstant polynomial belongs to the space, then the space H(E) is
isometrically equal to the space H(E(c)) for some positive number ¢ which is regular with
respect to m(t).

The Hilbert spaces of entire functions constructed from an Euler weight function are
Euler spaces of entire functions.

Theorem 3. A Hilbert space of entire functions which satisfies the axioms (H1), (H2),
and (H3) and which contains a nonzero element is an Fuler space of entire functions if it
contains an entire function whenever its product with a nonconstant polynomial belongs to
the space and if multiplication by exp(iTz) is for some real number T an isometric trans-

formation of the space into the weighted Hardy space F(W) of an Euler weight function
Wi(z).

Proof of Theorem 3. It can be assumed that 7 vanishes since the function
exp(—iTz)W(z)

is an Euler weight function whenever the function W (z) of z is an Euler weight function.

The given Hilbert space of entire functions is isometrically equal to a space H(F) for an
entire function E(z) which has no real zeros since an entire function belongs to the space
whenever its product with a nonconstant polynomial belongs to the space.

An accretive transformation is defined in the space H(FE) when h is in the interval [0, 1]
by taking F(z) into F(z + ih) whenever the functions of z belong to the space since the
space is contained isometrically in the space F (W) and since an accretive transformation is
defined in the space F (W) by taking F'(z) into F'(z+ih) whenever the functions of z belong
to the space. It remains to prove the maximal accretive property of the transformation in
the space H(E).
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The ordering theorem for Hilbert spaces of entire functions applies to spaces which
satisfy the axioms (H1), (H2), and (H3) and which are contained isometrically in a weighted
Hardy space F(W) when a space contains an entire function whenever its product with
a nonconstant polynomial belongs to the space. One space is properly contained in the
other when the two spaces are not identical.

A Hilbert space H of entire functions which satisfies the axioms (H1) and (H2) and
which contains a nonzero element need not satisfy the axiom (H3). Multiplication by
exp(iaz) is for some real number a an isometric transformation of the space onto a Hilbert
space of entire functions which satisfies the axioms (H1), (H2), and (H3).

A space ‘H which satisfies the axioms (H1) and (H2) and which is contained isometrically
in the space F (W) is defined as the closure in the space F(W) of the set of those elements
of the space which functions F'(z + ih) of z for functions F'(z) of z belonging to the space
H(E). An example of a function F'(z + ih) of z is obtained for every element of the space
H(E) which is a function F(z) of z such that the function 22 F(z) of 2 belongs to the space
H(E). The space H contains an entire function whenever its product with a nonconstant
polynomial belongs to the space.

The function

E(2)/W(2)

of z is of bounded type in the upper half-plane and has the same mean type as the function
E(z+ih)/W(z + ih)
of z which is of bounded type in the upper half-plane. Since the function
W(z +ih)/W(z)
of z is of bounded type and has zero mean type in the upper half-plane, the function
E(z+1ih)/E(2)

of z is of bounded type and of zero mean type in the upper half-plane.

If a function F'(z) of z is an element of the space H(E) such that the functions
F(z)/W(z)

and
F*(2)/W(z)

of z have equal mean type in the upper half-plane, and such that the functions
G(z) = F(z +ih)

and
G*(z) = F*(z — ih)
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of z belong to the space F (W), then the functions
G(2)/W(z)

and

G*(2)/W(2)

of z have equal mean type in the upper half-plane. It follows that the space H satisfies
the axiom (H3).

Equality of the spaces H and H(E) follows when the space H is contained in the space
H(E) and when the space H(F) is contained in the space H.

The function F(z + ih) of z belongs to the space H(E) whenever the function F(z) of
z belongs to the space H and the function F'(z+ ih) of z belongs to the space F(W) since
the spaces H and H(FE) satisfy the axiom (H3). If the space H(F) is contained in the
space H, then the space H is contained in the space H(E). If the space H is contained in
the space H(E), then the space H(E) is contained in the space H.

Since the transformation 7" which takes F'(z) into F'(z + ¢h) whenever the functions of
z belong to the space H(E) is subnormal, the domain of the adjoint 7% of T' contains the
domain of T'. A dense subspace of the graph of T is determined by elements of the domain
of T™ which belong to the domain of T'. The accretive property of T" implies the accretive
property of T*. The maximal accretive property of T' follows since 7' is the adjoint of 7.

This completes the proof of the theorem.

An associated Euler space of entire functions exists for every Euler weight function: If
W (z), is an Euler weight function, a nontrivial entire function F(z) of z exists such that
the functions
exp(iT2)F(z)
and
exp(itz)F™(z)

belong to the weighted Hardy space F (W) for some positive number 7. The set of such an
entire functions is then an Euler space of entire functions which is mappeded isometrically
in the weighted Hardy space F(W) on multiplication by exp(mitz).

The construction of an associated Euler space of entire functions reduces to the case in
which the function
(W (z +iy)]

of positive y, or its reciprocal, is nondecreasing for every real number x. If the function is
nondecreasing, an entire function Ey(z) of Hermite class exists such that the real part of

Eo(2)/W(2)

is nonnegative in the upper half-plane. The desired Euler space of entire functions is easily
constructed.
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If the reciprocal is nondecreasing, then
W(z) =T(h —iz)Wy(2)

for an Euler weight function Wy (z) for which the reciprocal is nondecreasing and which
satisfies an additional condition:

y 1 % log |Wo(x + iy)|

converges to zero in the limit of large y for every real number z. Since h > %, the Euler
weight function
['(h —iz)

defines computable Euler spaces of entire functions. The construction of Euler spaces of
entire functions reduces to the case in which the additional hypothesis is satisfied. An
entire function Fy(z) of Hermite class exists such that the real part of

Wo(z)Eo(2)
is nonnegative in the upper half-plane. A theorem of Beurling and Malliavin [1] is applied
for the construction of the desired Euler space of entire function.
An entire function E;(z) of Hermite class exists such that
ET(2)Er(2) = 1+ Ej(2)Eo(2)
and such that the inequalities
|Eo(2)] < |E1(z)

and
1 <|E1(2)]

hold in the upper half-plane.

The entire function F;(z) is of bounded type in the upper half-plane. The function is
of exponential type 7 with 7 the mean type of the function in the upper half-plane. It
defines a 7local operator on Fourier transforms in the Wiener operational calculus. For
every positive number a the domain of the operator contains a square integrable function
which vanishes outside of the interval (—a,a) and which does not vanish identically.

The Fourier transform is an entire function F'(z) of exponential type at most a such
that the functions
F(z)

and
Eqi(2)F(2)

of z are square integrable on the real axis. The entire function

Eo(2)F(2)
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of z is of exponential type at most 7 + a and is square integrable on the real axis.
The desired Euler space of entire function is easily constructed.

Computable examples of Euler spaces of entire functions are constructed from the Euler

weight function
W(z)=T(h—iz)/T(k —iz)

when h > % and k£ > % A Stieltjes space of entire functions is defined by the function
E(a,z) = A(a,z) —iB(a, 2)

of z for every positive number a as the set of entire functions F'(z) of z such that the
functions A
a *F(z)

and ‘
a—zz F* (Z)
of z in the upper half-plane belong to the weighted Hardy space F(W).

The space with parameter a is contained in the space with parameter b when a < b. The
spaces are contained isometrically in the weighted Hardy space. The spaces are symmetric
about the origin: The function A(a, z) of z is even and the function B(a, z) of z is odd for
every positive number a.

The integral equation
b
(A(a,z),B(a,z))I — (A(b, z), B(b,2))I = z/ (A(t, z), B(t, z))dm(t)

a

(ol B®)
m<“‘<@<t> v(t)>

a nonincreasing matrix valued function whose off-diagonal entry

applies with

A(t) =0
vanishes identically. The parametrization is made so that
o/ () (t) = 1.
The function

(k—i2)F(z+1)/(h—iz)

of z belongs to the weighted Hardy space F (W) whenever the function F(z) of z belongs
to the space. The identity

(k—it)F(t+1)/(h—1it),G(t)) = (F(t),(k —it)G(t +1)/(h — it))
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holds for all functions F'(z) and G(z) of z which belong to the space with the scalar product
taken in the space.

The function
(k—i2)F(z+1)/(h—iz)

of z belongs to the Stieltjes space of parameter a whenever the function F(z) of z belongs
to the space and vanishes at i — th. The identity

(k—it)F(t+1i)/(h—1it),G(t)) = (F(t),(k—it)G(t +1i)/(h —it))

holds for all functions F(z) and G(z) of z which belongs to the space and vanishes at i —ih.
The Euler weight function

W_(z) =T(h—1iz)/T'(k —iz)
is related to the Euler weight function
Wi(z)=T(h+1—iz)/T'(k—iz)

by the recurrence relation
Wi(z) = (h—i2)W_(2)

for the gamma function. Multiplication by h — iz is an isometric transformation of the
weighted Hardy space F(W_) into the weighted Hardy space F(W,.).

For every positive number a multiplication by h — iz is an isometric transformation of
the Stieltjes space defined by

E_(a,z)=A_(a,z) —iB_(a,z)
onto the subspace of the Stieltjes space defined by
Ei(a,z) = Ai(a,z) —iB4(a,z2)
whose elements vanish at —ih.
The identities

(h —iz)[B_(a,z)A+(a,ih)” — A_(a,z)B+(a,ih)”|
= By (a,z)A(a,ith)” — Ai(a,2)Bi(a,h)”
and
(h+iz)[B_(a,z)A+(a,ih) — A_(a,z)By(a,ih)]
= By (a,z)A+(a,ih) — At (a,z)Bi(a,h)

are satisfied.
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The differential equations

9 B_(t,z) = zA_(t,2)a’_(t)

ot
and 5
2 A — >B_ !
o A(t,2) = 2B (t,2)7(1)
and the differential equations
0
5 Bi(t,z) = zA4(t,z)a (1)
and 5
e Ay (t,2) = 2B+ (t, 2)7,. (1)

imply the equations
z [A_(t,2)a’_(t)AL(t,ih) + B_(t, 2)7y_(t)By(t,ih)]
—ih[A_(t, z)c!, (t) A4 (t, ih) + B_(t, 2)7.(t) B4 (t, ih)]
= —i[A4(t,2)0/y ()AL (¢, ih) + Bo(t, 2)7, (1) B4 (L, ih)]

and z [A_(t, ) (t)AL(t,ih)™ + B_(t, )y (t)BL(t,ih)~]
+ih[A_(t, z)a! (t) Ay (t,ih)™ + B_(t, 2)7 (t)By(t,ih)”]
= i[A4 (L, 2)a! (t) Ay (t,ih)™ + By (t, 2)7 (t)By(t,ih)”].
Since (B (t,ih) Ay (t,ih)~ — AL (t,ih) By (t,ih) "]A4 (¢, 2)
= (h —iz)[B_(t,2)Ay(t,ih)~ — A_(t, 2) By (t,ih)"|AL(t, ih)
—(h +i2)[B_(t, 2) AL (t,ih) — A_(t, 2) B4 (t,ih)| Ay (t,ih) ™
and

[By(t,ih) A4 (t,th)” — A4 (t,ih)By(t,ih)"|By(t, 2)
= (h —i2)[B_(t,2)AL(t,ih)” — A_(t,2) B4 (t,ih)"|By(t,ih)
—(h+1iz)[B_(t,2)Ay(t,ih) — A_(t,2) B4 (t,th)|By(t,ih)~
and since the functions A_ (¢, z) and B_(t, z) of z satisfy no nontrivial linear equation with
linear functions of z as coefficients, the equations
Ay (t,ih)a’ (t)A4(t,ih)~ + By(t,ih)y" (t)B4(t,ih)~
= AL (t,ih)a! (£) Ay (t,ih)™ + By (t,ih)y (t)By(t,ih)~
and
Ay (t,ih)al (t)A4(t,ih) + B4 (t,ih)y_ (t)B+(t,ih)
= —Ay(t,ih)! (t)A4(t,ih) — B4 (t,ih)Y (t)B4(t,ih)
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are satisfied.

Since A, (t,ih) is real and By (t,ih) is imaginary, the equations read
Ay (t,ih)al (1) A4 (t,ih)™ = By (t, ih)yy (t) B4 (t,ih) ™

and
B (t,ih)y_(t) B4 (t,ih)™ = Ay (t,ih)o!, (£) A4 (L, ih)~.

The differential equations

% B (t,ih) = ihA4 (t,ih)d! (1)

and 5
— 5 A+(tih) = kB4 (t, ih)Y ()

can be rewritten

9 Ay (t,—ih)™' = ihBy(t,—ih) '/ (t)

ot
and 9
—5; Br (t,—ih) ™t = ih AL (t,—ih) "1y (t).
Since p
5 B_(t,—ih) = —ihA_(t,—ih)a’ (t)
and 5
5 A_(t,—ih) = ihB_(t, —ih)Y" (t),

the derivative of the function
A_(t,—ih)/AL(t,—ih) + B_(t,—ih)/By(t,—ih)
of t vanishes identically. The function is a constant which is computed in the limit if large

t.

When the functions F_ (¢, z) of z are normalized as usual with value one at the origin,
the functions E4 (t,2) of z have the unusual normalization of value h at the origin. The
identity

A_(t,—ih)/A,(t,—ih) + B_(t,—ih)/B,(t,—ih) = h™!

is satisfied.

The entire function

L(a,z) = A_(a, z)u(a) + B_(a, z)v(a)
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of z defined by

u(a) = h/A;(a,—ih)
and

v(a) = h/B4(a,—ih)
has value one at —ih. The function

[F(z+1) — L(a,2)F (i —ih)]/(h — iz)
of z belongs to the Stieltjes space defined by
E_(a,z)=A_(a,z) —iB_(a,z)
whenever the function F'(z) of z belongs to the space.
The identity
(F(t+1i)+ (k—h)[F(t+1) — L(a,t)F (i — ih)]/(h — it), G(t))
= (F(t),G(t+1i)+ (k—h)[G(t+1i) — L(a,t)G(i — ih)]/(h —it))

holds for all functions F'(z) and G(z) of z which belong to the space with the scalar product
taken in the space.

This obtains the information from the plus family of Stieltjes spaces which is relevant to
the minus family of Stieltjes spaces. The subscript minus is omitted when the minus family
of spaces is treated by itself. The identity is applied with suppression of the parameter a.

The identity reads
F(B+1i)+ (k= h)[F(B +1) — L(B)F(i —ih)]/(h — iB)
=Ga+i)” +(k—=h)[Gla+1i)” — L(a)”"G(i —ih)"]/(h 4+ ia™)
when
F(z) = K(a,2z)
and
G(z) = K(B, 2)
for complex numbers a and . Explicitly it reads
K(w,z+1) 4+ (k—h)[K(w,z+1) — L(z) K(w,i —ih)]/(h —iz)
=K(w+i,z)+ (k—h)[K(w+1i,2) — L(w)” K(i —ih,2)]/(h+iw™)
for complex numbers z and w. It can be written
{B(z+1)+ (k—h)[B(z+1) — L(z)B(i —ih)]/(h — iz)
+(k — h)u" [B(2)A(i —ih)” — A(2)B(i —ih)"]/(1 = h —iz)} A(w) ™
—{A(z+1i)+ (k—h)[A(z+1) — L(2)A(i — th)]/(h — i2)
—(k—h)v"[B(2)A(i —ih)” — A(z)B(i —ih)"|/(1 — h —iz)} B(w)~
= B(z){A(w+1i)” + (k—h)[A(w+1i)” — L(w)"A(i —ih)"]/(h +iw™)
+(k — h)v[B(i —ih)A(w)” — A(i —ih)B(w)~]/(1 — h+iw™)}
—Az){Bw+1)" +(k—h)[Blw+1i)” — L(w)"B(i —ih™)]/(h + iw™)
—(k — h)u[B(i —ih)A(w)” — A(i —th)B(w)~]/(1 — h+iw™)}
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Assume that h and k are unequal. Since the functions A(a,z) and B(a,z) of z are
linearly independent, complex numbers p(a),r(a), and s(a) exist such that
A(a,z+1i)+ (k—h)[A(a, z + i) — L(a, 2)A(a,i — ih)]/(h — i2)
—(k — h)v(a)”[B(a,2)A(a,i —ih)” — A(a,z)B(a,i —ih)"]/(1 — h —iz2)
= A(a, z)s(a) — B(a, 2)ir(a)
and
B(a,z+1i)+ (k—h)[B(a,z + 1) — L(a,z)B(a,i — ih)]/(h — i2)
—(k — h)u(a)”[B(a, z)A(a,i —ih)” — A(a, z)B(a,i —ih)"]/(1 — h —iz)
= A(a, z)ip(a) + B(a, z)s(a).
The numbers p(a),r(a), and s(a) are real since the functions A(a,z) and B(a, z) of z are

self-conjugate.

The equations
(k—iz)A(a,z+1)/(h —iz) = A(a, 2)P(a,z) + B(a, z)R(a, z)

and
(k—iz)B(a,z+1)/(h —iz) = A(a, 2)Q(a, z) + B(a, 2)S(a, 2)
are satisfied with
P(a, z) + s(a)
= A(a,i —ih)u(a)(k — h)/(h —iz) — B(a,i —ith)"v(a)" (k—h)/(1 — h — i2)

and
Q(a,z) +ip(a)
= B(a,i —th)u(a)(k — h)/(h —iz) + B(a,i — ih)"u(a) " (k — h)/(1 — h —iz)
and
R(a, z) —ir(a)
= A(a,i —ih)v(a)(k — h)/(h —iz) + A(a,i — ih) " v(a)” (k= h)/(1 — h —iz)
and

S(a, z) + s(a)
= B(a,i —ih)v(a)(k — h)/(h —iz) — A(a,i —ih) " u(a) (kK —h)/(1 —h —iz).

The equations

(1—-k—iz)A(a,2)/(1 —h—iz) = A(a,z+1)S(a,z) — B(a,z +i)R(a, z)
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and
(1—-Fk—iz,B(a,2)/(1—h—iz) =—A(a,z+1)Q(a, 2) + B(a,z +1i)P(a,z)
are obtained when z is eplaced by —i — z.

Consistency of the two sets of equations imposes the condition

(k—iz)(1 —k—iz)
(h—iz)(1—h—iz)

P(a,z)S(a,z) — Q(a,z)R(a, z) =

The consistency condition is equivalent to the equations

s(a)? —p(a)r(a) =1
and
(h+k—1)—(k—h) (a, zh—z)2
= (2h — 1)[A(a,ih — i)s(a) — iB(a,ih — i)r(a)]u(a)
—(2h — 1)i[A(a,ih —i)p(a) — zB(a ih —i)s(a)]v(a).

Differentiation with respect to the parameter a, elimination of functions of z + 7 in
favor of functions of z, and comparison of the coefficients of A(a, z) and B(a, z) gives the
equations

P'(a,z) = —(2 +1)Q(a, 2)7 (a) — 2R(a, 2)d’(a)

and

Q'(a,z) = (2 +1)P(a, z)d (a) — 25(a, 2)d’(a)
and

R'(a,z) = —(z +1)S(a, 2)7'(a) + 2P(a, 2)7'(a)
and

S'(a,2) = (z +i)R(a, 2)a' (a) + 2Q(a, 2)7'(a)
where the prime denotes differentiation with respect to the parameter.

The differential equations

v (a) = ihv(a)d/(a)

and
v'(a) = —ihu(a)y(a)
and
p'(a) = s(a)d’(a) + 2(h — k)L(a,ih — i)' (a)
and
r'(a) = s(a)y'(a) — 2(h — k)L(a, ih — i)7'(a)
and

are satisfied.



THE RIEMANN HYPOTHESIS 33
2. ZETA FUNCTIONS

The original conjecture known as the Riemann hypothesis applies to the zeta func-
tion whose functional identity was obtained by Euler as an application of hypergeometric
series. Fourier analysis gives another proof of the functional identity which generalizes
to analogous zeta functions for which there is a conjecture also known as the Riemann
hypothesis.

Fourier analysis is formulated for any locally compact Abelian group. The groups
which produce a zeta function are completions of an initial discrete group in topologies
which are compatible with additive structure. The discrete field of rational numbers is
commonly used for its additive group to create zeta functions. The discrete skew—plane
of quaternions with rational numbers as coordinates is now used because a proof of the
Riemann hypothesis is offered for these zeta functions.

The construction of zeta functions is motivated by the Euclidean algorithm. An element
of the discrete skew—plane is said to be integral if its coordinates are all integers or all halves
of odd integers. Sums and products of integral elements are integral. The conjugate £~ of
an integral element & is integral.

The Euclidean algorithm applies to pairs of integral elements of the discrete skew—plane.
The Cartesian product of the discrete skew—plane with itself is treated as a left vector space
over the discrete skew—plane with indefinite scalar product

(@), (7,0)) =0"a+~7f

whose values are elements of the discrete skew—plane.

A linear transformation of the vector space into itself is defined by a matrix

A B

C D
whose entries are elements of the discrete skew—plane. The transformation takes an element
(a, B) of the vector space into the element

) =8 (& p):

The matrix is said to be symplectic if the transformation is isometric for the indefinite
scalar product. The identity

(e ) (o) (5 o) = (7 0)

characterizes a symplectic matrix.
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The transformation is said to be integral if it takes pairs of integral elements of the
discrete skew—plane into pairs of integral elements of the discrete skew—plane. The trans-
formation is integral if, and only if, the entries of its matrix are integral elements of the
discrete skew—plane.

The integral symplectic matrices are a group used to define an equivalence relation on
the vector space. Equivalence of (a, ) and (7, d) means that

() =) (& D)

for a matrix belonging to the group.

A formulation of the Euclidean algorithm applies in the presence of an indefinite scalar
product. A pair («, ) of elements of the discrete skew—plane whose scalar self-product

B a+a =0
vanishes is equivalent to a pair (v, d) for which
0=0

vanishes.

Since o and 3 can be multiplied by a positive integer, it is sufficient to give a verification
when « and [ are integral. If o vanishes, the required integral symplectic matrix is

0 1
1 0/
When neither o nor 3 vanishes, it can be assumed by the use of the same matrix that
BB < a a.
By hypothesis the integral element
b«
of the discrete skew—plane is skew—conjugate.

A skew—conjugate integral element ~ of the discrete skew—plane exists such that the
inequality
(B~a—=B7BY) (B~ a— 5 67) < (67P)
is satisfied. The inequality
(@=p7) " (a=py) <B™p

is then satisfied by an equivalent pair

(= B7,8) = (a, B) (i ?)
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(3 Y)

The desired pair of elements of the discrete skew—plane is found by iteration.

since the integral matrix

is symplectic.

Hecke operators are linear transformations on homogeneous functions f(&,7) of pairs of
elements £ and 7n of the discrete skew—plane which have equal values at equivalent pairs:
The identity

fla, B) = f(v,9)
holds whenever

A B
(755)_(0476)(0 D)
for an integral symplectic matrix
A B
C D)’
Homogeneous means that the identity
f(&n) = fwE,wn)

holds for every positive rational number w.

A Hecke operator A(r) is defined for every positive integer r. The definition of the
transformation applies a representation of r by integral matrices.

A B
C D
is said to represent a positive integer r if
0O r\ (A B 0 1 A= C™
r 0) \C D 1 0 B~ D™ )
Two such matrices are considered equivalent for the definition of the Hecke operator if

they are obtained from each other on multiplication on the left by an integral symplectic
matrix. Every equivalence class contains a diagonal matrix

(5 2)

rT=w w.

An integral matrix

such that

Two diagonal matrices are equivalent if, and only if, they are obtained from each other on
multiplication on the left by a diagonal matrix with equal entries on the diagonal which
are integral elements of the discrete skew—plane with integral inverse.
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The Hecke operator A(r) takes a function f(&,n) of pairs of elements of the discrete
skew—plane into the function

g(&m) = f&w,nw)

of pairs of elements of the discrete skew—plane defined as a sum over the equivalence classes
of integral elements w of the discrete skew—plane which represent

T=w w.
Equivalent elements are obtained from each other on multiplication on the left by an
integral element of the discrete skew—plane with integral inverse.
The identity
A(m)A(n) =Y A(mn/k?)

holds for all positive integers m and n with summation over the common odd divisors k of
m and n.

Hecke operators are applied to functions belonging to a Hilbert space of finite dimension
such that an isometric transformation of the space into itself is defined by taking a function
f(&,m) of pairs of integral elements of the discrete skew—plane into the function f(&w,nw)
of pairs of integral elements of the discrete skew—plane for every nonzero element w of the
discrete skew—field.

Hecke operators are commuting self-adjoint transformations. The Hilbert space is the
orthogonal sum of invariant subspaces which are determined by eigenvalues of Hecke op-
erators. The eigenvalue 7(r) of A(r) in an invariant subspace is a real number. The
identity

T(m)r(n) =Y 7(mn/k?)

holds for all positive integers m and n with summation over the common odd divisors k of
m and n.

The zeta function defined by an invariant subspace is the Dirichlet series

whose coefficients are the eigenfunctions of Hecke operators. The Euler product

1/Z(s) =[1— (22| [[I1 = 7(p)p™" + p~**]
is taken over the odd primes p with an exceptional factor for the even prime.

A preliminary to the Riemann hypothesis is the Ramanujan hypothesis
—2<7(p) <2
for every odd prime p and the analogous hypothesis

~1<7(2) <1
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for the even prime. When these inequalities are satisfied, the Dirichlet series and its Euler
product converge in the half-plane Rs > 1 and define an analytic function of s which has
no zeros in the half—plane.

Another preliminary to the Riemann hypothesis is the analytic extension of the function
to the half-plane Rs > % with the possible exception of a simple pole at s = 1. When these
preliminaries are completed, the Riemann hypothesis states that the analytic extension has
no zeros in the half-plane.

The Hilbert spaces of functions on which Hecke operators act are constructed in Fourier
analysis on completions of the vector space of pairs of elements of the discrete skew—plane in
topologies which are compatible with vector space structure. The elements of a completion
are pairs of elements of the completion of the discrete skew—plane in topologies which are
compatible with additive and multiplicative structure. A completion of the discrete skew—
plane is a space of quaternions whose coordinates are completions of the field of rational
numbers which are compatible with additive and multiplicative structure.

It is sufficient to treat two completions of the field of rational numbers. The completion
in the Dedekind topology is the field of real numbers. The canonical measure for the
additive group of real numbers is Lebesgue measure on the Baire subsets of real numbers.
The complex skew—plane is the algebra of quaternions whose coordinates are real numbers.
The canonical measure for the complex skew—plane is the Cartesian product measure of
the canonical measures for four coordinate lines. The complex projective skew—plane is
the space of pairs of elements of the complex skew—plane. The canonical measure for the
complex projective skew—plane is the Cartesian product measure of the canonical measures
of two complex skew—planes.

For Hecke operators the functions f(§,7n) of pairs of elements ¢ and 7 of the complex
skew—plane are homogeneous in the sense that the identity

f(€,n) = f(wg, wn)

holds for every positive real number w. The condition of square integrability with respect
to the canonical measure is applied to the function

fEn)/(E n+n"¢)

over a fundamental domain.

There are two regions to be treated according to the sign of the scalar self-product
&n+né,

one in which the scalar self-product is positive and one in which the scalar self-product
is negative. The set of which the scalar self-product vanishes is ignored since it has zero
measure. The set on which

n+mn-
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vanishes is ignored for the same reason. Again there are two regions depending on a choice
of sign. When positive signs are chosen, a fundamental region is defined by

n+n =2.

The adic topology of the rational numbers applies integrality for its definition. The ring
of integral adic numbers is isomorphic to the Cartesian product of the rings of integral
p—adic numbers taken over all primes p. The ring of adic numbers is the ring of quotients
of the ring of integral adic numbers with positive integers as denominators. An invertible
adic number w is the unique product of a positive rational number A(w) and an integral
adic number with integral inverse. The ring of integral adic numbers is compact and has
measure one with respect to the canonical measure for the ring of adic numbers.

The adic skekw—plane is the algebra of quaternions whose coordinates are adic numbers.
An element of the adic skew—plane is integral if its coordinates are all integral or all
nonintegral halves of integral adic numbers. The ring of integral elements of the adic
skew—plane is compact and has measure one with respect to the canonical measure for
the adic skew—plane. The adic projective skew—plane is the space of pairs of elements
of the adic skew—plane. The canonical measure for the adic projective skew—plane is the
Cartesian product measure of the canonical measures of two adic skew—planes.

For Hecke operators the function f(&,n) of pairs of elements £ and 7 in the adic skew—
plane are homogeneous in the sense that the identity

f(€,n) = f(wg, wn)

holds for every positive rational number w. Square integrability with respect to the canon-
ical measure is applied to the function

FEm/AE n+n7¢)
over a fundamental domain. The set on which
Ent+né
is noninvertible is ignored since it has zero measure. The set on which
n+mn-
is noninvertible is ignored for the same reason. A fundamental domain is defined by

A +n7) = 2.

The adelic skew—plane is the Cartesian product of the complex skew—plane and the
adic skew—plane. An element £ of the adelic skew—plane has a component £, in the
complex skew—plane and a component £_ in the adic skew—plane. The canonical measure
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for the adelic skew—plane is the Cartesian product measure of the canonical measure for
the complex skew—plane and the canonical measure for the adic skew—plane.

Since an element w of the discrete skew—plane is an element of the complex skew—plane
and an element of the adic skew—plane, the product

n=&w

of an element ¢ of the adelic skew—plane and an element w of the discrete skew—plane is
defined by

Nt = &4w

and
n- =& w.

Multiplication by w is a measure preserving transformation with respect to the canonical
measure for the adelic skew—plane.

Hecke opeators are applied in Hilbert spaces whose elements are homogeneous functions
f(&,n) of pairs of elements & and 7 of the adelic skew—plane such that the identity

f(7,0) = fla, )

holds whenever
A B
o=@ (4 p)

for an integral symplectic matrix
A B
C D)

The Hecke operator A(r) takes a function f(£,7n) of pairs of elements of the adelic
skew—plane into the function

with entries in the discrete skew—field.

g(&m) =) f(&w,nw)

of pairs of elements of the adelic skew—plane defined by summation over the equivalence
classes of elements w of the discrete skew—plane which represent

r=w w.

Equivalence of nonzero elements of the discrete skew—plane means that they are obtained
from each other on multiplication on the left by an integral element of the discrete skew—
plane with integral inverse.

Hilbert spaces of finite dimension on which Hecke operators act are obtained as invariant
subspaces for a compact group of commuting isometric transformations. The transforma-
tions are defined by elements w of the adelic skew—plane with conjugate as inverse which



40 LOUIS DE BRANGES April 13, 2017

take a function f(&,7n) of pairs of elements of the adelic skew—plane into the functions
f(w&,m) and f(&,wn) of pairs of elements of the adelic skew—plane.

The Riemann hypothesis is a consequence of a phenomenon in Fourier analysis which
Fourier called the flow of heat. Since the infinitessimal generator of heat flow is a differential
operator, an inverse integral operator is needed for application to locally compact Abelian
groups which do not have a differential structure.

The generalization of heat flow is made by a Radon transformation. The relevant
features of the transformation are that it is maximal accretive and has a subnormal adjoint.

Subnormal means that a transformation is the restriction of a normal transformation
to an invariant subspace. A spectral expansion of a subnormal transformation is expected
from the spectral expansion of a normal transformation. A spectral expansion of a Radon
transformation is indeed obtained in this way and is called a Laplace transformation. The
Radon transformation is then unitarily equivalent to multiplication by some function in a
Hilbert space of square integrable functions with respect to a nonnegative measure.

A Laplace transformation for the complex skew—plane applies a Hilbert space of func-
tions analytic in the upper half-plane which are square integrable with respect to a non-
negative measure. The adjoint of the Radon transformation is unitarily equivalent to
multiplication by

where z is the independent variable for the complex plane. The accretive property is
immediate since the multiplier has positive real part in the upper half-plane. The maximal
accretive property is verified by showing that the adjoint is accretive. The adjoint is
computed on the elements of the Hilbert space whose scalar product with a function
assigns the function value at an element of the upper half-plane.

A Laplace transformation for the adic skew—plane imitates the spectral expansion for
the Radon transformation for the complex skew—plane. All computations for the adic
skew—plane are reduced to computations in Hilbert spaces of finite dimension. When the
maximal accretive property is verified in Hilbert spaces of arbitrary finite dimension, it
follows immediately in Hilbert spaces of infinite dimension.

A Laplace transformation for the adelic skew—plane combines a Laplace transformation
for the complex skew—plane and a Laplace transformation for the adic skew—plane. The
range of the Laplace transformation for the adelic skew—plane is a tensor product of the
range of a Laplace transformation for the complex skew—plane and the range of a Laplace
transformation for the adic skew—plane. The functions in the adelic case are defined on
a space which is the Cartesian product of the space on which functions are defined in
the complex case and the space on which the functions are defined in the adic case. The
multiplier in the adelic case has values which are products of the values of the multiplier in
the complex case and the values of the multiplier in the adic case. Since the values of the
multiplier for the complex skew—plane have positive real part and since the values of the
multiplier for the adic skew—plane are positive, the values of the multiplier for the adelic
skew—plane have positive real part. Verification of the maximal accretive property for the
adelic skew—plane is made in a finite calculation.
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There is no obstacle to the proof of the Riemann hypothesis when the zeta function has
no singularity at the unit of the complex plane. The argument fails in the singular case
because the Radon transformation for the adic algebra fails to be maximal accretive. In this
case the Radon transformation commutes with an isometric transformation which is its own
inverse. The Hilbert space has an orthogonal decomposition into a subspace of functions
of even parity and a subspace of functions of odd parity. The isometric transformation
multiplies a function of even parity by one and a function of odd parity by minus one. The
graph of the Radon transformation decomposes into the graph of the Radon transformation
in functions of even parity and the graph of the Radon transformation on functions of odd
parity. The Radon transformation acts as a maximal accretive transformation on functions
of even parity. This information is sufficient for a proof of the Riemann hypothesis in the
singular case.

The proof of the Riemann hypothesis creates a canonical mechanical system to whose
spectral function the zeta function contributes a factor. A fundamental problem is to
determine whether a mechanical system is determined by its spectral function. The issue
is treated in certain Hilbert spaces of entire functions which originate with Stieltjes. He
treated mechanical systems which are finite. An axiomatic treatment of the Stieltjes
spaces removes finiteness conditions. A fundamental theorem [1] states that the mechanical
system is indeed determined by its spectral properties.

Applications of the Riemann hypothesis require the mechanical system determined by
a zeta function together with gamma function factors in a spectral function. The proof of
the Riemann hypothesis is treated as a computation of the mechanical system.

3. HARMONIC ANALYSIS ON A COMPLEX SKEW—PLANE

Euler weight functions and associated Stieltjes spaces of entire functions are constructed
in harmonic analysis on a complex skew—plane.

The complex skew—plane is the skew-field of quaternions whose coordinates are real
numbers. The topology of the complex skew—plane is the Cartesian product topology of
the topologies of four coordinate lines. Addition is continuous as a transformation of the
Cartesian product of the complex skew—plane with itself into the complex skew—plane.
Multiplication by an element of the complex skew—plane on left or right is a continuous
transformation of the complex skew—plane into itself. Conjugation is a continuous trans-
formation of the complex skew—plane into itself.

The complex skew—plane is a locally compact Abelian group. The Baire subsets of a
locally compact Abelian group are the smallest class of sets which contains the open sets
and the closed sets, which contains every countable union of sets of the class, and which
contains every complement of a set of the class. The transformation which takes £ into
& 4+ n takes Baire sets into Baire sets for every element n of the group.

A canonical measure for a locally compact Abelian group is a nonnegative measure on
its Baire subsets which is finite on compact sets, which is positive on nonempty open sets,
such that the transformation which takes £ into £ + 7 is measure preserving for every
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element 7 of the group.

Canonical measures exist and are unique within a constant factor. There is usually
agreement about the choice of canonical measure. The canonical measure for the real line
is Lebesgue measure, which has value one on the interval (0,1). The canonical measure
for the complex skew—plane is the Cartesian product measure of the canonical measures
of four coordinate lines.

The modulus of an element £ of the complex skew—plane is the nonnegative real number
A(€) such that

AE?=¢¢
Multiplication on left or right by an element £ of the complex skew—plane multiplies the
canonical measure of the complex skew—field by a factor of

AE*.

The function
exp(2mi&)

of self-conjugate elements £ of the complex skew—plane is a continuous homomorphism of
the additive group of the field of self-conjugate elements into the multiplicative group of
complex numbers of absolute value one.

The Fourier transformation for a complex skew—plane is the unique isometric transfor-
mation of the Hilbert space of square integrable functions with respect to the canonical
measure into itself which takes an integrable function f(&) of £ into the continuous function

g(&) = /exp(m(ﬁnJrnﬁ))f(n)dn

of £ defined by integration with respect to the canonical measure. Fourier inversion

f(6) = / exp(—i(€ 7 + 17 €))g(n)dn

applies with integration with respect to the canonical measure when the function g(¢£) of
¢ is integrable and the function f(&) of £ is continuous.

The Fourier transformation for the complex skew—plane commutes with the isometric
transformations of the Hilbert space into itself defined by taking a function f(£) of £ into
the functions f(w&) and f({w) of £ for every element w of the complex skew—plane with
conjugate as inverse. The Hilbert space decomposes into the orthogonal sum of irreducible
invariant subspaces under the action of the transformations.

A homomorphism of the multiplicative group of nonzero elements of the complex skew—
plane onto the multiplicative group of the positive half-line is defined by taking & into £ €.
The identity

/ € 6)Pde = 2 / FO)2ede
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holds with integration on the left with respect to the canonical measure for the complex
skew—plane and with integration on the right with respect to Lebesgue measure for every
Baire function f(&) of £ in the positive half-line.

The Hilbert space of homogeneous polynomials of degree v is the set of functions
E=t+iz+jy+kz
of £ in the complex skew—plane which are linear combinations of monomials
zaybzotd
whose exponents are nonnegative integers with sum
v=a-+b+c+d.
The monomials are an orthogonal set with

alblcld!
vl

as the scalar self-product of the monomial with exponents a, b, ¢, and d. The function
27" (n" &+ & m)”

of £ in the complex skew-field belongs to the space for every element 7 of the complex
skew—plane and acts as reproducing kernel function for function values at 7.

Isometric transformations of the Hilbert space of homogeneous polynomials of degree
v into itself are defined by taking a function f(§) of £ in the complex skew—plane into
the functions f(w¢) and f(€w) of € in the complex skew—plane for every element w of the
complex skew—plane with conjugate as inverse.

The Laplacian
0? 0? 0? 0?
o2 + 0x? + 0y? + 0722

takes homogeneous polynomials of degree v into homogeneous polynomials of degree v — 2
when v is greater than one and annihilates polynomials of smaller degree. The Laplacian
commutes with the transformations which take a function f(£) of £ in the complex skew—
plane into the functions f(w¢) and f(&w) of € in the complex skew—plane for every element
w of the complex skew—plane with conjugate as inverse.

Multiplication by £~¢ is a continuous transformation of the Hilbert space of homoge-
neous polynomials of degree v into the Hilbert space of homogeneous polynomials of degree
v + 2 for every nonnegative integer v. The adjoint has the same kernel as the Laplacian
as a transformation of the Hilbert space of homogeneous polynomials of degree v + 2 into
the Hilbert space of homogeneous polynomials of degree v.
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A homogeneous polynomial of degree v is said to be harmonic if it is annihilated by
the Laplacian. Homogeneous polynomials f(w¢) and f(§w) of degree v are harmonic for
every element w of the complex skew—plane with conjugate as inverse if the homogeneous
polynomial f(§) of degree v is harmonic.

The Hilbert space of homogeneous harmonic polynomials of degree v is the orthogonal
complement in the space of homogeneous polynomials of degree v of products of ¢
with homogeneous polynomials of degree v — 2 when r is greater than one. The space of
homogeneous polynomials of degree v has dimension

(1+v)(2+v)(3+v)/6.
The space of homogeneous harmonic polynomials of degree v has dimension

(14 v)%

The function

= —k)!
27T Y ﬁ 22T+ T (

_ 5_5 )k

4
of £ in the complex skew—plane belongs to the space of homogeneous harmonic polynomials
of degree v for every element 7 of the complex skew—plane and acts as reproducing kernel

function for function values at 7, 2n equal to v when r is even and equal to v — 1 when v
is odd.

The boundary of the disk, which is the set of elements of the complex skew—plane with
conjugate as inverse, is a compact Hausdorff space in the subspace topology inherited from
the complex skew—plane. The canonical measure for the space is the essentially unique
nonnegative measure on its Baire subsets such that measure preserving transformations
are defined on multiplication left or right by an element of the space. Uniqueness is
obtained by stipulating that the full space has measure

72,

A homomorphism of the multiplicative group of nonzero elements of the complex skew—
plane onto the positive half-line defined by taking & into £~ & maps the canonical measure
for the complex skew—plane into the measure whose value on a Baire set E is the Lebesgue

integral
s / tdt

over the set E. The canonical measure for the complex skew—plane is the Cartesian product
measure of the canonical measure for the boundary of the disk and a measure on Baire
subsets of the positive half-line.

The complex plane is the field whose elements are the elements of the complex skew—
plane which commute with . The complementary space to the complex plane in the
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complex skew—plane is the set of elements & of the complex skew—plane which satisfy the
identity
n=mn¢

for every element £ of the complex plane. The complex plane and its complementary space
are locally compact Abelian groups whose canonical measures are the Cartesian product
measures of the canonical measures of two coordinate lines. The complex skew—plane is
the Cartesian product of the complex plane and its complementary space. The canonical
measure for the complex skew—plane is the Cartesian product measure of the canonical
measure for the complex plane and the canonical measure for its complementary space.

Multiplication on left or right by an element £ of the complex plane multiplies the
canonical measure of the complex plane by a factor of

A(€)?

and the canonical measure of the complementary space by the same factor. Multiplication
on left or right by an element £ of the complementary space takes the canonical measure
of the complex plane into the canonical measure of the complementary space multiplied
by the same factor and takes the canonical measure for the complementary space into the
canonical measure for the complex plane multiplied by the same factor.

The Fourier transformation for a complex plane is the unique isometric transformation
of the Hilbert space of square integrable functions with respect to the canonical measure
into itself which takes an integrable function f(&) of £ into the continuous function

g(€) = / explri(€n + 1~ 6) f(m)dn

of ¢ defined by integration with respect to the canonical measure. Fourier inversion

7€) = [ expl-ril¢ -+ gl
applies with integration with respect to the canonical measure when the function g(¢) of
¢ is integrable and the function f(&) of £ is continuous.

A Radon transformation of harmonic ¢ is defined for the complex skew—plane when
a nontrivial homogeneous harmonic polynomial ¢(£) of £ in the complex skew—plane has
degree v. The domain and range of the transformation are contained in the Hilbert space
of functions f(£) of £ in the complex skew—plane which are square integrable with respect
to the canonical measure for the complex skew—plane and satisfy the identity

P(&)f(wE) = d(w&) f()

for every element w of the complex skew—plane with conjugate as inverse.

The Radon transformation of harmonic ¢ takes a function f(&) of £ in the complex
skew—plane into the function g(§) of ¢ in the complex skew—plane when the identity

9(wE) /Sl = / F(wE + wn) /(wE + wn)dn
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holds for £ in the complex plane for every element w of the complex skew—plane with
conjugate as inverse with integration with respect to the canonical measure for the com-
plementary space to the complex plane in the complex skew—plane.

The integral is a limit of integrals over compact subsets of the complementary space
which contain wé for every element w of the complex skew—plane with conjugate as inverse
whenever they contain £. Convergence is in the weak topology of the Hilbert space of square
integrable functions with respect to the canonical measure for the complex skew—plane.

The upper half—plane is the set of elements z = x + iy of the complex plane such that
y > 0 is positive. The upper half—plane is an open subset of the complex plane. The upper
half-plane is a locally compact Hausdorff space in the subspace topology inherited from
the complex plane. The canonical measure for the upper half-plane is the restriction to
Baire subsets of the upper half-plane of the canonical measure for the complex plane.

The continuous function exp(mif) of self-conjugate elements of the complex plane has
a unique continuous extension to the closure of the upper half-plane which is analytic and
bounded by one in the upper half-plane.

The function

o(€) exp(ming~¢)

of £ in the complex skew—plane is an eigenfunction of the Radon transformation of harmonic
¢ for the eigenvalue

i/n
for every element 7 of the upper half-plane.

The Laplace transformation of harmonic ¢ is a spectral decomposition of the adjoint of
the Radon transformation of harmonic ¢. The harmonic polynomial is assumed to have
norm one in the Hilbert space of homogeneous polynomials of degree v.

The domain of the Laplace transformation of harmonic ¢ is the set of functions

f(&) = o(En(E¢E)

of £ in the complex skew—plane which are square integrable with respect to the canonical
measure and which are parametrized by Baire functions h(¢) of £ in the upper half-plane
satisfying the identity

h(§) = h(n)
whenever £ and 7 are elements of the upper half-plane satisfying the constraint

§&=nn.

The identity

/ F©)PdE = / A(E) [h(©)[2de
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holds with integration on the left with respect to the canonical measure for the complex
skew—plane and integration on the right with respect to the canonical measure for the
upper half-plane.

Every Baire function h(§) of £ in the upper half-plane satisfying the constraint for which
the integral on the right converges parametrizes an element of the domain of the Laplace
transformation of harmonic ¢.

The Laplace transform of harmonic ¢ of the function f(&) of  in the complex skew—plane
is the analytic function

W) = / A(E)" h(€) exp(micn)de

of 1 in the upper half-plane defined by integration with respect to the canonical measure
for the upperx half-plane.

The identity

[ @PAG - € )i = mm T+ 0) [ MO O
holds with integration with respect to the canonical measure for the upper half-plane.

Every analytic function A" (€) of € in the upper half-plane for which the integral on the
right converges belongs to the range of the Laplace transformation of harmonic ¢.

The adjoint of the Radon transformation of harmonic ¢ is unitarily equivalent under
the Laplace transformation of harmonic ¢ to multiplication by the function

i/§
of £ in the upper half-plane in the Hilbert space of analytic functions which is the range
of the Laplace transformation of harmonic ¢.

Properties of Laplace transforms are stated in the notation for analytic functions of one
complex variable.

The analytic function
(2 +v)
[ri(w— — z)]2tV

of z belongs to the space when w is in the upper half-plane and acts as reproducing kernel
function for function values at w.

K(w,z) = 7T/ t" exp(—mitw™ ) exp(witz)tdt =
0

An isometric transformation of the space onto itself is defined when a matrix

(& 5)

has real entries and determinant one by taking an analytic function F(z) of z in the upper
half-plane into the analytic function

1 Az + B
(Cz+ D)?tv Cz+D
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of z in the upper half-plane.

The adjoint of the Radon transformation of harmonic ¢ takes a function f(&) of £ in the
complex skew—plane into a function g(£) of € in the complex skew—plane when the identity

/ B(6)g(€) exp(mize€)de = (i/2) / O(6)” F(€) exp(mize€)de

holds when z is in the upper half-plane with integration with respect to the canonical
measure for the complex skew—plane. The transformation is maximal accretive.

The Fourier transform for the complex skew—plane of the function

¢(§) exp(mizg~§)

of £ in the complex skew—plane is the function

i (i/2) T $(€) exp(—miz "1 E)

of £ in the complex skew—plane when z is in the upper half-plane.

Since the Fourier transformation commutes with the transformations which take a func-
tion f(£) of £ into the functions f(wf) and f(§w) of € for every element w of the complex
skew—plane with conjugate as inverse, it is sufficient to make the verification when

ot + iz + jy + kz) = (t +iz)".

The verification reduces to showing that the Fourier transform for the complex plane of
the function

¢" exp(miz€™ )
of ¢ in the complex plane is the function

(i) 2)' V€ exp(—mizT1ETE)

of £ in the complex plane. It is sufficient by analytic continuation to make the verification
when z lies on the imaginary axis. It remains by a change of variable to show that the
Fourier transform of the function

§" exp(—mE™¢)

of £ in the complex plane is the function
"¢ exp(—mE¢)

of £ in the complex plane.
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The desired identity follows since

& ce— k(i — o \VEE
i”f”t%XP(-?T&‘é)zZﬁ”/ (wie™ &) iy )77 (™)
k=0

R+ k)
where -
exp(ri(6 7€) = 3 (T
and g b
(m§n+mn§)”=k§ i &) k!ézzf ;S? e
where
/ (min™n)" " exp(—mn~n)dn = (v + k)!
and - .
i exp(—mE 7€) = ];) i %

Integrations are with respect to the canonical measure for the complex plane. Interchanges
of summation and integration are justified by absolute convergence.

If a function f(§) of £ in the complex skew—plane is square integrable with respect to
the canonical measure and satisfies the identity

P(&)f(wE) = d(wé) f(E)

for every element w of the complex skew—plane with conjugate as inverse, then its Fourier
transform is a function g(§) of £ in the complex skew—plane which is square integrable with
respect to the canonical measure and which satisfies the identity

P(§)g(wE) = d(w)g(§)

for every element w of the complex skew—plane with conjugate as inverse. The Laplace
transforms of harmonic ¢ are functions F(z) and G(z) of z in the upper half-plane which
satisfy the identity

G(z) =i (i/2)* ™" F(-1/=2).

The Fourier transform for the complex skew—plane of a function

f(&) = o(E)h(§™¢)

of £ in the complex skew—plane is a function

F(€) = (N (£7¢)
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of £ in the complex skew—plane which satisfies the identity

7r/ t” exp(mitz)h' (t)tdt = z'”(i/z)ng”W/ t” exp(—mit/z)h(t)tdt
0 0

for z in the upper half-plane.

A computation of the function A'(t) of t is made from the function h(t) of ¢ by the
Hankel transformation of order 1 4 v, whose classical definition is made from a Bessel
function. An equivalent definition is made from the confluent hypergeometric series

o Zn
F(1+V;Z):7;) nl(14+v+n)!

The identity
B (t) = z"’772+7r/ 2V F(1 4 v; —m?tz)h(z)zde
0

holds when the integral is absolutely convergent. The transformation is otherwise defined
so as to maintain the identity

w/ t”|h’(t)|2tdt:7r/ 1 h() 2.
0

0

For the verification that the transformation computes the Fourier transformation it is
sufficient to show that
B (t) = ¥ exp(mitz)

when
h(t) = (i/2)*T exp(—mit/z).

It is sufficient by analytic continuation to verify the identity when z = iy lies on the
imaginary axis. The desired identity reduces by changes of variable to the case y = 7 and
t = 1. The identity is verified after an interchange of summation and integration from the
identities

oo
(I+v+n)= / IV exp(—t)dt
0

and

exp(—t) = Z (_t!)n.

n

As Laplace transforms a function and its Fourier transform become a pair of analytic
functions f(z) and g(z) of z in the upper half-plane such that

g(z) = i"(i/2)*"" f(=1/2).
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A transformation which is its own inverse is obtained by omitting the factor of V. A
Laplace transform of order v is the unique sum of the Laplace transform of a self-reciprocal
function, which is its own Hankel transform of order v, and the Laplace transform of
a skew-reciprocal function, which is minus its own Hankel transform of order v. The
computation of Hankel transforms is a computation of self-reciprocal functions and skew—
reciprocal functions.

A decomposition of the Hilbert space of Laplace transforms of order v is a consequence
of the expansion

TQ2+v) 2§ 2+ v)! 1 (24 v)
[ri(w— — 2z)]2+V — El2+v—k)! (zw™ )2t [ri(w™ —1/w™ — 24+ 1/2)]?t"

For every £k =0,... ,2+4 v a Hilbert space of functions analytic in the upper half-plane
appears which has the function

1 (2 +v)
(zw™)k [mi(w™ = 1/w™ — 2+ 1/2)]2+"

of z as reproducing kernel function for function values at w when w is in the upper half-
plane. An isometric transformation of the Hilbert space of Laplace transforms of order v
onto the space is defined by taking an analytic function f(z) of z in the upper half-plane
into the analytic function

(i/2) f(z = 1/2)

of z in the upper half-plane.

An analytic function

Ry (2) = (i)2)kr /000 t” exp(mit(z — 1/2))hg(t)tdt

of z in the upper half-plane which belongs to the space is represented by a Baire function
hi(t) of positive t such that the integral

7r/ V| he(t)|dt
0

converges.

The range of the Laplace transformation of order 1 4+ v is the nonorthogonal sum of
the component spaces defined for £k = 0,...,2 + v. The decomposition is made by a
generalization of the concept of an orthogonal complement.

If a Hilbert space P is contained contractively in a Hilbert space H, a unique Hilbert
space Q, which is contained contractively in H, exists such that every element

c=a-+b
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of H is the sum of an element a of P and an element b of Q, such that the inequality
2 2 2
el < llallm + ollg
holds for every such decomposition of ¢, and such that some decomposition exists for which

equality holds.

The minimal decomposition is unique and is obtained when «a is obtained from ¢ under
the adjoint of the inclusion of P in H and b is obtained from ¢ under the adjoint of the
inclusion of Q in H.

The Hilbert space Hjy of analytic functions constructed for every £k = 0,... ,2 + v is
contained continuously in the Hilbert space ‘H which is the range of the Laplace transfor-
mation of order v. If an analytic function Fj(z) of z is chosen in the space Hj, for every
k=0,...,24 v, the analytic function

2+v
(2+v)
F)
Z E!( 2—|—V— ) k(2)
of z belongs to the space ‘H and satisfies the inequality

2+v

IFIB <3 oy 1Pl

Every analytic function F'(z) of z which belongs to the space H is a sum of analytic
functions Fj(z) of z for which equality holds.

When w is in the upper half-plane, the minimal decomposition of

(2 +v)
F pu—
() = it — o
is obtained with
1 (2 4 v)

(zw)* [mi(w™ —1/w= — 2+ 1/2)]2

for every k =0,...,2 4+ v.

A computation of minimal decompositions applies the Sonine construction of functions
which vanish in a neighborhood of the origin and whose Hankel transform of order v
vanishes in the same neighborhood. The Sonine transformation of order v is a variant of
the Hankel transformation of order v.

If h(t) is a Baire function of positive ¢ such that the integral

7r/ t|h(t)|*tdt
0
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converges and if the analytic function
' (z) = 7T/ t” exp(mwitz)h(t)tdt
0

of z is its Laplace transform of order v, then the minimal decomposition

is obtained with -
hp(z) = 7r/ t” exp(mitz)hg (t)tdt
0

where

ho(t) = h(t) — 72t /oo F(1; —m*t(x — t))h(z)dx

and
he(t) = 7 /t (2 — 1P (k — 1 -2tz — t))h(z)dz

when k& > 0. The equation

%(t) = —7hi4,(t) — hi—1(t)

holds when 0 < k£ < 2 4+ v. The identity

24+v

(2+v) > 9
tyh tdt = tY|h (t)|“tdt
) emor =3 et [ o

is satisfied.

The Mellin transformation is the Fourier transformation for the positive half-line. A
Mellin transform of order v is defined when an analytic function

W (z) == /0 h t” exp(mitz)h(t)tdt

is the Laplace transform of order v of a Baire function h(t) of positive ¢, such that the
integral

o
7r/ t|h(t)|*tdt
0
converges, which vanishes in the interval (0, a) for some positive number a.

The Mellin transform of order v is the analytic function F(z) of z in the upper half-plane
defined by the integral

TF(z) = / RO (it) v~ dt
0
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or equivalently by the integral
F(z) = W(z) / h(t)tzv T
0

where
1

W(z)=n"2"""""T(Lv + 1 —iz)

is an Euler weight function.
The analytic function _
a ¥ F(z)
of z in the upper half-plane belongs to the weighted Hardy space F(W). Every function
which belongs to the weighted Hardy space is so obtained.

A Stieltjes space of entire functions which is mapped isometrically in the weighted Hardy
space by taking an entire function F'(z) of z into the analytic function

a " F(z)

of z in the upper half-plane is defined as the set of all entire functions F'(z) of z such that
the analytic functions ‘
a”“*F(z)

and ‘
a—zz F* (Z)
belong to the weighted Hardy space.

The elements of the Stieltjes space are the Mellin transforms of order v of functions in
the domain of the Laplace transformation of order v which vanish in the interval (0,a)
and whose Hankel transform of order v vanishes in the same interval. The functions are
constructed from the decomposition of the space of Laplace transforms of order v.

If h(t) and

d

h'(t) =t pr h(t)

are Baire functions of positive ¢ such that the integrals

7r/ t|h(t)*tdt
0

and -
7r/ V| (t)|*tdt
0

converge, if
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and
o(t) =h'(t) — 71'225/ F(1; —m?t(x — t))1 (z)dx,
and if -
he(t) = 7 / (2 — 1P (k — 1 -2tz — t))h(z)dz
and

B (t) = ot / (2 — 1 F(k — 1 —n2t(z — £) (z)da
t
when k > 0, then

—hy(t) =t %hk( t) + khi(t) + 2mths_1(t)

when k£ > 0 and p

hi(t) =t — (1) = khi(t) + 2mthy 4x(2)
when k < 2 4+ v.
The identity
gasy (2+v) o0
Z H2+v—k)! / £ (1, (8) " hae() + e (£) "hi(£) + (2 + v)ha(£) ™~ ha()]Jtdt
14+v
< k! 11++VV_ k)] a* [hoyv—k(a) " horv—k(a) — hy(a)” hy(a)]

holds when a > 0.

A function ®(t, z) of positive t is defined for all complex a when kK =0,...,2+4 v by
the integral

T4 (a, 2) = / bk exp(—malt + 1))t it
The differential equations :
—(iz — v = 1)®k(t,2) =t L Dy(t, 2) + kPy (L, 2) + 21t Py 1 (¢, 2)
are satisfied when k£ > 0 and

(iz — 20— 1)@y (t,2) =t L&y (t,2) — k®y(t, 2) + 2t P14 4 (2, 2)

when k < 2 4+ v.
The identity
2+4+v

vP P .
k?' 2—|—y— /a t k(taz) k(t,w) tdt

- ];) m a2+’/[(1)k(a’ 2)Pp(a,w)” — Poyy_g(a,2)Pory,_k(a,w)"]/[i(w™ — 2)]
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holds for all complex z and w when a > 0.
If the function hg(t) of t is the Sonine transform of order k of a function h(t) of ¢ for
k=0,...,24 v, then

24v

t” exp(—mty)h(t)tdt = K / t" exp(—mt(y +y~ ) hg(t)tdt
/0 Z E@2+v—k)! 2 +v— 0

for all positive y.

If the function h(t) of ¢ vanishes in a neighborhood of the origin, its Mellin transform
of order v is an analytic function F'(z) of z in the upper half-plane defined by the integral

/ / t) exp( Wty)y%”_iwtdtdy

when w is in the upper half-plane.

When the function hg(t) of t vanishes in a neighborhood of the origin for every k =

0,...,2+ v, the function F(z) of z has an analytic extension to the complex plane. The
identity
24+v
(2+v)! /OO
F = _ tY O (t, z)h (t)tdt
9= et [ e

is satisfied.

A computable example is obtained in the case v = —1, which does not appear in Fourier
analysis on the complex skew—plane. The functions

7®o(a,z) = / exp(—ma(t + til))t*%*izdt
0

and -
7®i(a,z) = / t~ exp(—ma(t + t_l))t_%_izdt
0

satisfy the equation
/ [@0(t, 2)Bo(t, w)~ + B (¢, 2)®1 (¢, w) | dt
= a[®o(a, 2)Po(a, w)” — P1(a, 2)P1(a, w)"]/[i(w™ — 2)]
for all complex z and w when a > 0. The symmetry conditions
®(a,z) = Po(a, —z) = P;(a, 2)

are satisfied.
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A Stieltjes space of entire functions exists with defining function
E(a,z) = Aa,z) —iB(a, 2)

where

Ala, z) = %a% I exp(—ma(tz —t72)2)(t2 + ¢t 2)t = Ldt

and

B(a,2) = ia7 [°exp(—ma(ts +t7)?)(t7 —t~2)t "t dt.

The differential equations

a di A(a, z) = zB(a, z) exp(4ma)
a

and

d
a— Bl(a,z) = —zA(a, z) exp(—47a)
a

are satisfied.

57

A construction of Euler weight functions is obtained on applying the Mellin transforma-
tion. The Mellin transformation reformulates the Fourier transformation for the real line
on the multiplicative group of the positive half-line. Analytic weight functions constructed
from the gamma function appear when the Mellin transformation is adapted to the domain

of the Laplace transformation of harmonic ¢.

The Mellin transform of harmonic ¢ of the function f(&) of £ in the complex skew—field is
an analytic function F'(z) of z in the upper half-plane which is defined when f(£) vanishes

in the disk £7¢ < a for some positive number a. The function is defined by the integral

TF(2) = / g(it) v dr.
0

Since

g(iy) = W/OO t%”h(t) exp(—mty)tdt
0
when vy is positive, the identity
F(2)/W(z) = /O b h(t)tzv = dt
holds with Euler weight function
W(z) = W_%V_1+iZF(%V +1—iz).

The identity

400 i
/ [P+ iy) /W (@ + iy)|*de = 27 / R (t)[*t" 2V tdt
0

— o0
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holds when y is positive.

The analytic function A
a *F(z)

of z in the upper half-plane belongs to the weighted Hardy space F (W) since the function
f(€) of £ in the complex skew—field vanishes when £~¢ < a. An analytic function F'(z) of
z in the upper half-plane such that the function

a " F(z)

of z belongs to the space F (W) is the Mellin transform of a function f(&) of £ in the complex
skew—field which belongs to the domain of the Laplace transformation of harmonic ¢ and
vanishes in the disk £7¢ < a.

The adjoint of the Radon transformation for the complex skew-field takes elements
of the domain of the Laplace transformation of harmonic ¢ which vanish in the disk
£~ & < a into elements of the space which vanish in the disk. The transformation acts as
a maximal accretive transformation on the subspace. The adjoint is a maximal accretive
transformation which is unitarily equivalent to multiplication by

in the Hilbert space which is the image of the subspace under the Laplace transformation
of harmonic ¢. When £7¢ < 1 is the unit disk, the transformation is unitarily equivalent
to the transformation which takes F(z) into F(z — i) whenever the functions of z belong
to the space F(W).

4. HARMONIC ANALYSIS ON AN ADIC SKEW-PLANE

The adic skew—plane is constructed as a locally compact Abelian group which is the
completion of the discrete skew—plane in an adic topology. The adic topology is initially
defined on the group of integral elements.

Multiplication by a positive integer » maps the additive group of integral elements of
the discrete skew—plane onto a subgroup whose quotient group is the group of integral
elements of the discrete skew—plane modulo r.

The discrete topology is the unique Hausdorff topology of the group of integral elements
of the discrete skew—plane modulo r. Addition is continuous as a transformation of the
Cartesian product of the group with itself into the group. Conjugation is continuous as a
transformation of the group into itself.

The adic topology of the group of integral elements of the discrete skew—plane is the
least topology with respect to which the homomorphism onto the group of integral elements
of the discrete skew—plane modulo 7 is continuous for every positive integer. Addition is
continuous as a transformation of the Cartesian product of the group with itself into the
group. Conjugation is continuous as a transformation of the group into itself.
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The group of integral elements of the adic skew—plane is the completion of the group of
integral elements of the discrete skew—plane in the adic topology made uniform by additive
structure. Addition extends continuously as a transformation of the Cartesian product of
the group with itself into the group. Conjugation extends continuously as a transformation
of the group into itself.

The homomorphism of the group of integral elements of the discrete skew—plane onto
the group of integral elements of the discrete skew—plane modulo r extends continuously as
a homomorphism of the group of integral elements of the adic skew—plane onto the group
of integral elements of the discrete skew—plane modulo r for every positive integer r.

The images of an element of the group of integral elements of the adic skew—plane
satisfy a constraint. If r and s are positive integers such that r is a divisor of s, a canonical
homomorphism exists of the group of integral elements of the discrete skew—plane modulo
s onto the group of integral elements of the discrete skew—plane modulo r which takes the
image modulo s of an integral element of the discrete skew-plane into its image modulo
r. The homomorphism takes the image of an element of the group of integral elements of
the adic skew—plane in the group of integral elements of the discrete skew—plane modulo s
into its image in the group of integral elements of the discrete skew—plane modulo 7.

If an element of the group of integral elements of the discrete skew—plane modulo r
is chosen for every positive integer r satisfying the constraint, then a unique element of
the group of integral elements of the adic skew—plane exists whose image in the group of
integral elements of the discrete skew—plane modulo r is the chosen element.

The group of integral elements of the adic skew—plane is a compact Hausdorft space.

Multiplication by a positive integer r is an isomorphism of the group of integral elements
of the discrete skew—plane into itself which is continuous for the adic topology. Multiplica-
tion by r has a continuous extension as an isomorphism of the group of integral elements of
the adic skew—plane into itself. The inverse isomorphism is continuous when the subgroup
is given its subspace topology inherited from the full group. The subgroup is a compact
open subset of the full group.

The adic skew—plane is a locally compact Abelian group which contains the group of
integral elements as a compact open subgroup. Multiplication by a positive integer is a
continuous isomorphism of the adic skew—plane into itself whose inverse isomorphism is
continuous. The discrete skew—plane is a dense subgroup of the adic skew—plane.

The canonical measure for the adic skew—plane is chosen to have value one on the
subgroup of integral elements.

Multiplication on left or right by a nonzero element £ of the discrete skew—plane is
a continuous homomorphism of the discrete skew—plane into itself for the adic topology
and extends continuously as a homomorphism of the adic skew—plane into itself. The
transformation multiplies the canonical measure of the adic skew—plane by a factor of

(3

The homomorphism of the additive group of the field of rational numbers into the
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multiplicative group of complex numbers of absolute value one defined by taking £ into

exp(2mi&)

is continuous for the adic topology since its kernel is the set of integers. The transformation
has a unique continuous extension as a homomorphism of the adic completion of the
rational numbers into the multiplicative group of complex numbers of absolute value one.

The Fourier transformation for the adic skew—plane is the unique isometric transfor-
mation of the Hilbert space of square integrable functions with respect to the canonical
measure for the adic skew—plane into itself which takes an integrable function f(§) of &
into the continuous function

g(&) = /exp(ﬂi(€n+n€))f(?7)dn

of ¢ defined by integration with respect to the canonical measure for the adic skew—plane.
Fourier inversion states that the integral

f(6) = / exp(—mi(¢ 7+ 17 €))g(n)dn

with respect to the canonical measure for the adic skew—plane represents the function f(§)
of £ when the function g(§) of £ is integrable and the function f(§) of £ is continuous. The
Fourier transformation for the adic skew—plane commutes with the transformation which
takes a function f(§) of £ into the functions f(w¢) of £ for every element w of the adic
completion of the Gauss skew—field with conjugate as inverse.

The p—adic skew—plane is defined for a prime p in the same way as the adic skew—plane
except that only those positive integers r are accepted which are powers of p. The p—adic
skew—plane is a locally compact Abelian group which is the image of the adic skew—plane
under a canonical homomorphism taking integral elements into integral elements. The
homomorphism is defined on the group of integral elements of the adic skew—plane as
the unique continuous extension of the canonical homomorphism of the group of integral
elements of the discrete skew—plane modulo s onto the group of integral elements of the
discrete skew—plane modulo r which exists when r is a divisor of s such that r is a power
of p and s/r is not divisible by p.

A canonical homomorphism exists of the group of integral elements of the discrete skew—
plane modulo s onto the group of integral elements of the discrete skew—plane modulo s/r.
The Chinese remainder states that an isomorphism results of the group of integral elements
of the discrete skew—plane modulo s onto the Cartesian product of the group of integral
elements of the discrete skew—plane modulo r and the group of integral elements of the
discrete skew—plane modulo s/r.

The group of integral elements of the adic skew—plane is isomorphic to the Cartesian
product of the group of integral elements of the p—adic skew—plane and a group which is
defined in the same way as the adic skew—plane except that only those positive integers r
are accepted which are not divisible by p.
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The group of integral elements of the adic skew—plane is isomorphic to the Cartesian
product of the group of integral elements of the p—adic skew—plane taken over all primes
p. The topology of the group of integral elements of the adic skew—plane is the Cartesian
product topology of the group of integral elements of the p—adic skew—plane taken over all
primes p. The canonical measure of the group of integral elements of the adic skew—plane is
the Cartesian product measure of the canonical measure of the group of integral elements
of the p—adic skew—plane taken over all primes p.

A theorem, accredited to Diophantus but whose earliest known proof is due to Lagrange,
states that every positive integer is the sum of four squares of integers. An integral element
tp of the Gauss skew-field exists for every prime p such that

P =ty lp.

When some such representation of p is chosen, a p—adic plane is defined as the set of
elements ¢ of the p-adic skew—plane which commute

€ = &

with ¢,. The p-adic plane which appears here is a vector space of dimension two over the
field of p—adic numbers.

The complementary space to the p—adic plane in the p—adic skew—plane is the set of
elements £ of the p—adic skew—plane which satisfy the identity

En=mn"¢

for every element 7 of the p—adic plane. Every element of the p—adic skew—plane is the
unique sum of an element of the p—adic plane and an element of the complementary space
when p is odd. The elements of the p—adic plane and of the complementary space are
integral if the element of the p-adic skew—plane is integral.

The p—adic plane and its complementary space are locally compact Abelian group whose
canonical measures are chosen so that the compact subgroups of integral elements have
measure one. The canonical measure for the p—adic skew—plane is the Cartesian product
measure product measure of the canonical measure for the p—adic plane and the canonical
measure for the complementary space to the p—adic plane in the p—adic skew—plane.

The adic plane is the set of elements of the adic skew—plane whose p—adic component
belongs to the p-adic plane for every prime p. The complementary space to the adic
plane in the adic skew—plane is the set of elements of the adic skew—plane whose p-adic
component belongs to the complementary space to the p—adic plane in the p—adic skew—
plane for every prime p.

The adic plane and the adic skew—plane are locally compact Abelian groups whose
canonical measures are chosen so hat the compact subgroups of integral elements have
measure one. The canonical measure for the adic skew—plane is the Cartesian product
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measure of the canonical measure for the adic plane and the canonical measure for the
complementary space to the adic plane in the adic skew—plane.

The Fourier transformation for the adic plane is the unique isometric transformation of
the Hilbert space of square integrable functions with respect to the canonical measure for
the adic plane into itself which takes an integrable function f(&) of £ into the continuous
function

g(&) = /eXp(ﬂi(é‘n+n‘£))f(77)dn

of £ defined by integration with respect to the canonical measure. Fourier inversion

£(6) = / exp(—mi(e~n + 1~ €))g(m)dn

applies with integration with respect to the canonical measure when the function g(&) of
¢ is integrable and the function f(&) of £ is continuous.

The irreducible representations of the group of elements with conjugate as inverse are
computed for the complex skew—plane by means of harmonic functions. The analogous
computation for an adic skew—plane is made by means of functions defined on a quotient
group of the group of nonzero elements of the discrete skew—plane.

A normal subgroup of the group of nonzero elements of the discrete skew—plane is the
group of nonzero rational numbers. The integral group for the discrete skew—plane is
the quotient group. Nonzero integral elements @ and 8 of the discrete skew—plane are
equivalent with respect to the subgroup if, and only if,

ad = By

for nonzero rational numbers v and §.

A fundamental domain for the equivalence relation is the set of nonzero integral elements
of the discrete skew—plane which are divisible by no nonzero integer which does not have
an integer as inverse. Elements a and 8 of a fundamental domain are equivalent if, and
only if,

a=py

for an integer with integer as inverse.

The integral group of the discrete skew—plane has normal subgroups whose quotient
groups are finite. A normal subgroup is generated for every positive integer r by the set of
nonzero integral elements & of the discrete skew—plane such that for every prime divisor p
of r the greatest power of p which is a divisor of £~ is a power of the greatest power of p
which is a divisor of . A fundamental domain for the equivalence relation defined by the
subgroup is the set of elements £ of the fundamental domain for the full group such that
for every prime divisor p of r the greatest power of p which is a divisor of £~ is less than
the greatest power of p which is a divisor of r. The intersection of the normal subgroups
is the set of integral elements with integral inverse.
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The adic skew—plane is an algebra whose group of invertible elements contains the closed
normal subgroup whose elements are self-conjugate. The quotient group is isomorphic to
the integral group of the discrete skew—plane. A function defined on the integral group of
the discrete skew—plane is treated as a function defined on the group of invertible elements
of the adic skew—plane which has equal values at elements obtained from each other on
multiplication of the independent variable by a self-conjugate element. The function is
defined to vanish at noninvertible elements of the adic skew—plane.

The integral group of the discrete skew—plane has normal subgroups which are com-
parable. If p and o are positive integers, the subgroup defined by o is contained in the
subgroup defined by p if, and only if, for every prime p the greatest power of p which is
a divisor of p is a power of the greatest power of p which is a divisor of . A canonical
projection acts as a homomorphism of the quotient group defined by o onto the quotient
group defined by p. A function defined on the quotient group defined by o is treated as
a function defined on the quotient group defined by p which has equal values at elements
which project into the same element of the quotient group defined by o.

The quotient groups defined by p and by ¢ are compact Hausdorff spaces in the discrete
topology and have canonical measures. The canonical measure is counting measure divided
by the number of elements in the group. A function defined on the group is square
integrable with respect to the canonical measure. The Hilbert space of square integrable
functions with respect to the canonical measure for the quotient group defined by o is
contained isometrically in the Hilbert space of square integrable functions with respect to
the canonical measure for the quotient group defined by p.

A harmonic function of order p is defined as a function which is square integrable with
respect to the canonical measure for the quotient group defined by p which is orthogonal
to every square integrable function with respect to the quotient group defined by o for
every positive integer o less than p such that for every prime divisor p of o greatest power
of p which is a divisor of p is a power of the greatest power of p which is a divisor of o.

The Radon transformation of harmonic ¢ for the adic skew—plane is a transformation
with domain and range in the Hilbert space of functions f(&) of £ in the adic skew—plane
which are square integrable with respect to the canonical measure for the adic skew—plane,
which vanish at noninvertible elements, and which satisfy the identity

P(§) f(wE) = ¢(w) f(§)

for every element w of the adic skew—plane with conjugate as inverse.

The Radon transformation of harmonic ¢ takes a function f(£) of £ into the function
g(&) of £ when the identity

9(wE) /S(wE) = / F(wE + wn) /$(wE + wn)dn

holds for every element w of the adic skew—plane with conjugate as inverse when £ is in the
adic plane with integration with respect to the canonical measure for the complementary
space to the adic plane in the adic skew—plane.
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The integral is interpreted as a limit of the integrals over the set of elements £ of the
complementary space such that

AMETE) <n

for a positive integer n. Convergence is in the weak topology of the Hilbert space of square
integrable functions with respect to the canonical measure for the adic skew—plane as n
becomes eventually divisible by every positive integer whose prime divisors are divisors of
T.

The Laplace transformation of harmonic ¢ for the adic skew—plane gives a spectral
analysis of the adjoint of the Radon transformation of harmonic ¢ for the adic skew—plane.
The domain of the Laplace transformation of harmonic ¢ is the Hilbert space of functions
f(&) of £ in the adic skew—plane which are square integrable with respect to the canonical
measure for the adic skew—plane, which vanish at noninvertible elements, and which satisfy
the identity

P(&)f(wE) = d(wé) f ()

for every element w of the adic skew—plane with conjugate as inverse. An adic half—plane
is applied in the parametrization of these functions.

A p-adic half-plane is an analogue for the p—adic skew—plane of the upper half-plane
for the complex skew—plane.

A p-adic half-plane is a maximal subfield of the p—adic skew—plane such that every
nonzero element is the product of a nonzero p—adic number and an integral element of the
field with integral inverse.

When p is the even prime, the elements of the p—adic half-plane are quaternions which
commute with
1,1, 1,1
—§+§’l+§j—|—§/{i.

When p is an odd prime, the elements of the p—adic half-plane are quaternions which
commute with an integral quaternion

o+ jB + ky

with integral inverse which belongs to the complementary space to the p—adic plane in the
p—adic skew—plane.

The integral p—adic numbers «, 3,7y are chosen so that their residue classes modulo p
determine a subfield of the algebra of quaternions whose coordinates are integers modulo
p: The elements of the algebra which commute with the given element is a field.

The canonical measure for the adic half-plane is chosen so that the set of integral
elements has measure one.

A Laplace transformation of harmonic ¢ is defined when a harmonic function ¢ of order
v for the adic skew—plane has norm one in the Hilbert space of harmonic functions of order
v. The domain of the Laplace transformation of harmonic ¢ is the set of functions f(¢£) of
¢ in the adic skew—plane which are square integrable with respect to the canonical measure
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for the adic skew—plane, which vanish at noninvertible elements of the adic skew—plane,
and which satisfy the identity

P(&) f(wE) = ¢(w) f(§)

for every element w of the adic skew—plane with conjugate as inverse.

The parametrization of functions defined on the adic skew—plane applies properties of
signatures for the adic half-plane. A signature modulo I for the adic half-plane is defined
with respect to a closed ideal I of the ring of integral elements of the adic half-plane with
finite quotient ring.

A signature o modulo I is a function o(§) of € in the adic half-plane which vanishes
at nonintegral elements and at integral elements which are not invertible modulo I, which
has equal values at integral elements which are congruent modulo I, which satisfies the
identity

o(&n) = o(§)a(n)

for all integral elements £ and 7, and whose values are fourth roots of unity on elements
with conjugate as inverse.

A signature modulo I is said to be primitive modulo I if it agrees on integral elements
which are invertible modulo I with no signature modulo an ideal which properly contains
L.

A function x(§) of £ in the adic line is the restriction of a signature modulo T if it
vanishes at nonintegral elements and at integral elements which are not invertible modulo
I, if it has equal values at elements which are congruent modulo I, if it satisfies the identity

x(&n) = x(&)x(n)

for all integral elements £ and 7, and if its values are square roots of unity on elements
with self inverse.

An element w of the adic half-plane is said to be stable if any two signatures which
agree at all elements of the adic line with self inverse agree at w.

An element of the adic half-plane is stable if it is the product of an element of the adic
line and a stable element of the adic half—plane.

A function A(€) of £ in the adic half-plane is said to be analytic of signature o if the
identity
h(w€) = o(w)h()

holds for every stable element w of the adic half-plane with conjugate as inverse and if
the function vanishes at unstable elements of the adic half-plane. The o—extension of the
analytic function is the function exth(¢) of € in the adic half-plane which agrees with h(&)
when £ is a stable element of the adic half—plane and which satisfies the identity

exth(wf) = o(w)exth(&)
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for every element w of the adic half-plane with conjugate as inverse.

A function A(§) of ¢ in the adic half-plane is said to be analytic if it is a linear com-
bination of analytic functions of signatures o. The signatures are chosen to agree at all
elements of the adic half-plane with conjugate as inverse if they agree on elements of the
adic line with self inverse. An extension of the analytic function is the function exth(§) of
¢ which is a sum of o—extensions of o—components of the function h(§) of &.

The Fourier transformation for the adic half-plane is the unique isometric transfor-
mation of the Hilbert space of square integrable functions with respect to the canonical
measure into itself which takes an integrable function f(&) of £ into the continuous function

g(&) = /exp(m(ﬁnJrnﬁ))f(n)dn

of ¢ defined by integration with respect to the canonical measure. Fourier inversion

£(6) = / exp(—mi(E~n + 1~ €))g(m)dn

applies with integration with respect to the canonical measure when the function g(&) of
¢ is integrable and the function f(&) of £ is continuous.

Since the Fourier transformation for the adic half-plane takes a function h(£) of £ which
satisfies the identity

h(wg) = a(w)h(E)

for every element w of the adic half-plane with conjugate as inverse into a function g(&)
of ¢ which satisfies the identity

9(w&) = a(w)g(¢)

for every element w of the adic half-plane with conjugate as inverse, the Fourier transfor-
mation takes analytic functions into analytic functions.

A Laplace transformation of harmonic ¢ is defined for the adic skew—plane when a
harmonic ¢ is normalized

LGRS
by integration with respect to the canonical measure for the adic skew—plane over the set
of integral elements of the adic skew—plane.

A function

f(&) = o(ENn(EE)

of £ in the adic skew—plane which is square integrable with respect to the canonical measure
for the adic skew—plane and which satisfies the identity

P(§) f(wE) = ¢(wE) f ()
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for every element w of the adic skew—plane with conjugate as inverse is parametrized by an
analytic function h(&) of £ in the adic half-plane which is square integrable with respect
to the canonical measure for the adic half-plane.

The Laplace transform of harmonic ¢ of the function f(&) of £ in the adic skew—plane
is the analytic function g(§) of £ in the adic half-plane which is the Fourier transform of
the function h(&) of ¢ in the adic half-plane.

The identity

/ F(©)2dE =2 / lextg(€)[2de

holds with integration on the left with respect to the canonical measure for the adic skew—
plane and with integration on the right with respect to the canonical measure for the adic
half-plane.

Fourier inversion

he) = / exp(—mi(En + 0~ €)g(n)dn

applies with integration with respect to the canonical measure for the adic half-plane when
the function g(£) of £ is integrable and the function h(£) of £ is continuous.

The integral representation

f(w€ +wn)/p(wé +wn) = /exp(—mé_ﬁ(v + 7)) exp(—min n(y +7))g(v)dy

applies with integration with respect to the canonical measure for the adic half-plane
when ¢ is in the adic plane, 7 is in the complementary space to the adic plane in the adic
skew—plane, and w is an element of the adic skew—plane with conjugate as inverse.

If p is a positive integer and if 7 is an element of the adic half-plane such that p(y+vy~)~!

is integral, the identity

/exp(—mnn(v +y )dn =Xy +v)7!

holds with integration with respect to the canonical measure for the complementary space
to the adic plane in the adic skew—plane over the set of elements 7 such that

pn-n
is integral.

The identity

/ F(wE + wi) [$(wE + wn)diy = / exp(—miEE(y + 1) A(y + 1) Lg()dy

holds with integration on the left with respect to the canonical measure for the comple-
mentary space to the adic plane in the adic skew—plane and with integration on the right
with respect to the canonical measure for the adic half—plane.
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When it converges, the integral on the right represents the square integrable analytic
function /(&) of £ in the adic half-plane such that

/ u(€) " H(€)de = / W(€)AE + E)g(E)de

with integration with respect to the canonical measure for the adic half—plane whenever the
Fourier transformation for the adic half-plane takes a square integrable analytic function
u(€) of € into a square integrable analytic function v(€) of € whose product with A(§+£7) 71
is square integrable.

The interchange of integrals is justified by absolute convergence.

The Radon transformation of harmonic ¢ for the ring of integral elements of the adic
skew—plane is a restriction of the Radon transformation of harmonic ¢ for the adic skew—
plane. The domain and range of the transformation are contained in the Hilbert space of
functions f(£) of € in the adic skew—plane which are square integrable with respect to the
canonical measure for the adic skew—plane, which satisfy the identity

P(&)f(wE) = d(wé) f(E)

for every element w of the adic skew—plane with conjugate as inverse, and which vanish at
nonintegral elements of the adic skew—plane.

The ring of integral elements of the adic skew—plane is a compact Hausdorff space in
the subspace topology inherited from the adic skew—plane. The canonical measure for the
ring is the restriction to Baire subsets of the ring of the canonical measure for the adic
skew—plane.

The spectral theory of the adjoint of the Radon transformation for the ring applies the
quotient ring modulo r of the ring of integral elements of the adic skew—plane for a positive
integer r. A function defined on the quotient ring is treated as a function defined on the
ring which has equal values at elements which are congruent modulo r. The canonical
measure for the ring of integral elements of the adic skew—plane modulo r is counting
measure divided by the number of elements in the ring. The projection of the ring of
integral elements of the adic skew—plane onto the quotient ring modulo r is a continuous
open mapping which is a homomorphism of conjugated ring structure and which maps the
canonical measure into the canonical measure.

The ring of integral elements of the adic plane is contained in the ring of integral elements
of the adic skew—plane. The ring is a compact Hausdorff space in the subspace topology
inherited from the adic plane, which is identical with the subspace topology inherited from
the ring of integral elements of the adic skew—plane. The canonical measure for the ring
is the restriction to Baire subsets of the ring of the canonical measure for the adic plane.

The ring of integral elements of the adic plane modulo r is the quotient ring of the
ring of integral elements of the adic plane modulo the ideal generated by r. The ring of
integral elements of the adic plane modulo r is isomorphic to the image of the ring of
integral elements of the adic plane in the ring of integral elements of the adic skew—plane
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modulo r. The ring of integral elements of the adic plane modulo r is treated as a subring
of the ring of integral elements of the adic skew—plane modulo r. The canonical measure
for the quotient ring is counting measure divided by the number of elements in the ring.
The projection of the ring of integral elements of the adic plane onto the quotient ring is
a continuous open mapping which is a homomorphism of conjugated ring structure and
which maps the canonical measure into the canonical measure.

The complementary space to the ring of integral elements of the adic plane in the ring
of integral elements of the adic skew—plane is defined as the set of integral elements of the
complementary space to the adic plane in the adic skew—plane. The set of integral elements
of the complementary space is an additive group which is a compact Hausdorff space in the
subspace topology inherited from the complementary space to the adic plane in the adic
skew—plane. The canonical measure for the set of integral elements of the complementary
space is the restriction to its Baire subsets of the canonical measure for the complementary
space.

The complementary space to the ring of integral elements of the adic plane modulo r in
the ring of integral elements of the adic skew—plane modulo r is defined as the image in the
ring of integral elements of the adic skew—plane modulo 7 of the set of integral elements of
the complementary space to the adic plane in the adic skew—plane.

The complementary space modulo r has a finite number of elements and is given the
discrete topology. The set is an additive group whose canonical measure is counting mea-
sure divided by the number of elements of the set. The projection of the set of integral
elements of the complementary space to the adic plane in the adic skew—plane onto the
complementary space modulo r is a continuous open mapping which is a homomorphism
of additive structure and which maps the canonical measure into the canonical measure.

The Radon transformation for the ring of integral elements of the adic skew—plane takes
a function f(&) of £ in the ring into a function g(§) of £ in the ring when the identity

9(wE) /() = / F(E + wn) ) (wE + wn)dn

holds for every element w of the adic skew—plane with conjugate as inverse when ¢ is an
integral element of the adic plane with integration with respect to the canonical measure
for the complementary space to the ring of integral elements of the adic plane in the ring
of integral elements of the adic skew—plane.

The Radon transformation for the ring of integral elements of the adic skew—plane
modulo 7 is a restriction of the Radon transformation for the ring of integral elements of
the adic skew—plane. The domain and range of the transformation are contained in the
Hilbert space of functions f(£) of £ in the ring of integral elements of the r—adic skew—plane
modulo r which are square integrable with respect to the canonical measure for the ring
of integral elements of the adic skew—plane modulo  and which satisfy the identity

P(§) f(wE) = ¢(wE) f ()

for every element w of the adic skew—plane with conjugate as inverse.
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The Radon transformation for the ring of integral elements of the adic skew—plane
modulo 7 takes a function f(£) of £ in the ring into a function g(£) of £ in the ring when
the identity

g@fM¢wo=1/fws+wmmﬂwe+wmm7

holds for every element w of the adic skew—plane with conjugate as inverse when £ is
an element of the ring of integral elements of the adic plane modulo r with integration
with respect to the canonical measure for the complementary space to the ring of integral
elements of the adic plane modulo r in the ring of integral elements of the adic skew—plane
modulo r.

A function

f(&) = o(E)h(E™¢)

of £ in the ring of integral elements of the adic skew—plane, which is square integrable with
respect to the canonical measure for the adic skew—plane, and which satisfies the identity

P(§) f(wE) = ¢(wl) f ()

for every element w of the adic skew—plane with conjugate as inverse, is parametrized by an
analytic function h(€) of £ in the adic half-plane which is square integrable with respect to
the canonical measure for the adic half-plane and which vanishes at nonintegral elements
of the adic half-plane.

The set of integral elements of the adic half—plane is subring which is a compact Haus-
dorff space in the subspace topology inherited from the adic half-plane. The canonical
measure for the subring is the restriction to Baire subsets of the subring of the canonical
measure for the adic half—plane.

The identity

/U@W%:Q/wmmaﬁ%

holds with integration on the left with respect to the canonical measure for the ring of
integral elements of the adic skew—plane and with integration on the right with respect to
the canonical measure for the ring of integral elements of the adic half-plane.

The Fourier transformation for the ring of integral elements of the adic half—plane applies
a quotient space of the adic half-plane. Elements ¢ and 7 of the adic half-plane are said
to be congruent modulo 1 if they differ by an integral element 1 — £ of the adic half-plane.

The adic half-plane modulo 1 is the quotient space of the adic half-plane defined by
the equivalence relation. The quotient space is an additive group which has the discrete
topology and whose canonical measure is counting measure. The projection of the adic
half-plane onto the adic half-plane modulo 1 is a continuous open mapping which is
a homomorphism of additive structure and which takes the canonical measure into the
canonical measure. A function defined on the adic half-plane modulo 1 is treated as
a function defined on the adic half-plane which has equal values at elements which are
congruent modulo 1.
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An example
exp(mi(n +n"E))

of a function of £ in the adic half-plane modulo 1 is obtained when 7 is an integral element
of the adic half—plane.

The Fourier transformation for the ring of integral elements of the adic half—plane is the
unique isometric transformation of the Hilbert space of square integrable functions with
respect to the canonical measure for the ring onto the Hilbert space of square integrable
functions with respect to the canonical measure for the adic half-plane modulo 1 which
takes an integrable function f(&) of £ into the continuous function

g(&) = /exp(ﬂi(ﬁ‘n+n‘§)>f(?7)dn

of ¢ defined by integration with respect to the canonical measure for the group. Fourier
inversion

£(6) = / exp(—mi(€~n + 1~ €))g()dn

applies with integration with respect to the canonical measure for the adic half—plane
modulo 1 when the function g(&) of £ is integrable and the function f(§) of £ is continuous.

An element of the adic half-plane modulo 1 is said to be stable if it is the product of
an element of the adic line modulo 1 and a stable element of the adic half-plane with
conjugate as inverse.

A function g(&) of £ in the adic half-plane modulo 1 is said to be analytic of signature
o if the identity

9(w&) = a(w)g(¢)

holds for every stable element w of the adic half-plane with conjugate as inverse and if the
function vanishes at unstable elements of the adic half-plane modulo 1. The oc—extension
of the analytic function is the function extg(§) of £ in the r—adic half-plane modulo 1
which agrees with ¢g(§) when ¢ is a stable element of the adic half-plane modulo 1 and
which satisfies the identity

extg(wf) = o(w)extg(§)

for every element w of the adic half-plane with conjugate as inverse.

A function g(&) of £ in the adic half-plane modulo 1 is said to be analytic if it is a linear
combination of analytic functions of signatures o. The signatures are chosen to agree on
all elements of the adic half-plane with conjugate as inverse if they agree on elements of
the adic line with self-inverse. An extension of the analytic function is a function extg(§)
of ¢ in the adic half-plane modulo 1 which is a sum of c—extensions of o—components of
the function g(§) of &.

The Fourier transform of an analytic function on the ring of integral elements of the adic
half-plane is an analytic function on the adic half-plane modulo 1. The inverse Fourier
transform of an analytic function on the adic half-plane modulo 1 is an analytic function
on the ring of integral elements of the adic half—plane.
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The Laplace transform of harmonic ¢ for the ring of integral elements of the adic skew—
plane of a function

f(&) = o(ENn(EE)

of £ in the ring which is square integrable with respect to the canonical measure for the
ring and which is parametrized by a square integrable analytic function h(£) of £ in the
ring of integral elements of the adic half-plane is the square integrable analytic function
g(§) of ¢ in the adic half-plane modulo 1 which is the Fourier transform of the function

h(E) of €.
The identity

/ F(©)[2de = 2 / lextg(€)[2de

holds with integration on the left with respect to the canonical measure for the ring of
integral elements of the adic skew—plane and with integration on the right with respect to
the canonical measure for the adic half-plane modulo 1.

The adic modulus
A(§) = sup A(n)

of an element ¢ of the adic half-plane modulo 1 is defined as the maximum adic modulus
of an element 7 of the adic half-plane which represent &.

The adjoint of the Radon transformation of harmonic ¢ takes a function

f(&) = o(E)h(E™¢)

of £ in the ring of integral elements of the adic skew—plane whose Laplace transform of
harmonic ¢ is a function g(&) of € in the adic half-plane modulo 1 into an analytic function

F1(&) = ()N (£7¢)

of £ in the ring of integral elements of the adic skew—plane whose Laplace transform of
harmonic ¢ is an analytic function ¢’(§) of £ in the adic half-plane modulo 1 if, and only
if, the identity

/ 0(€)" g (€)de = / 0(6)ME+ €)1 g(e)de

holds with integration with respect to the canonical measure for the adic half—plane modulo
1 for every square integrable analytic function v(§) of £ in the adic half-plane modulo 1
which vanishes when \(§ 4+ ) vanishes.

The r—annihilated subgroup of the adic half-plane modulo 1 is the set of elements £ such
that r¢ vanishes. Elements of the r—annihilated subgroup are represented by elements £ of
the adic half-plane such that r¢ is integral. Elements £ and 7 of the adic half-plane such
that ¢ and rn are integral represent the same element of the adic half-plane modulo 1 if,
and only if, 7§ and rn represent the same integral element of the adic half-plane modulo
T
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The r—annihilated subgroup of the adic half-plane modulo 1 is a finite set which has
the discrete topology and whose canonical measure is counting measure.

The Fourier transformation for the ring of integral elements of the adic half-plane
modulo r is the unique isometric transformation of the Hilbert space of square integrable
functions with respect to the canonical measure for the ring onto the Hilbert space of
square integrable functions with respect to the canonical measure for the r—annihilated
subgroup of the adic half-plane modulo 1 which takes an integrable function f(&) of £ into
the continuous function

g(€) = / exp(ri(€n + 1~ €) f(m)dn

of ¢ defined by integration with respect to the canonical measure for the ring. Fourier
inversion

f(6) = / exp(—mi(€ 7+ 17 €))g(n)dn

holds with integration with respect to the canonical measure for the r—annihilated subgroup
when the function g(£) of £ is integrable and the function f(§) of £ is continuous.

An element w of the adic half-plane with conjugate as inverse is said to be stable modulo
r if any two signatures modulo divisors of r which agree on elements of the adic line with
self-inverse agree on w.

An element of the ring of integral elements of the adic half-plane modulo r is said to
be stable if it is the product of an element of the ring of integral elements of the adic line
modulo r and an element of the adic half-plane with conjugate as inverse which is stable
modulo r.

A function h(§) of € in the ring of integral elements of the adic half-plane modulo r is
said to be analytic of signature o for a signature ¢ modulo a divisor of r if the identity

h(w§) = a(w)h(§)

holds for every element w of the adic half-plane with conjugate as inverse which is stable
modulo r and if the function vanishes at unstable elements of the ring of integral elements
of the adic half-plane modulo 7.

The o—extension of a function h(§) of £ in the ring of integral elements of the adic
half-plane modulo r which is analytic of signature o is the function exth(§) of £ in the
ring of integral elements of the adic half-plane modulo r which agrees with h(£) when £ is
stable and which satisfies the identity

exth(wf) = o(w)exth(§)

for every element w of the adic half-plane with conjugate as inverse.

A function h(&) of ¢ in the ring of integral elements of the adic half-plane modulo r
is said to be analytic if it is a linear combination of functions analytic of signatures o for
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signatures modulo divisors of r. The signatures are chosen to agree on elements of the
adic half-plane with conjugate as inverse if they agree on elements of the adic line with
self-inverse. An extension of the analytic function h(&) of £ is a function exth(&) of £ which
is a sum of the o—extensions of the components which are analytic of signatures o.

A function g(§) of £ in the r—annihilated subgroup of the adic half-plane modulo 1 is
determined by a function h(§) of £ in the ring of integral elements of the adic half-plane
modulo r such that

9(&) = h(r¢)
for every element £ of the adic half-plane such that r¢ is integral. The function g(&) of £
is defined as analytic if, and only if, the function h(§) of £ is analytic.

The Fourier transformation takes analytic functions on the ring of integral elements of
the adic half-plane modulo r into analytic functions on the r—annihilated subgroup of the
adic half-plane modulo 1. The inverse Fourier transformation takes analytic functions on
the r—annihilated subgroup of the adic half-plane modulo 1 into analytic functions on the
ring of integral elements of the adic half-plane modulo 7.

The Laplace transform of harmonic ¢ of a function

f(&) = o(E)h(E™¢)

of £ in the ring of integral elements of the adic skew—plane modulo r which is parametrized
by an analytic function A(§) of ¢ in the ring of integral elements of the adic half-plane
modulo 7 is the analytic function g(£) of £ in the r—annihilated subgroup of the adic
half-plane modulo 1 which is the Fourier transform of the function h(§) of &.

The identity
/V@W%=2/bmmm%€

holds with integration on the left with respect to the canonical measure for the ring of
integral elements of the adic skew—plane modulo r» and with integration on the right with
respect to the canonical measure for the r—annihilated subgroup of the adic half-plane
modulo 1.

The Radon transformation of harmonic ¢ takes a function

f(&) = o(On(EE)

of £ in the ring of integral elements of the adic skew—plane modulo r whose Laplace
transform is an analytic function g(£) of £ in the r—annihilated subgroup of the adic half-
plane modulo 1 into a function

F(€) = (N (£7¢)

of £ in the ring of integral elements of the adic skew—plane modulo r whose Laplace
transform is an analytic function ¢'(§) of £ in the r—annihilated subgroup of the adic
half-plane modulo 1 if, and only if, the identity

/¢@>¢QM5=/¢@>A@+5>MQM5



THE RIEMANN HYPOTHESIS 75

holds with integration with respect to the canonical measure for the r—annihilated subgroup
of the adic half-plane modulo 1 for every analytic function v(§) of £ in the r—annihilated
subgroup of the adic half-plane modulo 1 which vanishes when A(£ + £~ ) vanishes.

5. HARMONIC ANALYSIS ON AN ADELIC SKEW—PLANE

The adelic skew—plane is the Cartesian product of the complex skew—plane and the adic
skew—plane. An element ¢ of the adelic skew—plane has a component £, in the complex
skew—plane and a component &_ in the adic skew—plane. The adelic skew—plane is a
conjugated ring with coordinate addition and multiplication.

The sum £ + 7 of elements £ and 7 of the adelic skew—plane is the element of the adelic
skew—plane whose component in the complex skew—plane is the sum

v+t

of components in the complex skew—plane and whose component in the adic skew—plane
is the sum

£ +n-
of components in the r—adic skew—plane.

The product &n of elements € and 7 of the adelic skew—plane is the element of the adelic
skew—plane whose component in the complex skew—plane is the product

§4m+

of components in the complex skew—plane and whose component in the r—adic skew—plane
is the product

§-1-
of components in the adic skew—plane.

The conjugate of an element £ of the adelic skew—plane is the element £~ of the adelic
skew—plane whose component in the complex skew—plane is the conjugate

n

of the component in the complex skew—plane and whose component in the adic skew—plane
is the conjugate

§_
of the component in the r—adic skew—plane.

The adelic skew—plane is a locally compact Hausdorff space in the Cartesian product
topology of the topology of the complex skew—plane and the topology of the adic skew—
plane. Addition is continuous as a transformation of the Cartesian product of the adelic
skew—plane with itself into the adelic skew—plane. Multiplication by an element of the
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adelic skew—plane is a continuous transformation of the r—adelic skew—plane into itself.
Conjugation is a continuous transformation of the adelic skew—plane into itself.

The canonical measure for the adelic skew—plane is the Cartesian product measure of
the canonical measure for the complex skew—plane and the canonical measure for the adic
skew—plane. The measure is defined on Baire subsets of the adelic skew—plane. A measure
preserving transformation of the adelic skew—plane into itself is defined by taking £ into
& + n for every element n of the adelic skew—plane. Measure preserving transformations
of the adelic skew—plane into itself are defined by taking £ into w¢ and into w for every
element w of the adelic skew—plane with has conjugate as inverse.

The Fourier transformation for the adelic skew—plane is the unique isometric transfor-
mation of the Hilbert space of square integrable functions with respect to the canonical
measure for the adelic skew—plane into itself which takes an integrable function f(&4,&_)
of £ = (£4,&-) in the adelic skew—plane into the continuous function

96,6 = / exp(mi(€T s + 17 E4)) exp(mi(En— +n=E_))f (s n_)dn

of £ = (£4,€_) in the r—adelic skew—plane defined by integration with respect to the
canonical measure. Fourier inversion

fl€e,6-) = /exp(—ﬂi(ilm +ny &) exp(—mi(§-n- +n=&-))g(ny,n-)dn

applies with integration with respect to the canonical measure when the function g(£4,£_)
of £ = (&4,&-) is integrable and the function f(£,,£_) of & = (£4,&_) is continuous.

The adelic half-plane is the set of elements (z, £) of the adelic skew—plane whose compo-
nent z in the complex skew—plane belongs to the upper half-plane and whose component
¢ in the adic skew—plane belongs to the adic half-plane. The topology of the adelic half—
plane is the Cartesian product topology of the topology of the upper half-plane and the
topology of the adic half-plane. The canonical measure for the adelic half-plane is the
Cartesian product measure of the canonical measure for the upper half-plane and the
canonical measure for the adic half—plane.

Harmonic functions of order p = (p4, p—) for the adelic skew—plane are defined when
harmonic functions of order p; are defined for the complex skew-plane and harmonic
functions of order p_ are defined for the adic skew—plane.

A harmonic function of order p for the adelic skew—plane is a continuous function
P&, &) of &€ = (€4,€-) in the adelic skew—plane such that for every element _ of
the adic skew—plane the function of £, in the complex skew—plane is a harmonic function
of order py and for every element £, of the complex skew—plane the function of £_ in the
adic skew—plane is a harmonic function of order p_.

The set of harmonic functions of order p for the adelic skew—plane is a Hilbert space
whose scalar product is defined from the scalar product of the Hilbert space of harmonic
functions of order p for the complex skew—plane and the scalar product for the Hilbert
space of harmonic functions of order p_ for the adic skew-plane.
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The Hilbert space of harmonic functions of order p; for the complex skew—plane ad-
mits an orthogonal basis whose elements are monomials. The Hilbert space of harmonic
functions of order p for the adelic skew—plane is the orthogonal sum of subspaces deter-
mined by the monomials for the complex skew—plane. A subspace contains the product of
the monomial with a harmonic function of order p_ for the adic skew—plane. The scalar
product of two elements of the subspace is the scalar self-product of the monomials for
the complex skew—plane multiplied by the scalar product of the harmonic functions for the
adic skew—plane.

Multiplication on left by an element of the adelic skew—plane with conjugate as inverse
on the argument of a harmonic function of order p is an isometric transformation of the
Hilbert space of harmonic functions of order p into itself. The dimension of the Hilbert
space of harmonic functions of order p for the adelic skew—plane is the product of the
dimension of the Hilbert space of harmonic functions of order p; for the complex skew—
plane and the dimension of the Hilbert space of harmonic functions of order p_ for the
adic skew—plane.

Hecke operators are self-adjoint transformations of the Hilbert space of harmonic func-
tions of order p for the adelic skew—plane into itself. An isometric transformation of the
Hilbert space into itself is defined by every nonzero element w of the discrete skew—field
by taking a function f(£4,£-) of £ = (£4+,£_) in the adelic skew—plane into the function
fl&rw, & w) of & = (&£4,€_) in the adelic skew—plane.

Define N as the number of elements of the discrete skew—plane such that (w,w) = 1.

A Hecke operator A(n) is defined for every positive integer n. The transformation takes
a function f(&4,&-) of & = (€4,£_) in the adelic skew—plane into the function g(&4,&-) of
€ = (&4,€-) in the adelic skew—plane defined by the sum

Ng(€,6-) = ) f(64w,6-w)
over the integral elements w of the discrete skew—plane such that

n=w w.

The identity
A(m)A(n) = kA(mn/k?)

holds for all positive integers m and n with summation over the common odd divisors k of
m and n.

The Hecke operator A(1) is the orthogonal projection of the Hilbert space of harmonic
functions of order p onto the subspace of functions f(£4,£_) of £ = (£4+,£-) in the adelic
skew—plane which satisfy the identity

fl€4,6-) = f(§rw, & w)

for every integral element w of the discrete skew—plane such that w=w = 1.
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The kernel of A(1) is contained in the kernel of A(n), and the range of A(n) is contained
in the range of A(1), for every positive integer n.

Hecke operators act as self-adjoint transformations in the range of A(1). The range
of A(1) is the orthogonal sum of invariant subspaces whose elements are characterized as
eigenfunctions of A(n) for a real eigenvalue 7(n) for every positive integer n.

Eigenvalues defining invariant subspaces satisfy the identity

T(m)r(n) =Yk 7(mn/k?)

for all positive integers m and n with summation over the common odd divisors k& of m
and n. The eigenvalue 7(n) is one when n is one.

A Radon transformation of harmonic ¢ is defined for the adelic skew—plane when a
nontrivial harmonic function ¢ of order v defines an eigenfunction for Hecke operators.
The transformation is defined by integration with respect to the canonical measure for the
complementary space to the adelic plane in the adelic skew—plane.

The adelic plane is the set of elements £ = (£4,&_) of the adelic skew—plane whose com-
ponent £, in the complex skew—plane belongs to the complex plane and whose component
&_ in the adic skew—plane belongs to the adic plane. The adelic plane is isomorphic to the
Cartesian product of the complex plane and the adic plane. The subspace topology of the
adelic plane inherited from the adelic skew—plane is identical with the Cartesian product
topology of the topology of the complex plane and the topology of the adic plane. The
canonical measure for the adelic plane is the Cartesian product measure of the canonical
measure for the complex plane and the canonical measure for the adic plane.

The complementary space to the adelic plane in the adelic skew—plane is the set of
elements £ = (£4,&_) of the adelic skew—plane whose component £, in the complex skew—
plane belongs to the complementary space to the complex plane in the complex skew—plane
and whose component £_ in the adic skew—plane belongs to the complementary space to
the adic plane in the adic skew—plane. The complementary space to the adelic plane in
the adelic skew—plane is isomorphic to the Cartesian product of the complementary space
of the complex plane in the complex skew—plane and the complementary space to the adic
plane in the adic skew—plane.

The topology which the adelic plane inherits from the adelic skew—plane is identical with
the Cartesian product topology of the topology of the complex plane and the topology
of the adic plane. The canonical measure for the adelic plane is the Cartesian product
measure of the canonical measure for the complex plane and the canonical measure for the
adic plane.

The topology which the complementary space to the adelic plane in the adelic skew—
plane inherits from the adelic skew—plane is identical with the Cartesian product topology
of the topology of the complementary space of the complex plane in the complex skew—plane
and the topology of the complementary space to the adic plane in the adic skew—plane.

The canonical measure for the complementary space to the adelic plane in the adelic
skew—plane is the Cartesian product measure of the canonical measure for the complemen-
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tary space to the complex plane in the complex skew—plane and the canonical measure for
the complementary space to the adic plane in the adic skew—plane.

The Radon transformation of harmonic ¢ has domain and range in the Hilbert space of
functions f(&4,€_) of € = (£4,£_) in the adelic skew—plane which satisfy the identity

P, 6 ) flwiéyp,w-§ ) = Plwybr,w € ) f(Er,6-)

for every element w = (w4, w_) of the adelic skew—plane with conjugate as inverse.

The transformation takes a function f(£y,£_) of £ = (£4,£_) in the adelic skew—plane
into the function g(&4,&_) of £ = (£4,&-) in the adelic skew—plane when the identity

g(w+€+7 W_é—)/(,b(w—kf-}—,w_f—)

= / flwsés +wipnp,w_€- +w_n-)/d(wils +winy, w_& +w_n_)dn

holds with integration with respect to the canonical measure for the complementary space
to the adelic plane in the adelic skew—plane for every element £ = ({4,£_) of the adelic
plane and every element w = (w4, w_) of the adelic skew—plane with conjugate as inverse.

The integral is taken in the weak topology of the Hilbert space of square integrable
functions with respect to the canonical measure for the adelic skew—plane of integrals over
compact subsets of the complementary space to the adelic plane in the adelic skew—plane
which contain wé = (w&y,w_E_) for every element w = (w4 ,w_) of the adelic skew—plane
with conjugate as inverse whenever they contain £ = ({4,£-).

The Laplace transformation of harmonic ¢ for the adelic skew—plane is a spectral analysis
of the adjoint of the Radon transformation of harmonic ¢ for the adelic skew—plane in an
invariant subspace. A Laplace transformation of harmonic ¢ is defined for a harmonic
function ¢ of order p which has norm one in the Hilbert space of harmonic functions of
order p.

The domain of the Laplace transformation of harmonic ¢ is contained in the Hilbert
space of functions f(£4,£_) of £ = (£4,&_) in the adelic skew—plane which are square
integrable with respect to the canonical measure for the adelic skew—plane, which satisfy
the identity

P, &) flwiéy,w& ) = plwybr,w € ) f(Er,6-)

for every element w = (w4,w_) of the adelic skew—plane with conjugate as inverse, and
which vanish at noninvertible elements of the adelic skew—plane.

The adelic half-plane is a locally compact group which is the Cartesian product of
the upper half-plane and the adic half-plane. The topology of the adelic half—plane is the
Cartesian product topology of the topology of the upper half-plane and the topology of the
adic half-plane. The canonical measure for the adelic half-plane is the Cartesian product
measure of the canonical measure for the upper half-plane and the canonical measure for
the adic half-plane.
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A function
f€r,6-) = d(§, € )h(E &4, E26)

of £ = (£4+,€-) in the adelic skew—plane which belongs to the domain of the Laplace
transformation of harmonic ¢ is parametrized by a function h(z,§) of (z,£) in the adelic
half-plane.

For every element ¢ of the adic half-plane the function of z in the upper half-plane
admits an extension to the complex plane which satisfies the identity

h(wz, &) = h(z,€)

for every element w of the complex plane with conjugate as inverse. The function of £ in
the adic half-plane is analytic for every element z of the upper half-plane.
The identity

/ (€4 60)2dE = 2 / € IhEs € )Pde

holds with integration on the left with respect to the canonical measure for the r—adelic
skew—plane and with integration on the right with respect to the canonical measure for
the r—adelic half-plane.

The Laplace transform of harmonic ¢ of the function f(£y,£_) of £ = (£4,£_) in the
adelic skew—plane is a function

9(z,€) = / exp(rili|2) exp(mi(en- + =€)l " h(ne, n-)dn

of (z,€) in the adelic half-plane which is analytic as a function of z in the upper half-
plane for every element & of the adic half-plane and analytic as a function of £ in the adic
half-plane for every element z of the upper half—plane. The integral representation applies
when the integral is absolutely convergent.

The identity

o) “+o0
[ [ [ e+ inoPydedyd = my T+ 0) [l Plesthing )P

holds with outer integration on the left with respect to the canonical measure for the adic
half-plane and with integration on the right with respect to the canonical measure for the
adelic half-plane.

The adjoint of the Radon transformation of harmonic ¢ takes a function

f<£+7£—) = ¢(§+7§—)h(<§+7§+>7§:§—)

of & = (£4+,&_) in the adelic skew—plane whose Laplace transform of harmonic ¢ is a
function g(z,&) of (z,£) in the adelic half-plane into a function

f/(€+7 5*) = ¢(£+7 éf)h/(<£+v §+>7 5:57)
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of £ = (£4+,£_) in the adelic skew—plane whose Laplace transform of harmonic ¢ is a
function ¢'(z,&) of (z,&) in the adelic half-plane if, and only if, the identity

/ 0(€)" g (=, €)de = (i/2) / V() AE +E7) " g(z E)de

holds with integration with respect to the canonical measure for the adic half-plane for
every square integrable analytic function v(§) of £ in the adic half-plane whose product
with A(€ + £7)7 ! is square integrable.

An element £ = (£4,£_) of the adelic skew—plane is treated as integral if its adic
component £_ is integral. The set of integral elements of the adelic skew—plane is a ring
which is a locally compact Hausdorff space in the topology inherited from the adelic skew—
plane. The canonical measure for the ring is the restriction to Baire subsets of the ring of
the canonical measure for the adelic skew—plane.

The ring of integral elements of the adelic skew—plane is isomorphic to the Cartesian
product of the complex skew—plane and the ring of integral elements of the adic skew—plane.
The topology of the ring of integral elements of the adelic skew—plane is the Cartesian
product topology of the topology of the complex skew—plane and the topology of the
ring of integral elements of the adic skew—plane. The canonical measure for the ring
of integral elements of the adelic skew—plane is the Cartesian product measure of the
canonical measure for the complex skew—plane and the canonical measure for the ring of
integral elements of the adic skew—plane.

The set of integral elements of the adelic plane is a ring which is a locally compact
Hausdorff space in the topology inherited from the adelic plane. The canonical measure
for the ring is the restriction to Baire subsets of the ring of the canonical measure for the
adelic plane.

The ring of integral elements of the adelic plane is isomorphic to the Cartesian product
of the complex plane and the ring of integral elements of the adic plane. The topology
for the ring of integral elements of the adelic plane is the Cartesian product topology of
the topology of the complex plane and the topology of the ring of integral elements of the
adic plane. The canonical measure for the ring of integral elements of the adelic plane is
the Cartesian product measure of the canonical measure for the complex plane and the
canonical measure for the ring of integral elements of the adic plane.

The complementary space to the ring of integral elements of the adelic plane in the
ring of integral elements of the adelic skew—plane is the set of integral elements of the
complementary space to the adelic plane in the adelic skew—plane. The complementary
space to the ring of integral elements of the adelic plane in the ring of integral elements
of the adelic skew—plane is a locally compact Hausdorff space in the subspace topology
inherited from the complementary space to the adelic plane in the adelic skew—plane. The
canonical measure for the complementary space to the ring of integral elements of the
adelic plane in the ring of integral elements of the adelic skew—plane is the restriction to
its Baire subsets of the canonical measure for the complementary space to the adelic plane
in the adelic skew—plane.
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The complementary space to the ring of integral elements of the adelic plane in the
ring of integral elements of the adelic skew—plane is isomorphic to the Cartesian product
of the complementary space to the complex plane in the complex skew—plane and the
complementary space to the ring of integral elements of the adic plane in the ring of
integral elements of the adic skew—plane. The topology of the complementary space to the
ring of integral elements of the adelic plane in the ring of integral elements of the adelic
skew—plane is the Cartesian product topology of the topology of the complementary space
to the complex plane in the complex skew—plane and the topology of the complementary
space to the ring of integral elements of the adic plane in the ring of integral elements of
the adic skew—plane. The canonical measure for the complementary space to the ring of
integral elements of the adelic plane in the ring of integral elements of the adelic skew—
plane is the Cartesian product measure of the canonical measure for the complementary
space to the complex plane in the complex skew—plane and the canonical measure for the
complementary space to the ring of integral elements of the adic plane in the ring of integral
elements of the adic skew—plane.

The Radon transformation of harmonic ¢ for the ring of integral elements of the adelic
skew—plane is a transformation whose domain and range are contained in a Hilbert space
which is the domain of the Laplace transformation of harmonic ¢ for the ring of integral
elements of the adelic skew—plane. The elements of the domain of the Laplace transfor-
mation are the functions f(£;,£_) of & = (£4,£_) in the ring of integral elements of the
adelic skew—plane which are square integrable with respect to the canonical measure for
the ring and which satisfy the identity

D€y, ) flwiéy,w&) = dlwyly, w6 ) f(E4,6-)

for every element w = (w,,w_) of the adelic skew—plane with conjugate as inverse.

The Radon transformation takes a function f(£4,£-) of & = (£4,£_) in the ring into a
function g(&4,£_) of £ = (£4,&_) in the ring when the identity

gwiér,w-& )/ P(wi &y, w-E-)

— [ Hors b nn € )0 + i w-g won )

holds for every element w = (wy,w_) of the adelic skew—plane with conjugate as inverse
for every element & = (£4,£_) of the ring of integral elements of the adelic plane with
integration with respect to the canonical measure for the complementary space to the
ring of integral elements of the adelic plane in the ring of integral elements of the adelic
skew—plane. The integral is interpreted as a limit in the weak topology of the domain of
the Laplace transformation of integrals over compact subsets of the complementary space
which contain wé = (w&y,w_£_) for every element w = (w,,w_) of the adelic skew—plane
with conjugate as inverse whenever they contain £ = (£4,&_).

An element £ = (£4,£_) of the adelic half-plane is treated as integral if its adic com-
ponent £_ is an integral element of the adic half-plane. The set of integral elements of
the adelic half-plane is an additive subgroup which is a locally compact Hausdorff space
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in the subspace topology inherited from the adelic half-plane. The canonical measure for
the subgroup is the restriction to Baire subsets of the subgroup of the canonical measure
for the adelic half-plane.

The group of integral elements of the adelic half—plane is isomorphic to the Cartesian
product of the upper half-plane and the group of integral elements of the adic half-plane.
The topology of the group of integral elements of the adelic half-plane is the Cartesian
product topology of the topology of the upper half-plane and the topology of the group of
integral elements of the adic half—plane. The canonical measure for the group of integral
elements of the adelic half—plane is the Cartesian product measure of the canonical measure
for the upper half-plane and the canonical measure for the group of integral elements of
the adic half-plane.

A function

f(£+=€—) - ¢(§+,§_)h<flf+,€:€_)

of £ = (£4+,£_) in the ring of integral elements of the adelic skew—plane which belongs
to the domain of the Laplace transformation of harmonic ¢ for the ring is parametrized
by a function h(z,&) of (z,£) in the group of integral elements of the adelic half-plane
whose product with \z\%” is square integrable with respect to the canonical measure for
the group. For every integral element £ of the adic half-plane the function h(z, &) of z in
the upper half-plane admits an extension to the complex field which satisfies the identity

h(wz, &) = h(z,€)

for every element w of the complex field with conjugate as inverse. The function h(z,§) of
¢ in the ring of integral elements of the adic half-plane is analytic for every element z of
the upper half-plane.

The identity
/rf(f+,f_)12ds=2w/!f+|”\h<f+,f_>!2ds

holds with integration on the left with respect to the canonical measure for the ring of
integral elements of the adelic skew—plane and with integration on the right with respect
to the canonical measure for the group of integral elements of the adelic half—plane.

Elements £ = ({4,£-) and n = (n4,n-) of the adelic half-plane are treated as congruent
modulo 1 if the components

E+ =N+

in the upper half-plane are equal and the components £ and n_ in the adic half-plane
are congruent modulo 1. The quotient space modulo the equivalence relation is the adelic
half-plane modulo 1.

The Laplace transform of harmonic ¢ of a function

f(€+7€*) = ¢(£+7£*)h(§—;7€+7€:£*)
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of £ = (£4,£&-) in the ring of integral elements of the adelic skew—plane is a function

9(z,€) = / exp(ilin|2) exp(mie n- + =€)l " h(ne, n-)dn

of (z,€) in the adelic half-plane modulo 1 which is analytic as a function of z in the upper
half-plane for every element £ of the adic half-plane modulo 1 and which is analytic as a
function of £ in the adic half-plane modulo 1 for every element z of the upper half—plane.
Integration is with respect to the canonical measure for the ring of integral elements of the
adic half-plane.

The identity

(o) +oo
/ / / g + iy, €) Py? dedyds = (27) T (1 + ) / [y ) 2y
0 —00

holds with outer integration on the left with respect to the canonical measure for the
adic half-plane modulo 1 and with integration on the right with respect to the canonical
measure for the group of integral elements of the adelic half—plane.

The adjoint of the Laplace transformation of harmonic ¢ takes a function

f(€4,6-) = D(&4, 6 )€ 64+€7¢)

of £ = (&4,&-) in the ring of integral elements of the adelic skew—plane whose Laplace
transform of harmonic ¢ is a function g(z,&) of (z,£) in the adelic half-plane modulo 1
into a function

F(&4,6) = 064, €)W (€4, 64),67€)

of £ = (&£4,&-) in the ring of integral elements of the adelic skew—plane whose Laplace
transform of harmonic ¢ is a function ¢'(z,&) in the adelic half-plane modulo 1 if, and
only if, the identity

/ 0()" g (=, €)dE = (i/2) / 0(€)AE T €) (=, E)de

holds with integration with respect to the canonical measure for the adic half—plane modulo
1 for every square integrable analytic function v(§) of £ in the adic half-plane modulo 1
whose product with A +¢ ~)~! is square integrable.

The projection of the ring of integral elements of the adelic skew—plane onto the ring
of integral elements of the adelic skew—plane modulo r is a homomorphism of conjugated
ring structure which is a continuous open mapping and which takes the canonical measure
into the canonical measure.

A function defined on the ring of integral elements of the adelic skew—plane modulo r
is treated as a function defined on the ring of integral elements of the adelic skew—plane
which has equal values at elements which are congruent modulo 7.
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The ring of integral elements of the adelic plane modulo r is the quotient ring of the
ring of integral elements of the adelic plane defined by congruence modulo r. The ring of
integral elements of the adelic plane modulo r is isomorphic to the image of the ring of
integral elements of the adelic plane in the ring of integral elements of the adelic skew—plane
modulo r.

The ring of integral elements of the adelic plane modulo r is isomorphic to the Cartesian
product of the complex plane and the ring of integral elements of the adic plane modulo
r. The topology of the ring of integral elements of the r—adelic plane modulo r is the
Cartesian product topology of the topology of the complex plane and the topology of the
ring of integral elements of the adic plane modulo r. The canonical measure for the ring
of integral elements of the adelic plane modulo r is the Cartesian product measure of the
canonical measure for the complex plane and the canonical measure for the ring of integral
elements of the adic plane modulo r.

The projection of the ring of integral elements of the adelic plane onto the ring of
integral elements of the adelic plane modulo r is a homomorphism of conjugated ring
structure which is a continuous open mapping and which takes the canonical measure into
the canonical measure.

A function defined on the ring of integral elements of the adelic plane modulo 7 is treated
as a function defined on the ring of integral elements of the adelic plane which has equal
values at elements which are congruent modulo r.

The complementary space to the ring of integral elements of the adelic plane modulo r
in the ring of integral elements of the adelic skew—plane modulo r is defined as the image
in the ring of integral elements of the adelic skew—plane modulo r of the complementary
space to the ring of integral elements of the adelic plane in the ring of integral elements
of the adelic skew—plane. The complementary space to the ring of integral elements of the
adelic plane modulo r in the ring of integral elements of the adelic skew—plane modulo r
is isomorphic to the quotient space modulo r of the complementary space to the ring of
integral elements of the adelic plane in the ring of integral elements of the adelic skew—
plane.

The complementary space to the ring of integral elements of the adelic plane modulo
r in the ring of integral elements of the adelic skew—plane modulo r is isomorphic to
the Cartesian product of the complementary space to the complex plane in the complex
skew—plane and the complementary space to the ring of integral elements of the adic plane
modulo 7 in the ring of integral elements of the adic skew—plane modulo r.

The topology of the complementary space to the ring of integral elements of the adelic
plane modulo r in the ring of integral elements of the adelic skew—plane modulo r is the
Cartesian product topology of the topology of the complementary space to the complex
plane in the complex skew—plane and the topology for the complementary space to the
ring of integral elements of the adic plane modulo r in the ring of integral elements of the
adic skew—plane modulo r.

The canonical measure for the complementary space to the ring of integral elements
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of the adelic plane modulo r in the ring of integral elements of the adelic skew—plane
modulo 7 is the Cartesian product measure of the canonical measure for the complementary
space to the complex plane in the complex skew—plane and the canonical measure for the
complementary space to the ring of integral elements of the adic plane modulo r in the
ring of integral elements of the adic skew—plane modulo r.

The projection of the complementary space to the ring of integral elements of the adelic
plane in the ring of integral elements of the adelic skew—plane into the complementary
space to the ring of integral elements of the adelic plane modulo 7 in the ring of integral
elements of the adelic skew—plane modulo r is a homomorphism of additive structure which
is a continuous open mapping and which maps the canonical measure into the canonical
measure.

A function defined on the complementary space to the ring of integral elements of the
adelic plane modulo r in the ring of integral elements of the adelic skew—plane modulo r is
treated as a function defined in the complementary space to the ring of integral elements
of the adelic plane in the ring of integral elements of the adelic skew—plane which has equal
values at elements which are congruent modulo r.

The Radon transformation of harmonic ¢ for the ring of integral elements of the adelic
skew—plane modulo 7 is a transformation with domain and range in the domain of the
Laplace transformation of harmonic ¢ for the ring of integral elements of the adelic skew—
plane modulo r.

The domain of the Laplace transformation of harmonic ¢ for the ring of integral elements
of the adelic skew—plane modulo r is the Hilbert space of functions f(£y,£_) of £ =
(£4,€-) in the ring of integral elements of the adelic skew—plane modulo r which are
square integrable with respect to the canonical measure for the ring and which satisfy the
identity

P&, ) flwidp w-&) = Plwi&y, w-€-) f(§4,€-)

for every element w = (w4 ,w_) of the adelic skew—plane with conjugate as inverse.

The Radon transformation of harmonic ¢ takes a function f(&4,&_) of & = (£4,&_) in
the ring of integral elements of the adelic skew—plane modulo r into a function g(£4,£_)
of £ = (£4,&_) in the ring of integral elements of the adelic skew—plane modulo r when
the identity

g(w+€+7 W_é—)/(,b(w—kf-}—,w_f—)
= /f(w+§+ Fwiny,w_§ +w_n-)/d(wiy +wing,w_§ +w_n_)dn

holds for every element w = (wy,w_) of the adelic skew—plane with conjugate as inverse
when & = (£4,£_) is an element of the ring of integral elements of the adelic plane modulo
r and when integration is with respect to the canonical measure for the complementary
space to the ring of integral elements of the adelic plane modulo r in the ring of integral
elements of the adelic skew—plane modulo r.

The integral is interpreted as a limit of integrals over compact subsets of the comple-
mentary space to the ring of integral elements of the adelic plane modulo r in the ring of
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integral elements of the adelic skew—plane modulo r. which contain wé = (w&4,w_§_) for
every integral element w = (w4,&_) of the adelic skew—plane with integral inverse when-
ever they contain £ = (£4,£_). The limit is taken in the metric topology of the Hilbert
space of square integrable functions with respect to the canonical measure for the ring of
integral elements of the adelic skew—plane modulo 7.

Integral elements £ = (£1,&_) and n = (n4,n-) of the adelic half-plane are treated as
congruent modulo 7 if their components

E+ =Nt

in the upper half-plane are equal and if their components £_ and 7_ in the adic half-plane
differ by an element n_ —&_ of the adic half-plane which is the product of  and an integral
element of the adic half-plane.

The quotient group of the group of integral elements of the adelic half-plane is the
group of integral elements of the adelic half-plane modulo r. The group is isomorphic to
the Cartesian product of the upper half-plane and the group of integral elements of the
adic half-plane modulo r.

The topology of the group of integral elements of the adelic half-plane modulo r is the
Cartesian product topology of the topology of the upper plane and the topology of the
group of integral elements of the adic half-plane modulo . The canonical measure for
the group of integral elements of the adelic half-plane modulo r is the Cartesian product
measure of the canonical measure for the upper half-plane and the canonical measure for
the ring of integral elements of the adic half-plane modulo 7.

The projection of the group of integral elements of the adelic half—plane onto the group
of integral elements of the adelic half-plane modulo r is a homomorphism of additive
structure which is a continuous open mapping and which maps the canonical measure into
the canonical measure.

A function defined on the group of integral elements of the adelic half-plane modulo r
is treated as a function defined on the group of integral elements of the adelic half—plane
which has equal values at elements which are congruent modulo 7.

A function

f(£+=€*) - ¢(§+7§*)h<615+7€:€*)

of £ = (£4,&_) in the ring of integral elements of the adelic skew—plane modulo r which be-
longs to the domain of the Laplace transformation of harmonic ¢ for the ring is parametrized
by a function h(z, &) of (z,&) in the group of integral elements of the adelic half-plane mod-
ulo r whose product with |z|%” is square integrable with respect to the canonical measure
for the group.

For every element £ of the group of integral elements of the adic half-plane modulo r
the function h(z, &) of z in the upper half-plane admits an extension to the complex field
which satisfies the identity

h(wz, &) = h(z,€)
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for every element w of the complex field with conjugate as inverse. For every element z of
the upper half-plane the function h(z,§) of £ in the ring of integral elements of the adic
half-plane modulo r is analytic.

The identity
/ (€4, 60)2de = 2m / €41 loxth(és, € )Pde

holds with integration on the left with respect to the canonical measure for the ring of
integral elements of the adelic skew—plane modulo r and with integration on the right with
respect to the canonical measure for the group of integral elements of the adelic half-plane
modulo r.

The Laplace transform of harmonic ¢ of the function

f(g-‘r; g—) = ¢(£+7 5—)h<£;£+7 g:f—)
of £ = (£4+,&_) in the ring of integral elements of the adelic skew—plane modulo 7 is defined
as the function

9(z,€) = / exp(i|ny |2) exp(ri(€ - + 0~ " hlng n-)dn

of (z,€) in the adelic half-plane modulo such that r¢ vanishes defined by integration with
respect to the canonical measure for the group of half-integral elements of the adelic half—
plane modulo r.

The identity

oo} +o0 o]
// / lextg(z + iy, €)%y dedydé = (2m)"VT'(1 + v) // ¥ |exth(r, n)|?drdn
0 —0oo 0

holds with outer integration on the left with respect to the canonical measure for the
adic half-plane modulo 1 over the set of elements 7 such that rn vanishes and with outer
integration in the right with respect to the canonical measure for the ring of integral
elements of the adic half-plane modulo 7.

The adjoint of the Radon transformation of harmonic ¢ takes a function

J(6+,6-) = o(&4, E-)h(E1 &+, 626-)

of & = (£4,&_) in the ring of integral elements of the adelic skew—plane modulo r whose
Laplace transform of harmonic ¢ is a function g(z,&) of (2,£) in the group of elements
(z,&) of the adelic half-plane modulo 1 such that r¢ vanishes into a function

f,(g—ﬁ-a 5—) = ¢(£+7 6—)h/(£;£+7 5:5—)
of £ = (£4,&_) in the ring of integral elements of the adelic skew—plane modulo r whose
Laplace transform of harmonic ¢ is a function ¢'(z,£) of (z,£) in the group of elements
(z,€) of the adelic half-plane modulo 1 such that ¢ vanishes if, and only if, the identity

/ 0() g/ (=, €)dE = (i/2) / 0()ME T €) (=, E)de

holds with integration with respect to the canonical measure for the r—annihilated subgroup
of the adic half-plane modulo 1 for every analytic function v(§) of £ in the r—annihilated
subgroup of the adic half-plane modulo 1 which vanishes when A({ + £) vanishes.
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