RIEMANN ZETA FUNCTIONS

Loulis DE BRANGES DE BOURcCIA™

ABSTRACT. A Riemann zeta function is a function which is analytic in the complex plane,
with the possible exception of a simple pole at one, and which has characteristic Euler prod-
uct and functional identity. Riemann zeta functions originate in an adelic generalization of
the Laplace transformation which is defined using a theta function. Hilbert spaces, whose
elements are entire functions, are obtained on application of the Mellin transformation. Max-
imal dissipative transformations are constructed in these spaces which have implications for
zeros of zeta functions. The zeros of a Riemann zeta function in the critical strip are simple
and lie on the critical line. The Euler zeta function and Dirichlet zeta functions are examples
of Riemann zeta functions.

A Riemann zeta function is represented by a Dirichlet series

in the half-plane Rs > 1 with summation over the positive integers n which are relatively
prime to a given positive integer p. A Riemann zeta function has an analytic extension to
the complex plane with the possible exception of a simple pole at s = 1. Riemann zeta
functions are divided into two classes according to Euler product and functional identity.
Riemann zeta functions originate in Fourier analysis either on a plane or on a skew-plane.
The Euler product for the zeta function of a plane is a product

(o) =] - x@)p™)

taken over the primes p which are not divisors of p. The identity

7(p)] =1

holds for every such prime p. The functional identity for the zeta function of a skew-plane
states that the functions

(n/p) 2" ET (v + 15)¢(s)
and -
(m/p) 3 3T (G + 5 = 3s)C(1—s57)"
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of s are linearly dependent for v equal to zero or one. The Euler product for the zeta
function of a skew—plane is a product

) =[] =P + 7 ()* - 7@*)]p*)

taken over the primes p which are not divisors of p. The inequality

IT(p)| <2

holds for every such prime p with 7(p)? — 7(p?) of absolute value one. The functional
identity for the zeta function of a skew—plane states that the functions

(27/p) "2V 5T (v + 5)C(5)

and
(2m/p) 2 T (Fr 41— 5)¢(1 - 5)

are linearly dependent for some odd positive integer v. The Euler zeta function is a
Riemann zeta function for a plane. The other Riemann zeta functions for a plane are
Dirichlet zeta functions. The Riemann zeta functions for a skew-plane are examples of
zeta functions for which the Ramanujan hypothesis [3], [4] is satisfied.

Zeta functions originate in Fourier analysis on locally compact rings. The locally com-
pact field of real numbers is obtained by completion of the field of rational numbers in
a topology which is compatible with additive and multiplicative structure. Other locally
compact fields are constructed by completion of subrings of the rational numbers admitting
topologies compatible with additive and multiplicative structure. If r is a positive integer,
a corresponding subring consists of the rational numbers which have integral product with
some positive integer whose prime divisors are divisors of r. The ring admits a topology
for which addition and multiplication are continuous as transformations of the Cartesian
product of the ring with itself into the ring. The r—adic topology is determined by its
neighborhoods of the origin. Basic neighborhoods are the ideals of the integers generated
by positive integers whose prime divisors are divisors of r. The r—adic line is the completion
of the ring in the resulting uniform structure. Addition and multiplication have continuous
extensions as transformations of the Cartesian product of the r—adic line with itself into
the r—adic line. The r—adic line is a commutative ring which is canonically isomorphic
to the Cartesian product of the p—adic lines taken over the prime divisors p of r. Each
p—adic line is a locally compact field. An element of the r—adic line is said to be integral
if it belongs to the closure of the integers in the r—adic topology. The integral elements
of the r—adic line form a compact neighborhood of the origin for the r—adic topology. An
invertible integral element of the r—adic line is said to be a unit if its inverse is integral.
The r—adic modulus of an invertible element £ of the r—adic line is the unique positive
rational number |£|_, which represents an element of the r—adic line, such that [£]|_¢ is
a unit. The r—adic modulus of a noninvertible element of the r—adic line is zero. Haar
measure for the r—adic line is normalized so that the set of integral elements has measure
one. Multiplication by an element £ of the r—adic line multiplies Haar measure by the
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r-adic modulus. The function exp(27i§) of £ in the r—adic line is defined by continuity
from values when £ is a rational number which represents an element of the r—adic line.

The Euclidean line is the locally compact ring of real numbers. The Euclidean modulus
of an element ¢ of the Euclidean line is its absolute value |[£|. A unit of the Euclidean
line is an element of absolute value one. Haar measure for the Euclidean line is Lebesgue
measure. Multiplication by an element ¢ of the Euclidean line multiplies Haar measure by
a factor of the Euclidean modulus |£|. The function exp(27i€) of £ in the Euclidean line is
continuous.

The r—adelic line is a locally compact ring which is the Cartesian product of the Eu-
clidean line and the r—adic line. An element £ of the r—adelic line has a Euclidean com-
ponent ¢, and an r—adic component £ . The Euclidean modulus of an element ¢ of the
r—adelic line is the Euclidean modulus |£|; of its Euclidean component £,. The r—adic
modulus of an element ¢ of the r—adic line is the r—adic modulus |¢|_ of its r—adic com-
ponent _. The r—adelic modulus of an element £ of the r—adelic line is the product || of
its Euclidean modulus |£|+ and its r—adic modulus |£|_. An element of the r—adelic line is
said to be a unit if its Euclidean modulus and its r—adic modulus are one. An element of
the r—adelic line is said to be unimodular if its r—adelic modulus is one. Haar measure for
the r—adelic line is the Cartesian product of Haar measure for the Euclidean line and Haar
measure for the r—adic line. Multiplication by an element of the r—adelic line multiplies
Haar measure by the r—adelic modulus. The function

exp(2mif) = exp(2mi& )/ exp(2mi&_)

of £ in the r—adelic line is the quotient of the function exp(27i€ ) of the Euclidean com-
ponent and of the function exp(27i_) of the r—adic component. A principal element of
the r—adelic line is an element whose Euclidean and r—adic components are represented by
equal rational numbers. The principal elements of the r—adelic line form a discrete subring
of the r—adelic line. The identity

exp(2mi§) =1

holds for every principal element ¢ of the r—adelic line. A principal element of the r—adelic
line is unimodular if it is nonzero.

The adic line is a locally compact ring which is a restricted inverse limit of the r—adic
lines. The ring is a completion of the field of rational numbers in a topology for which
addition and multiplication are continuous as transformations of the Cartesian product of
the field with itself into the field. The adic topology is determined by its neighborhoods
of the origin. Basic neighborhoods are the ideals of the integers which are generated by
positive integers. The adic line is the completion of the field in the resulting uniform
structure. Addition and multiplication have continuous extensions as transformations of
the Cartesian product of the adic line with itself into the adic line. The adic line is
canonically isomorphic to a subring of the Cartesian product of the p—adic lines taken over
all primes p. An element of the Cartesian product represents an element of the adic line
if, and only if, its p—adic component is integral for all but a finite number of primes p. An
element of the adic line is said to be integral if its p—adic component is integral for every
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prime p. The integral elements of the adic line form a compact neighborhood of the origin
for the adic topology. An invertible integral element of the adic line is said to be a unit
if its inverse is integral. The adic modulus of an invertible element £ of the adic line is
the unique positive rational number |£|_ such that |{]|_£ is a unit. The adic modulus of a
noninvertible element of the adic line is zero. Haar measure for the adic line is normalized
so that the set of integral elements has measure one. Multiplication by an element of the
adic line multiplies Haar measure by the adic modulus. The function exp(27i€) of € in the
adic line is defined by continuity from its values when £ is a rational number.

The adelic line is a locally compact ring which is the Cartesian product of the Euclidean
line and the adic line. An element ¢ of the adelic line has a Euclidean component &, and
an adic component £_. The Euclidean modulus of an element & of the adelic line is the
Euclidean modulus ||, of its Euclidean component £, . The adic modulus of an element &
of the adelic line is the adic modulus [£|_ of its adic component £_. The adelic modulus of
an element ¢ of the adelic line is the product || of its Euclidean modulus |£|; and its adic
modulus [£|_. An element of the adelic line is said to be a unit if its Euclidean modulus
and its adic modulus are one. An element of the adelic line is said to be unimodular if its
adelic modulus is one. Haar measure for the adelic line is the Cartesian product of Haar
measure for the Euclidean line and Haar measure for the adic line. Multiplication by an
element of the adelic line multiplies Haar measure by the adelic modulus. The function

exp(2mi€) = exp(2mil; )/ exp(2mi&_)

of ¢ in the adelic line is defined as the ratio of the function exp(2mi;) of &4 in the
Euclidean line and the function exp(27mi€_) of {_ in the adic line. A principal element
of the adelic line is an element whose Euclidean and adic components are represented by
equal rational numbers. The principal elements of the adelic line form a discrete subring
of the adelic line. An element £ of the adelic line is a principal element if, and only if, the
identity

exp(2min) =1

holds for every principal element 7 of the adelic line. A principal element of the adelic line
is unimodular if it is nonzero.

The Fourier transformation for the adelic line is an isometric transformation whose
domain and range are the space of square integrable functions with respect to Haar measure
for the adelic line. The transformation takes a function f(£) of £ in the adelic line into a
function g(n) of n in the adelic line when the identity

o(n) = / £(€) exp(2ming ) de

is formally satisfied. The integral is accepted as the definition of the transformation when
the integral with respect to Haar measure for the adelic line is absolutely convergent. The
identity

N GRENGIRE
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then holds with integration with respect to Haar measure for the adelic line. The identity

fn) = / 9(€) exp(—2ming)de

holds with integration with respect to Haar measure for the adelic line when the integral
is absolutely convergent. The Poisson summation formula

Y =9

holds with summation over the principal elements of the adelic line when both integrals
are absolutely convergent.

The Euclidean plane is the locally compact field of complex numbers. The complex
conjugation of the Euclidean plane is the automorphism & into £~ of order two whose
fixed field is the Euclidean line. The Euclidean modulus of an element ¢ of the Euclidean
plane is its absolute value |£]. An element of the Euclidean plane is said to be a unit if
its FEuclidean modulus is one. Haar measure for the Euclidean plane is Lebesgue measure.
Multiplication by an element of the Euclidean plane multiplies Haar measure by the square
of the Euclidean modulus.

The Euclidean skew—plane is a locally compact ring in which every nonzero element
is invertible. The Euclidean skew—-plane is an algebra over the Euclidean plane which is
generated by an element j which satisfies the identity

j?=-1

and the identity
V=717
for every element ~ of the Euclidean plane. The elements of the Euclidean skew—plane are

of the form a + j8 with a and 8 elements of the Euclidean plane. The conjugation of the
Euclidean skew—plane is the anti—automorphism ¢ into £~ of order two which takes

a—+ 50

into
o —jp

for all elements o and (3 of the Euclidean plane. The Euclidean plane is a subfield of
the Euclidean skew—plane on which the conjugation of the Euclidean skew—plane agrees
with the conjugation of the Euclidean plane. The Euclidean line is the fixed field of the
conjugation of the Euclidean skew—plane. If £ is an element of the Euclidean skew—plane,
£*¢ is a nonnegative element of the Euclidean line which is nonzero if, and only if, &
is nonzero. The Euclidean modulus of an element £ of the Euclidean skew—plane is the
nonnegative square root |£| of £7¢. A unit of the Euclidean skew—plane is an element
of Euclidean modulus one. Haar measure for the Euclidean skew—plane is the Cartesian
product of the Haar measures for component Euclidean planes. Multiplication by an
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element of the Euclidean skew—plane multiplies Haar measure by the fourth power of the
Euclidean modulus.

A theorem of Lagrange states that every positive integer is a sum of four squares of
integers. If n is a positive integer, the equation

n=¢¢§

has solutions
§=(a+1iB)+j(y+1id)

in the elements of the Euclidean skew—plane whose components «, 3, v, and J are all integers
or all halves of odd integers. The solutions form a group of order twenty-four when n is
equal to one.

The r—adic skew—plane is an algebra of dimension four over the r—adic line which is
generated by the same units as ¢ and j as the Euclidean skew—plane. The elements of the
r—adic skew—plane are of the form

(a+1i8) + j(y +id)

for elements «, 3,7, and § of the r—adic line. The conjugation of the r—adic skew—plane is
the anti—automorphism ¢ into £~ of order two which takes

(a+1i8) + j(v + 1))

into
(a—if) — j(v +1id)

for all elements «, 3,7, and § of the r—adic line. The topology of the r—adic skew—plane
is the Cartesian product of topologies of coordinate r—adic lines. If £ is an element of
the r—adic skew—plane, £~¢ is an element of the r—adic line which is invertible if, and
only if, ¢ is invertible. The r—adic modulus of an element £ of the r—adic skew—plane is
the nonnegative square root |{|_ of the r—adic modulus of {~¢. An integral element of
the r—adic skew—plane is an element £ such that £~¢ is an integral element of the r—adic
line. The integral elements of the r—adic skew—plane form a compact subring which is a
neighborhood of the origin for the r—adic topology. A unit of the r—adic skew—plane is an
invertible integral element whose inverse is integral. An element £ of the r—adic skew—plane
is a unit if, and only if, £~ is a unit of the r—adic line. Haar measure for the r—adic skew—
plane is normalized so that the set of integral elements has measure one. Multiplication
by an element of the r—adic skew—plane multiplies Haar measure by the fourth power of
the r—adic modulus.

The r—adelic skew—plane is a locally compact ring which is the Cartesian product of the
Euclidean skew—plane and the r—adic skew—plane. An element £ of the r—adelic skew—plane
has a Euclidean component £, and an r—adic component £_. The conjugation of the r—
adelic skew—plane is the anti—automorphism & into £~ of order two such that the Euclidean
component of £~ is obtained from the Euclidean component of £ under the conjugation
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of the Euclidean skew—plane and the r—adic component of £~ is obtained from the r—adic
component of £ under the conjugation of the r—adic skew—plane. The Euclidean modulus
of an element & of the r—adelic skew—plane is the Euclidean modulus [£|; of its Euclidean
component £;. The r—adic modulus of an element ¢ of the r—adelic skew—plane is the
r—adic modulus |£|_ of its r—adic component £_. The r—adelic modulus of an element
¢ of the r—adelic skew—plane is the product |¢| of its Euclidean modulus and its r—adic
modulus. An element of the r—adelic skew—plane is said to be a unit if its Euclidean
modulus and its r—adic modulus are one. An element of the r—adelic skew—plane is said to
be unimodular if its r—adelic modulus is one. Haar measure for the r—adelic skew—plane is
the Cartesian product of Haar measure for the Euclidean skew—plane and Haar measure for
the r—adic skew—plane. Multiplication by an element of the r—adelic skew—plane multiplies
Haar measure by the fourth power of the r—adelic modulus. A principal element of the r—
adelic skew—plane is an element whose coordinates with respect to the canonical basis are
principal elements of the r—adelic line. The principal elements of the r—adelic skew—plane
form a closed subring whose nonzero elements are unimodular and invertible.

The adic skew—plane is an algebra of dimension four over the adic line which is generated
by the same units ¢ and j as the Euclidean skew—plane. The elements of the adic skew—
plane are of the form

(a+1i8) + j(v +id)

for elements «, 3,7, and § of the adic line. The conjugation of the adic skew—plane is the
anti—automorphism ¢ into £~ of order two which takes

(a+1iB) + j(vy +id)

into
(a—iB) — j(v +1id)

for all elements «, 3,7, and § of the adic line. The topology of the adic skew—plane is
the Cartesian product of topologies of coordinate adic lines. If £ is an element of the
adic skew—plane, £ ¢ is an element of the adic line which is invertible if, and only if, £ is
invertible. The adic modulus of an element ¢ of the adic skew—plane is the nonnegative
square root |£|_ of the adic modulus of £~¢. An integral element of the adic skew—plane is
an element ¢ such that £~ ¢ is an integral element of the adic line. The integral elements
of the adic skew—plane form a compact subring which is a neighborhood of the origin for
the adic topology. A unit of the adic skew—plane is an invertible integral element whose
inverse is integral. An element £ of the adic skew—plane is a unit if, and only if, £7¢ is a
unit of the adic line. Haar measure for the adic skew—plane is normalized so that the set
of integral elements has measure one. Multiplication by an element of the adic skew—plane
multiplies Haar measure by the fourth power of the adic modulus.

The adelic skew—plane is a locally compact ring which is the Cartesian product of the
Euclidean skew—plane and the adic skew—plane. An element & of the adelic skew—plane
has a Euclidean component £, and an adic component £_. The conjugation of the adelic
skew—plane is the anti—automorphism ¢ into £~ of order two such that the Euclidean
component of £~ is obtained from the Euclidean component of £ under the conjugation
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of the Euclidean skew—plane and the adic component of £~ is obtained from the adic
component of £ under the conjugation of the adic skew—plane. The Euclidean modulus
of an element & of the adelic skew—plane is the Euclidean modulus ||, of its Euclidean
component ;. The adic modulus of an element £ of the adelic skew—plane is the adic
modulus |¢|_ of its adic component £_. The adelic modulus of an element £ of the adelic
skew—plane is the product [£] of its Euclidean modulus and its adic modulus. An element
of the adelic skew—plane is said to be a unit if its Euclidean modulus and its adic modulus
are one. An element of the adelic skew—plane is said to be unimodular if its adelic modulus
is one. Haar measure for the adelic skew—plane is the Cartesian product of Haar measure
for the Euclidean skew—plane and Haar measure for the adic skew—plane. Multiplication
by an element of the adelic skew—plane multiplies Haar measure by the fourth power of
the adelic modulus. A principal element of the adelic skew—plane is an element whose
coordinates with respect to the canonical basis are principal elements of the adelic line.
The principal elements of the adelic skew—plane form a discrete subring whose nonzero
elements are unimodular and invertible.

The Fourier transformation for the adelic skew—plane is an isometric transformation
whose domain and range are the space of square integrable functions with respect to Haar
measure for the adelic skew—plane. The transformation takes a function f(&) of £ in the
adelic skew—plane into a function g(n) of 7 in the adelic skew—plane when the identity

o) = / £(€) exp(mi(n™ € + € m))de

is formally satisfied. The integral is accepted as the definition of the transformation when
the integral with respect to Haar measure for the adelic skew—plane is absolutely conver-
gent. The identity

[1s@rde= [laoras

holds with integration with respect to Haar measure for the adelic skew—plane. The identity

f(n) = / 9(€) exp(—mi(n™ € + £ n))dé

holds with integration with respect to Haar measure for the adelic skew—plane when the
integral is absolutely convergent. The Poisson summation formula

PRIGEDINIG)

holds with summation over the principal elements of the adelic skew—plane when both
integrals are absolutely convergent.

An r—adic plane is a maximal commutative subring of the r—adic skew—plane whose
elements have rational r—adic modulus. An r—adic plane is closed under conjugation. A
skew—conjugate element v of the r—adic skew—plane, exists such that the identity

=&
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holds for every element £ of the r—adic plane. It ¢ is an invertible skew—conjugate element
of the r—adic plane, then the r—adic plane is the set of elements of the r—adic skew—plane
which commute with ¢. The projection of the r—adic skew—plane onto the r—adic plane
takes ¢ into

%5 + %rlgb.

Haar measure for the r—adic plane is normalized so that the set of integral elements has
measure one. Multiplication by an element of the r—adic plane multiplies Haar measure
by the square of the r—adic modulus.

An r-adelic plane is the set of elements of the r—adelic skew—plane whose Euclidean
component belongs to the Euclidean plane and whose r—adic component belongs to an
r—adic plane. An r—adelic plane is a locally compact ring which is invariant under the con-
jugation of the r—adelic skew—plane. Haar measure for the r—adelic plane is the Cartesian
product of Haar measure for the Euclidean plane and Haar measure for the r—adic plane.
Multiplication by an element of the r—adelic plane multiplies Haar measure by the square
of the r—adelic modulus.

An adic plane is the set of elements of the adic skew—plane whose p-adic component
belongs to an p—adic plane for every prime p. An adic plane is a locally compact ring which
is invariant under the conjugation of the adic skew—plane. Haar measure for the adic plane
is normalized so that the set of integral elements has measure one. Multiplication by an
element of the adic plane multiplies Haar measure by the square of the adic modulus.

An adelic plane is the set of elements of the adelic skew—plane whose Euclidean compo-
nent belongs to the Euclidean plane and whose adic component belongs to an adic plane.
An adelic plane is a locally compact ring which is invariant under the conjugation of the
adelic skew—plane. Haar measure for the adelic plane is the Cartesian product of Haar
measure for the Euclidean plane and Haar measure for the adic plane. Multiplication by
an element of the adelic plane multiplies Haar measure by the square of the adelic modulus.

If w is a unit of the Euclidean plane, an isometric transformation in the space of square
integrable functions with respect to Haar measure for the Euclidean plane is defined by
taking a function f(£) of £ in the Euclidean plane into the function f(w&) of £ on the
Euclidean plane. The space is the orthogonal sum of invariant subspaces, which are indexed
by the integers v. When v is equal to zero, a function of order v is a function f(§) of £ in
the Euclidean plane which satisfies the identity

F(&) = fwg)

for every unit w of the Euclidean plane. When v is positive, a function of order v is the
product of a function of order zero and the function

SV

of £ in the Euclidean plane. A function of order —v is the complex conjugate of a function
of order v.
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If w is a unit of the Euclidean skew—plane, an isometric transformation in the space of
square integrable functions with respect to Haar measure for the Euclidean skew—plane is
defined by taking a function f(§) of £ in the Euclidean skew—plane into the function f(w¢)
of £ in the Euclidean skew—plane. The space is the orthogonal sum of invariant subspaces,
which are indexed by the integers v. When v is equal to zero, a function of order v is a
function f(£) of £ in the Euclidean skew—plane which satisfies the identity

f(w€) = f(&)

for every unit w of the Euclidean skew—plane. When v is a positive integer, a function of
order v is a finite linear combination with functions of order zero as coefficients of products

H(%wkﬁ — Siwp&i)

with wy equal to one or j for every £ = 1,... ,v. A function of order —v is the complex
conjugate of a function of order v. The identity

iV (i)2) T H(%wk — Liwgni) exp(—miz"tn7n)
= [ Tt - i) explmize=6)
x exp(mi(n~ &+ & n))d¢

holds when z is in the upper half-plane with integration with respect to Haar measure for
the Euclidean skew—plane.

The Hankel transformation of order v for the Euclidean plane is defined when v is a
nonnegative integer. If a function f(&) of £ in the Euclidean plane is square integrable
with respect to Haar measure for the Euclidean plane and satisfies the identity

f(w€) = wf(§)

for every unit w of the Euclidean plane, then its Hankel transform of order v for the
Euclidean plane is a function g(n) of n in the Euclidean plane which is square integrable
with respect to Haar measure for the Euclidean plane and which satisfies the identity

g(wn) = w"g(n)

for every unit w of the Euclidean plane. A positive parameter p is included in the definition
of the transformation for application to zeta functions. The transformation takes the
function

§" exp(mi&™ A¢/p)

of £ in the Euclidean plane into the function

(i/2) 7€ exp(—mi& A"/ p)
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of £ in the Euclidean plane when A is in the upper half-plane. The transformation is
computed on a dense subset of its domain by the absolutely convergent integral

¥ pg(n) = / F(&) expli(n—€ + € n)/p)dé

with respect to Haar measure for the Euclidean plane. The identity

N GRENGIRE

holds with integration with respect to Haar measure for the Euclidean plane. The Hankel
transformation of order v for the Euclidean plane is its own inverse.

The Hankel transformation of order v for the Euclidean skew—plane is defined when v
is an odd positive integer. The domain and the range of the transformation is the set
of functions of ¢ in the Euclidean skew—plane, which are square integrable with respect
to Haar measure for the Euclidean skew—plane, which are of order v, and which are the
product of the function

(3¢ — 3ii)”
and a function of order zero. A positive parameter p is included in the definition of the
transformation for application to zeta functions. The transformation takes a function f(§)

of ¢ in the Euclidean skew—plane into a function g(&) of £ in the Euclidean skew—plane
when the identity

/ (36~ — Lie= i) g &) exp(2mize—€p)de
= (i/22 [ (36— b€ i) /€ exp(-2miz €€/ )it

holds when z is in the upper half-plane with integration with respect to Haar measure for
the Euclidean skew—plane. The identity

[1s@rde= [laoras

holds with integration with respect to Haar measure for the Euclidean skew—plane. The
function f(§) of £ in the Euclidean skew—plane is the Hankel transform of order v for the
Euclidean skew—plane of the function g(§) of £ in the Euclidean skew—plane.

The Laplace transformation of order v for the Euclidean plane permits a computation
of the Hankel transformation of order v for the Euclidean plane. The domain of the
transformation is the space of functions f(£) of £ in the Euclidean plane which are square
integrable with respect to Haar measure for the Euclidean plane and which satisfy the
identity

F(w8) = W £(€)
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for every unit w of the Euclidean plane. A corresponding function g(z) of z in the upper
half-plane is defined by the absolutely convergent integral

2mg(z) = / (6%) F(€) exp(mizt €/ p)de

with respect to Haar measure for the Euclidean plane. The integral can be written

2mg(o-+iy) = [ (€)" £(€) expl—nty ) explmite/p)i
0
as a Fourier integral for the Euclidean line under the constraint
t=¢¢&.

The identity

400 [e%e)
/o) [ latetinlae= [ IF©P exp(-2nty/ )i

— 00

holds by the isometric property of the Fourier transformation for the Euclidean line. When
v is zero, the identity

+oo

(2/p) sup / 9e + iy)Pde = / F(©)Pde

— 00

holds with the least upper bound taken over all positive numbers y. The identity

[e’e) 400
(2 /p)+ / / gle + iy)Py*dedy = T() / F(©)de

holds when v is positive. Integration on the right is with respect to Haar measure for
the Euclidean plane. An analytic function g(z) of z in the upper half-plane is a Laplace
transform of order v for the Euclidean plane if a finite least upper bound

“+o0
sup/ l9(z + iy) [P da
— o0

is obtained over all positive numbers y when v is zero and if the integral

[e’e) —+ o0
/ / g + iy) 2y”dady
0 —00

is finite when v is positive. The space of Laplace transforms of order v for the Euclidean
plane is a Hilbert space of functions analytic in the upper half-plane when it is considered
with the scalar product for which the Laplace transformation of order v for the Euclidean
plane is isometric. The Hankel transformation of order v for the Euclidean plane is unitarily
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equivalent under the Laplace transformation of order v for the Euclidean plane to the
isometric transformation in the space of analytic functions which takes g(z) into

(i/2) " g(=1/z).

The Laplace transformation of order v for the Euclidean skew—plane permits a compu-
tation of the Hankel transformation of order v for the Euclidean skew—plane. The domain
of the transformation is the set of functions of ¢ in the Euclidean skew—plane, which are
square integrable with respect to Haar measure for the Euclidean skew—plane, which are
of order v, and which are the product of the function

(3& — 3i&i)

and a function of order zero. The Laplace transform of order v for the Euclidean skew—
plane is the analytic function g(z) of z in the upper half-plane defined by the integral

2mg(z) = / (36~ — Lig~i)" £(€) exp(2mizt €/ p)de

with respect to Haar measure for the Euclidean skew—plane. The identity

) 400
v+ a)an/pP [ [ lgtain)Pyrdedy =20 0) [ I

holds with integration on the right with respect to Haar measure for the Euclidean skew—
plane. The space of Laplace transforms of order v for the Euclidean skew—plane is a Hilbert
space of functions analytic in the upper half-plane when it is considered with the scalar
product for which the Laplace transformation of order v for the Euclidean skew—plane is
an isometry. The domain of the Laplace transformation of order v for the Euclidean skew—
plane is the domain and range of the Hankel transformation of order v for the Euclidean
skew—plane. The Hankel transformation of order v for the Euclidean skew—plane is unitarily
equivalent to the isometric transformation in the Hilbert space of analytic functions which

takes g(z) into
(i/2)* " g(~1/z).

A relation T" with domain and range in a Hilbert space is said to be maximal dissipative
if the relation T'— w has an everywhere defined inverse for some complex number w in the
right half-plane and if the relation

(T —w)(T +w)™*

is a contractive transformation. The condition holds for every element w of the right
half-plane if it holds for some element w of the right half-plane.

The Radon transformation of order v for the Euclidean plane is a maximal dissipative
transformation in the space of functions f(§) of £ in the Euclidean plane which are square



14 L. DE BRANGES DE BOURCIA April 21, 2003

integrable with respect to Haar measure for the Euclidean plane and which satisfy the
identity
fwg) = w” f(£)

for every unit w of the Euclidean plane. The transformation takes a function f(§) of £ in
the Euclidean plane into a function g(&) of £ in the Euclidean plane when the identity

+oo
eva©) =l [ (eite) s+ gy
is formally satisfied. The integral is accepted as the definition of the transformation when

f(&) = & exp(mizg™ &/ p)

when z is in the upper half-plane and v is equal to zero or one. The identity,

g9(&) = (ip/2)? f(€)

then holds with the square root taken in the right half-plane. The adjoint of the Radon
transformation of order v for the Euclidean plane takes a function f(§) of € in the Euclidean
plane into a function g(§) of £ in the Euclidean plane when the identity

/ (6")g(€) exp(mizE ¢/ p)de
= (ip/2)} / (6") F(€) exp(mizt €/ p)de

holds with integration with respect to Haar measure for the Euclidean plane for v equal
to zero and one when z is in the upper half—plane. The square root is taken in the right
half-plane. The Radon transformation of order v for the Euclidean plane is the adjoint of
its adjoint.

The Radon transformation of the Euclidean skew—plane is a maximal dissipative trans-
formation in the space of square integrable functions with respect to Haar measure for
the Euclidean skew—plane which are of order v. The space of functions of order v is the
orthogonal sum of 1 4 v closed subspaces, each of which is an invariant subspace in which
the restriction of the Radon transformation for the Euclidean skew—plane is maximal dis-
sipative. A subspace is determined by a product

H(%wkf — Siwp&i)

with wp equal to one or j for every k = 1,...,v. The elements of the subspace are
the square integrable functions of ¢ in the Euclidean skew—plane which are obtained on
multiplying by a function of order zero.

Associated with the function f(§) of £ in the Euclidean skew—plane is a function f(§,n)
of £ and 7 in the Euclidean skew—plane which agrees with f(£) when 7 is equal to £. Each
linear factor

swré — Fiwpdi
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in the product defining f(§) either remains unchanged or is changed to

SWT) — 3wk

in the corresponding product defining f(£,n). If the number of linear factors with wy equal
to one is even, the number of these linear factors changed is equal to the number of these
linear factors unchanged. If the number of linear factors with wy equal to one is odd,
the number of these linear factors changed is one greater than the number of these linear
factors unchanged. If the number of linear factors with wy equal to j is even, the number
of these linear factors changed is equal to the number of these linear factors unchanged. If
the number of linear factors with wy equal to j is odd, the number of these linear factors
changed is one greater than the number of these linear factors unchanged. Since v is
assumed to be odd, the total number of linear factors changed is one greater than the total
number of linear factors unchanged. The function of order zero which appears in f(§) is
replaced by a function of £~ +n7nin f(§,n).

The Radon transformation of order v for the Euclidean skew—plane is defined by inte-
gration with respect to Haar measure for the hyperplane formed by the skew—conjugate
elements of the skew—plane. An element & of the hyperplane satisfies the identity

The skew—plane is isomorphic to the Cartesian product of the hyperplane and the Euclidean
line. Haar measure for the hyperplane is normalized so that Haar measure for the skew—
plane is the Cartesian product of Haar measure for the hyperplane and Haar measure
for the line. The Radon transformation of order v for the Euclidean skew—plane takes a
function f(§) of € in the Euclidean skew—plane into a function g(§) of £ in the Euclidean
skew—plane when the identity

(4m)2(2¢ — Lagi)= 57+ 3 (3 — Lini) =3V "3 g(&,n)

= |¢n| // 18+ 1o — Ji&i — Likai)” 3vts

v—

N|=

X (31 + 318 — 3ini — 3inBi)" 3
X f(&+ Ea,n+nB)|af| *dadf

is formally satisfied with integration with respect to Haar measure for the hyperplane. The
integral is accepted as the definitions when

F(&) = (5€ — 3i€i)” exp(2mizE ¢/ p)
with z in the upper half-plane, in which case

F&m) = (3¢ — Ligiyzv—3(dn — Lini)3v+3 exp(miz(€~€+n7n)/p).

Since the identity

9(&m) = (ip/2)f(&,m)
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is then satisfied, the identity
9(&) = (ip/2) f(§)

is satisfied. The adjoint of the Radon transformation of order v for the Euclidean skew—
plane takes a function f(§) of £ in the Euclidean skew—plane, which belongs to the domain of
the Laplace transformation of order v for the Euclidean skew—plane, into a function g(§) of
¢ in the Euclidean skew—plane, which belongs to the domain of the Laplace transformation
of order v for the Euclidean skew—plane, when the identity

[ e bigmiyg() expzmisg ¢/ p)ie
— (ip/2) [ (3¢~ bigmi)" £(€) explmizg ¢/ )it
holds with integration with respect to Haar measure for the Euclidean skew—plane when

z is in the upper half-plane. The Radon transformation of order v for the Euclidean
skew—plane is the adjoint of its adjoint.

The domain of the Mellin transformation of order v for the Euclidean plane is the space
of functions f(&) of £ in the Euclidean plane which are square integrable with respect to
Haar measure for the Euclidean plane, which satisfy the identity

f(w€) = wf(§)

for every unit w of the Euclidean plane, and which vanish in a neighborhood of the origin.
The Laplace transform of order v for the Euclidean plane is the analytic function g(z) of
z in the upper half-plane defined by the integral

2mg(z) = / (6%) £(€) exp(mize €/ p)dt

with respect to Haar measure for the Euclidean plane. The Mellin transform of order v
for the Euclidean plane is an analytic function

F(z) = /OO g(it)tzv 235 gy
0
of z in the upper half-plane. Since the function
W(z) = (w/p) 2 375D (qw + § — 3iz)
admits an integral representation
W(z) = (€ ¢)rvtean / " exp(—te¢/phed dEar
0

when z is in the upper half-plane, the identity

2mF(2) /W (2) = / (&) F©lel= e
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holds when z is in the upper half-plane with integration with respect to Haar measure for
the Euclidean plane. If f(£) vanishes when [¢| < a, the identity

+oo
sup [ aIF (ot ig)(Wia+ iy)Pdo = [ IF(€)Pde

holds with the least upper bound taken over all positive numbers y. Integration is with
respect to Haar measure for the Euclidean plane.

The domain of the Mellin transform of order v for the Euclidean skew—plane is the set
of functions of ¢ in the Euclidean skew—plane which are square integrable with respect
to Haar measure for the Euclidean skew—plane, which are of order v, and which are the
product of the function

(5€ — 3i&i)”
and a function of order zero which vanishes in a neighborhood of the origin. The Laplace

transform of order v for the Euclidean skew—plane is the analytic function g(z) of z in the
upper half-plane defined by the integral

2mg(2) = [ (36 = 3i€0)" 1) exp(2mizg~¢/p)de

with respect to Haar measure for the Euclidean skew—plane. The Mellin transform of order
v of the Euclidean skew—plane is an analytic function

Fz) = /O " giyr-iar
of z in the upper half-plane. Since the function
W(z) = (2r/p) " 2" 1D (Ly 41 — iz)
admits an integral representation
W) = (€O [T oot /ot
when z is in the upper half-plane, the identity
2P ()W) = [ (36 - big i FE) €€y de

holds when z is in the upper half-plane with integration with respect to Haar measure for
the Euclidean skew—plane. If f(£) vanishes when [£| < a, the identity

+oo
sup [ aIF (o4 i) Wa+ i) Py = 57 [ 17 P
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holds with the least upper bound taken over all positive numbers y. Integration on the
right is with respect to Haar measure for the Euclidean skew—plane.

A characterization of Mellin transforms is made in weighted Hardy spaces. An analytic
weight function is a function which is analytic and without zeros in the upper half-plane.
The weighted Hardy space F (W) associated with an analytic weight function W(z) is the
Hilbert space F(W) whose elements are the analytic functions F'(z) of z in the upper
half-plane such that a finite least upper bound

—+ o0
| F |2y = sup / P+ iy) /W (@ + iy) Pda

— 00

is obtained over all positive numbers y. Since F'(z)/W (z) is of bounded type as a function
of z in the upper half-plane, a boundary value function F(z)/W(x) is defined almost
everywhere with respect to Lebesgue measure on the real axis. The identity

+o0o
1%y = / |F(z)/W (x)|*dz

— 0

is satisfied. A continuous linear functional on the space is defined by taking F(z) into
F(w) when w is in the upper half-plane. The reproducing kernel function for function
values at w is

W (z)W(w)~

2mi(w= — z)
The classical Hardy space for the upper half-plane is the weighted Hardy space F(W)
when W (z) is identically one. Multiplication by W (z) is an isometric transformation of

the classical Hardy space onto the weighted Hardy space F (W) whenever W (z) is an
analytic weight function for the upper half-—plane.

The analytic weight function

W(z) = (n/p) 222D (dy + L — Liz)

appears on the characterization of Mellin transforms of order v for the Euclidean plane.
A maximal dissipative transformation in the weighted Hardy space F (W) is defined by
taking F'(z) into F(z + i) whenever F(z) and F(z + i) belong to the space.

The analytic weight function
W(z) = (27r/p)_%”_1+izf(%y +1—iz)

appears in the characterization of Mellin transforms of order v for the Euclidean skew—
plane. A maximal dissipative transformation in the weighted Hardy space F (W) is defined
by taking F'(z) into F'(z + i) whenever F(z) and F(z + i) belong to the space.

Weighted Hardy spaces appear in which a maximal dissipative transformation is defined
by taking F'(z) into F'(z + i) whenever the functions F'(z) and F'(z + i) of z belong to the
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space. The existence of a maximal dissipative shift in a weighted Hardy space F(W) is
equivalent to properties of the weight function [7]. Since the adjoint transformation takes
the reproducing kernel function

W ()W (w — 5i)”

2mi(w= + 31 — z)

for function values at w — %z in the upper half-plane into the reproducing kernel function

W (z)W (w + 3i)

2mi(w— — 31— 2)

for function values at w + %z in the upper half-plane, the function

W(z— 30)W(w+ 3i)~ + W(z+ 30)W(w— 34)~

2mi(w™ — 2)

of z in the half-plane 12~ —iz > 1 is the reproducing kernel function for function values at
w for a Hilbert space whose elements are functions analytic in the half-plane. The form
of the reproducing kernel function implies that the elements of the space have analytic
extensions to the upper half-plane. The weight function has an analytic extension to the
half-plane such that

W(z)/W(z+1)

has nonnegative real part in the half-plane. This property of the weight function char-
acterizes the weighted Hardy spaces which admit a maximal dissipative shift. If a weight
function W (z) has an analytic extension to the half-plane —1 < iz~ — iz such that

W(z)/W(z+1)

has nonnegative real part in the half-plane, then a maximal dissipative transformation in
the space F (W) is defined by taking F'(z) into F'(z+14) whenever F(z) and F(z+1) belong
to the space.

Hilbert spaces appear whose elements are entire functions and which have these prop-
erties.

(H1) Whenever an element F(z) of the space has a nonreal zero w, the function

F(z)(z —w™)/(z —w)
belongs to the space and has the same norm as F(z).

(H2) A continuous linear functional on the space is defined by taking F(z) into F(w)
for every nonreal number w.

(H3) The function
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belongs to the space whenever F'(z) belongs to the space, and it always has the same norm
as F(z).

Such spaces have simple structure. The complex numbers are treated as a coefficient
Hilbert space with absolute value as norm. If w is a nonreal number, the adjoint of the
transformation of the Hilbert space H into the coefficient space is a transformation of the
coefficient space into H which takes ¢ into K (w, z)c for an entire function K (w, z) of z.
The identity

F(w) = (F(t), K(w,1))

reproduces the value at w of an element F'(z) of the space. A closed subspace consists of
the functions which vanish at A for a given nonreal number X\. The orthogonal projection
in the subspace of an element F(z) of the space is

F(2) — K\ 2)K(M\A)EFE(N)

when the inverse of K (A, \) exists. The properties of K(\,z) as a reproducing kernel
function imply that K (A, A) is a nonnegative number which vanishes only when K (), z)
vanishes identically. Calculations are restricted to the case in which K (A, \) is nonzero
since otherwise the space contains no nonzero element. If w is a nonreal number, the
reproducing kernel function for function values at w in the subspace of functions which

vanish at A is
K(w,z) — K\ 2)K(A\A) K (w, \).

The axiom (H1) implies that
[K(w,2) — K\ 2) K\ A) T TK(w, V)] (z = A ) (w™ =N (z=X)"Hw™ —A7)7?

is the reproducing kernel function for function values at w in the subspace of functions
which vanish at A™. The identity

(z = A7) (w™ = N[K(w,2) — K\ 2)K(\A) K (w, \)]
=(z-AN(w™ = A)[K(w,2) = KA\ ,2) KA, A7) 1K (w, A7)

follows. The identity is applied in the equivalent form

A=A7)(z —w ) K(w, 2)
= (z=A)K\2) KM T —w ) K (w, A)
—(z=NKA,2) KA, A7) A —w ) K (w, A7),

The axiom (H3) implies the symmetry condition
K(w,z) =K(w ,z7)".
An entire function E(z) exists such that the identity

2ri(w™ — 2)K(w,2) = E(2)E(w)” — E*(2)E(w™)
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holds for all complex numbers z and w. The inequality
|E(z7)] < |E(2)|

applies when z is in the upper half-plane. Since the space is uniquely determined by the
function F(z), it is denoted H(E).

A Hilbert space H(FE) is constructed for a given entire function F(z) when the inequality
[E(z7)] < |E(2)]

holds for z in the upper half-plane. A weighted Hardy space F(F) exists since F(z) is an
analytic weight function when considered as a function of z in the upper half-plane. The
desired space H(F) is contained isometrically in the space F(E) and contains the entire
functions F'(z) such that F(z) and F*(z) belong to the space F(FE). The axioms (H1),
(H2), and (H3) are satisfied. If

E(z) = A(z) —iB(z)
for entire functions A(z) and B(z) such that
A(z) = A*(2)

and
B(z) = B*(z)

have real values on the real axis, the reproducing kernel function of the resulting space
H(E) at a complex number w is

If a Hilbert space of entire functions is isometrically equal to a space H(FE) with
E(z) = A(z) —iB(z)

for entire functions A(z) and B(z) which have real values on the real axis and if

(% §)

is a matrix with real entries and determinant one, then the space is also isometrically equal
to a space H(F;) with
E1 (Z) = A1 (Z) — ZBl(Z)

where the entire functions A;(z) and B;(z), which have real values on the real axis, are
defined by the identities
Ay(z) = A(z)P + B(2)R
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and
Bi(z) = A(2)Q + B(2)S.

A Hilbert space of entire functions is said to be symmetric about the origin if an isometric
transformation of the space into itself is defined by taking F'(z) into F'(—z). The space is
then the orthogonal sum of the subspace of even functions

A Hilbert space H(E) is symmetric about the origin if the defining function E(z) satisfies
the symmetry condition

The identity
E(z) = A(z) —iB(z)

then holds with A(z) an even entire function and B(z) an odd entire function which
have real values on the real axis. A Hilbert space of entire functions which satisfies the
axioms (H1), (H2), and (H3), which is symmetric about the origin, and which contains a
nonzero element, is isometrically to a space H(E) whose defining function E(z) satisfies
the symmetry condition.

If the defining function E(z) of a space H(FE) satisfies the symmetry condition, a Hilbert
space H of entire functions, which satisfies the axioms (H1), (H2), and (H3), exists such
that an isometric transformation of the space H onto the set of even elements of the space
H(E) is defined by taking F(z) into F(2?). If the space H contains a nonzero element,
it is isometrically equal to a space H(E,) for an entire function

Ey(z) = A (2) —iB4(2)

defined by the identities
A(z) = A4()

and
2B(z) = By (2%).

The functions A(z) and zB(z) are linearly dependent when the space H, contains no
nonzero element. The space H(E) then has dimension one. A Hilbert space H_ of entire
functions, which satisfies the axioms (H1), (H2), and (H3), exists such that an isometric
transformation of the space H_ onto the set of odd elements of the space H(F) is defined
by taking F(z) into zF(2?). If the space H_ contains a nonzero element, it is isometrically
equal to a space H(E_) for an entire function

E_(2)=A_(z) —iB_(z)
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defined by the identities

and
B(2)/z = B_(2%).

The functions A(z) and B(z)/z are linearly dependent when the space H_ contains no
nonzero element. The space H(F) then has dimension one.

An entire function S(z) is said to be associated with a space H(E) if
[F(2)S(w) = S(2) F(w)]/(2 = w)

belongs to the space for every complex number w whenever F'(z) belongs to the space. If
a function S(z) is associated with a space H(FE), then

[S(2)B(w) — B(2)5(w)]/(z — w)
belongs to the space for every complex number w. The scalar product
B(a)” L(B, ) B(B)
= (B—a )([S()B(B) — Bt)S(B)]/(t = B), [S(t)B(a) — B(t)S(a)]/(t — )2 (k)

is computable since the identities

L(a_7ﬂ_) = _L(ﬁa Oé) = L(Ol,ﬂ)_

and
L(B,7) — L(a,v) = L(B,a™)

hold for all complex numbers «, 3, and 7. A function 1(z) of nonreal numbers z, which is
analytic separately in the upper and lower half—planes and which satisfies the identity

¥(z) +¢"(2) =0,

exists such that
L(B, a) = mit(B) + mivp ()~

for nonreal numbers a and . The real part of the function is nonnegative in the upper
half-plane.

If F(2) is an element of the space H(F), a corresponding entire function F~(z) is defined
by the identity

7B(w)F~ (w) + miB(w)y(w)F(w)
= (F)S(w), [St)B(w™) = Bl)S(w )]/ (t = w™))n(m)
when w is not real. If F(z) is an element of the space and if

G(z) = [F(2)S(w) = S(2) F(w)]/(z — w)
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is the element of the space obtained for a complex number w, then the identity

G™(2) = [F7(2)S(w) = S(2) F~ (w)] /(2 — w)
is satisfied. The identity for difference quotients
TG(a)” F7(B) —nG™ (o) F(B)
= ([F@®)S(B) = SO F(B)]/(t = B), G(t)S())n(k)
—(F(t)S5(8), [G(t)S () = S(H)G(a)]/(t — @))n(E)
—(B =" )([F()S(B) = SOF(B)]/(t - B),[G(t)S () = S(H)G()]/(t — a))2 ()

holds for all elements F'(z) and G(z) of the space when o and (3 are nonreal numbers.

The transformation which takes F'(z) into F™~(z) is a generalization of the Hilbert
transformation. The graph of the transformation is a Hilbert space whose elements are

pairs
(£49)

of entire functions. The skew—conjugate unitary matrix

(1 %)

is treated as a generalization of the imaginary unit. The space of column vectors with
complex entries is considered with the Euclidean scalar product

a a a\ (a
G)-6r-6) ()
Examples are obtained in a related theory of Hilbert spaces whose elements are pairs of
entire functions. If w is a complex number, the pair

< [F(2)S(w) = S(2) Fy (w)]/ (2 — w) >
[F-(2)S(w) = §(2) F-(w)]/(z = w)

(£49)

belongs to the space. The identity for difference quotients

(&) (26)

belongs to the space whenever

~(([ose-san @A) (S 08,
F-()5(8) - SOF-(B)]/t - 5) ) * \ G-(1)5(a)
(B 059 (10080 e @I,
F-05(8)) * \[0-(1)S(a) - SOG- @)/t - )
5oy ([0S0 DR -0 (16 08(e) ~ S (/- a)),
F-()S(8) - SOF-(B))/(t = 8) ) * \[G-()S(e) = SHG—(@))/(¢ - )
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Fi(2)
(%)
Gi(z)
(&)

of the space when « and (3 are complex numbers. A continuous transformation of the space
into the space of column vectors with complex entries takes

(£49)

(£

when w is not real. The adjoint transformation takes

holds for all elements

and

into

into

for a function

ver= (3 oo )

with matrix values which is independent of w. The entries of the matrix are entire func-
tions which have real values on the real axis. Since the space with these properties is
uniquely determined by S(z) and M(z), it is denoted Hg(M). If M(z) is a given matrix
of entire functions which are real on the real axis, necessary and sufficient conditions for
the existence of a space Hg(M) are the matrix identity

M(z7)IM(z)” =S(z7)IS(2)~
and the matrix inequality

M(2)IM(z)” — S(2)IS(z)~

z—zZ

>0

for all complex numbers z.

An example of a space Hg(M) is obtained when an entire function S(z) is associated
with a space H(F). The Hilbert transformation associates an entire function F~(z) with
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every element F'(z) of the space in such a way that an identity for difference quotients is
satisfied. The graph of the Hilbert transformation is a Hilbert space H(M) with

weo=(&6 i)

E(z) = A(z) —iB(2)

and

for entire function C(z) and D(z) which have real values on the real axis. The elements
of the space are of the form
F(z)
(£3)

2

with F(z) in #(E). The identity
(0)

The relationship between factorization and invariant subspaces is an underlying theme
of the theory of Hilbert spaces of entire functions. A matrix factorization applies to entire
functions F(z) such that a space H(F) exists. When several such functions appear in
factorization, it is convenient to index them with a real parameter which is treated as a
new variable. When functions F(a, z) and E(b, z) are given, the question arises whether
the space H(E(a)) with parameter a is contained isometrically in the space H(E(b)) with
parameter b. The question is answered by answering two simpler questions. The first is
whether the space H(E(a)) is contained contractively in the space H(E(b)). The second
is whether the inclusion is isometric.

= 2||F(t) 3

Hs (M)

is satisfied.

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 the inequality

lellz, < llallp + 161

holds whenever ¢ = a+b with a in P and b in Q and such that every element ¢ of H admits
some decomposition for which equality holds. The space Q is called the complementary
space to P in ‘H. Minimal decomposition of an element ¢ of A is unique. The element a
of P is obtained from ¢ under the adjoint of the inclusion of P in H. The element b of Q
is obtained from ¢ under the adjoint of the inclusion of @ in H. The intersection of P and
Q is a Hilbert space P A Q, which is contained contractively in H, when considered with
scalar product determined by the identity

lelprg = llelp + llella-

The inclusion of P in H is isometric if, and only if, the space P A Q contains no nonzero
element. The inclusion of Q@ in #H is then isometric. A Hilbert space H which is so
decomposed is written PV Q.
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The space Hg(M) is denoted H(M) when S(z) is identically one. An estimate of
coefficients in the power series expansion of M (z) applies when the matrix is the identity
at the origin. A nonnegative matrix

(g 5) = M'(0)]

is constructed from derivatives at the origin. The Schmidt norm o (M) of a matrix
A B
M =
is the nonnegative solution of the equations
o(M)* = |A]* + |B]* + |C|* + | D*.
The coefficients in the power series expansion

M(z) =) Myz"

satisfy the inequality
o(My) < (a+7)"/n!

for every positive integer n.

If
E(a,z) = A(a,z) —iB(a, 2)

is an entire function such that a space H(FE(a)) exists and if

_ [ A(a,b,2) B(a,b,z)
M(a,b,2) = (C(a, b,z) D(a,b, Z))

is matrix of entire functions such that a space H (M (a,b)) exists, then an entire function
E(b,z) = A(b,z) —iB(b, 2)
such that a space H(E(b)) exists is defined by the matrix product
(A(b, 2),B(b, 2)) = (A(a, 2), B(a, z))M(a, b, z).

If F(z) is an element of the space H(E(a)) and if

o= (&)

is an element of the space H(M (a,b)), then

H(z) = F(z) + A(a, 2)G4(2) + B(a, 2)G_(z)
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is an element of the space H(E(b)) which satisfies the inequality
IH () 320y < 1F )3 ey + %HG(z)H’QH(M(a,b))'

Every element H(z) of the space H(E(b)) admits such a decomposition for which equality
holds.

The set of elements G(z) of the space H(M (a, b)) such that
A(a, 2)G4(z) + B(a,2)G_(z)

belongs to the space H(E(a)) is a Hilbert space £ with scalar product determined by the
identity

IG(Z = G 3y ar(apy) + 2 1Ala, )G (2) + Bla, 2)G-(2) |35 (a))-

o)

The pair
[F(2) = F(w)]/(z —w) = G?FE ; E H

belongs to the space for every complex number w whenever

o= (7))

belongs to the space. The identity for difference quotients

= ([F(t) = F(8)]/(t = 8), G(t)) c
<F(t),[G(t) G(a)]/(t =)
—(B = a7 )([F(t) = F(B)]/(t = 8),[G(t) = G(a)]/(t = )z

holds for all elements F(z) and G(z) of the space when « and § are complex numbers.
These properties imply that the elements of the space L are pairs

(%)

vVU=u v.

of constants which satisfy the identity

The inclusion of the space H(FE(a)) in the space H(E(b)) is isometric if, and only if, no
nonzero pair of complex numbers v and v, which satisfy the identity, exists such that

(%)
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belongs to the space H (M (a, b)) and
A(a, z)u+ B(a, z)v

belongs to the space H(E(a)).

A converse result holds. Assume that E(a,z) and E(b,z) are entire functions such
that spaces H(E(a)) and H(E(b)) exist and such that H(E(a)) is contained isometrically
in H(E(b)). Assume that a nontrivial entire function S(z) is associated with the spaces
H(E(a)) and H(E(b)). A generalization of the Hilbert transformation is defined on the
space H(E(b)), which takes an element F'(z) of the space H(E(b)) into an entire function
F~(z). The transformation takes

[F(2)S(w) = S(2)F(w)]/(z — w)

into

[F~(2)S(w) = S(2) F™ (w)]/(z — w)

for every complex number w whenever it takes F(z) into F~(z). An identity for difference
quotients is satisfied. A generalization of the Hilbert transformation is also defined with
similar properties on the space H(E(a)). The transformation on the space H(E(a)) is
chosen as the restriction of the transformation on the space H(E(b)). The graph of the
Hilbert transformation on the space H(E(b)) is a space Hg(M (b)) for a matrix

A(b,z) B(b,2)
M(b’z):(C(b,z) D(b,z))

of entire functions which have real values on the real axis. The matrix is chosen so that
the identity
E(b,z) = A(b,z) —iB(b, 2)

is satisfied. The graph of the Hilbert transformation on the space H(FE(a)) is a space

Hs(M(a)) for a matrix
[ A(a,z) Bf(a,z)
M{a, z) = (C(a, z) Dfa, z)>

of entire functions which have real values on the real axis. The matrix is chosen so that
the identity
E(a,z) = A(a,z) —iB(a, 2)

is satisfied. Since the space H(FE(a)) is contained isometrically in the space H(E(b)) and
since the generalized Hilbert transformation on the space H(E(a)) is consistent with the
generalized Hilbert transformation on the space H(E (b)), the space Hs(M (a)) is contained
isometrically in the space Hg(M(b)). A matrix

M(a, b, z) = (C(CL, b, z) D(a, b, z)
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of entire functions is defined as the solution of the equation
M(b,z) = M(a,z)M(a,b, ).

The entries of the matrix are entire functions which have real values on the real axis. Mul-
tiplication by M (a, z) acts as an isometric transformation of the desired space H(M(a,b))
onto the orthogonal complement of the space Hs(M(a)) in the space Hg(M(b)). This
completes the construction of a space H(M (a, b)) which satisfies the identity

(A(b, 2), B(b, 2)) = (A(a, 2), B(a, z))M(a,b, z).

A simplification occurs in the theory of isometric inclusions for Hilbert spaces of entire
functions [2]. Assume that E(a,z) and E(b, z) are entire functions, which have no real
zeros, such that spaces H(E(a)) and H(E(b)) exist. If a weighted Hardy space F(W)
exists such that the spaces H(F(a)) and H(E(b)) are contained isometrically in the space
F (W), then either the space H(E(a)) is contained isometrically in this space H(E(b)) or
the space H(E(D)) is contained isometrically in the space H(E(a)).

The hereditary nature of symmetry about the origin is an application of the ordering
theorem for Hilbert spaces of entire functions. Assume that E(a, z) and E(b, z) are entire
functions, which have no real zeros, such that spaces H(E(a)) and H(E (b)) exist. The space
H(E(a)) is symmetric about the origin if it is contained isometrically in the space H(E(b))
and if the space H(E(b)) is symmetric about the origin. If the symmetry conditions

E*(a,z) = E(a,—2)
and

E*(b,z) = E(b,—z)
are satisfied, then the identity

(A(b, 2), B(b, 2)) = (A(a, 2), B(a, 2)) M(a,b, 2)
holds for a space H (M (a,b)) whose defining matrix

_ ( A(a,b,z) B(a,b,z2)
M(a,b,z) = (C(a, b,z) D(a,b, Z))

has even entire functions on the diagonal and odd entire functions off the diagonal.

An entire function E(z) is said to be of Pdlya class if it has no zeros in the upper
half-plane, if the inequality
|E(z —iy)| < |E(x +iy)|

holds for every real number x when y is positive, and if |E(x + dy)| is a nondecreasing
function of positive numbers y for every real number x. A polynomial is of Pélya class if
it has no zeros in the upper half—plane. A pointwise limit of entire functions Pdlya class is
an entire function of Pélya class if it does not vanish identically. Every entire function of
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Pélya class is a limit, uniformly on compact subsets of the complex plane, of polynomials
which have no zeros in the upper half-plane. An entire function E(z) of Pélya class which
has no zeros is to the form

E(z2) = E(0) exp(—az® — ibz)

for a nonnegative number a and a complex number b whose real part is nonnegative.
An entire function E(z) of Pdlya class is said to be determined by its zeros if it is a
limit uniformly on compact subsets of the complex plane of polynomials whose zeros are
contained in the zeros of E(z). An entire function of Pélya class is the product of an entire
function of Pdlya class which has no zeros and an entire function of Pdlya class which is
determined by its zeros.

The pervasiveness of the Pdlya class is due to its preservation under bounded type
perturbations. An entire function S(z) is of Pélya class if it has no zeros in the upper
half-plane, if it satisfies the inequality

|S(z —iy)| < |S(z +iy)]

for every real number x when y is positive, and if an entire function E(z) of Pélya class
exists such that
S(2)/E(2)

is of bounded type in the upper half-—plane.

Transformations, whose domain and range are contained in Hilbert spaces of entire
functions satisfying the axioms (H1), (H2), and (H3), are defined using reproducing kernel
functions. Assume that the domain of the transformation is contained in a space H(E)
and that the range of the transformation is contained in a space H(E’). The domain of
the transformation is assumed to contain the reproducing kernel functions for function
values in the space H(E). The domain of the adjoint transformation is assumed to contain
the reproducing kernel functions for function values in the space H(E'). Define L(w, z)
to be the element of the space H(E) obtained under the adjoint transformation from
the reproducing kernel function for function values at w in the space H(E’). Then the
transformation takes an element F'(z) of the space H(F) into an element G(z) of the space
H(E') if, and only if, the identity

G(w) = (F(t), L(w, t))3y(m)

holds for all complex numbers w. Define L'(w, z) to be the element of the space H(E')
obtained under the transformation from the reproducing kernel function for function values
at w in the space H(E). Then the adjoint transformation takes an element F'(z) of the
space H(E’) into an element G(z) of the space H(E) if, and only if, the identity

holds for all complex numbers w. The identity

L'(w,2) = L(z,w)”
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is a consequence of the adjoint relationship.

The existence of reproducing kernel functions for transformations with domain and
range in Hilbert spaces of entire functions is a generalization of the axiom (H2). The
transformations are also assumed to satisfy a generalization of the axiom (H1).

Assume that a given transformation has domain in a space H(FE) and range in a space
H(E'). If X is a nonreal number, then the set of entire functions F'(z) such that (z—\)F(z)
belongs to the space H(FE) is a Hilbert space of entire functions which satisfies the axioms
(H1), (H2), and (H3) when considered with the scalar product such that multiplication by
z — A is an isometric transformation of the space into the space H(E). If F(z) is an entire
function, then (z — \)F'(z) belongs to the space H(E) if, and only if, (2 — A7) F(z) belongs
to the space H(E). The norm of (z — A)F(z) in the space H(F) is equal to the norm of
(z — A7)F(z) in the space H(E). The set of entire functions F(z) such that (z — A)F(2)
belongs to the space H(E") is a Hilbert space of entire functions which satisfies the axioms
(H1), (H2), and (H3) when considered with the scalar product such that multiplication
by z — A is an isometric transformation of the space into the space H(E’). If F(z) is an
entire function, then (z — X\)F(z) belongs to the space H(E') if, and only if, (z — A7) F(z)
belongs to the space H(E’). The norm of (z — A\)F(z) in the space H(E') is equal to
the norm of (z — A7 )F(2) in the space H(E’). The induced relation at A takes an entire
function F(z) such that (z — A\)F(z) belongs to the space H(FE) into an entire function
G(z) such that (z — A\)G(z) belongs to the space H(E’) when the given transformation
takes an element H(z) of the space H(FE) into the element (z — A\)G(z) of the space H(E')
and when (z — A)F'(2) is the orthogonal projection of H(z) into the set of elements of the
space H(E) which vanish at A\. The given transformation with domain in the space H(E)
and range in the space H(E’) is said to satisfy the axiom (H1) if the induced relation at A
coincides with the induced relation at A\~ for every nonreal number .

An identity in reproducing kernel functions results when the given transformation with
domain in the space H(FE) and range in the space H(E') satisfies the generalization of
the axioms (H1) and (H2) if the induced relations are transformations. The reproducing
kernel function for the transformation at w is an element L(w, z) of the space H(FE) such
that the identity

G(w) = (F(t), L(w,))3(m)

holds for every complex number w. If the reproducing kernel function L(A, z) at A vanishes
at A for some complex number A, then the reproducing kernel function for the adjoint
transformation at A vanishes at A. Since the orthogonal projection of K(A,z) into the
subspace of elements of the space H(FE) which vanish at A is equal to zero, the reproducing
kernel function for the adjoint transformation at A is equal to zero if the induced relation
at A is a transformation. It follows that L(\, z) vanishes identically if it vanishes at A.

If A is a nonreal number such that L(A, z) does not vanish at A, then for every complex
number w, the function

L(w, z) — L(X\, 2)L(A, X) " L(w, \)
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of z is an element of the space H(E) which vanishes at A\. The function

L(w,2) — L(\, 2) LA, A) 7 L(w, \)
(z=XN)(w= = A7)

of z is the reproducing kernel function at w for the induced transformation at A. If L(A™, z)
does not vanish at A~, the function

L(w,z) — LA™, 2) LA, A7) "L L(w, A7)
(z=A7)(w™ =)

of z is the reproducing kernel function at w for the induced transformation at A~. Since
these reproducing kernel functions apply to the same transformation, they are equal. The
resulting identity can be written

L(w, z) = [Q(z) P(w™) = P(2)Q(w™)]/[r(z — w™)]

for entire functions P(z) and Q(z) which are associated with the spaces H(E) and H(E').
If the spaces are symmetric about the origin and if the transformation takes F*(—z) into
G*(—z) whenever it takes F'(z) into G(z), then the functions P(z) and Q(z) can be chosen
to satisfy the symmetry conditions

P(—2z) = P*(2)

and

Q(—2) = —Q*(2).

A transformation with domain in a space H(F) and range in a space H(E') is said to
satisfy the axioms (H1) and (H2) if entire functions, which are associated with the spaces
H(E) and H(E’), exist such that the transformation takes an element F'(z) of H(E) into
an element G(z) of H(E'), when and only when, the identity

G(w) = (F(1), QW) P(w™) = P()Q(w™)]/[x(t = w™))2(m)

holds for all complex numbers w and if the adjoint takes an element F(z) of H(E’) into
an element G(z) of H(E) when, and only when, the identity

G(w) = (F(t), [Q (1) P(w)” — P*()Q(w)~]/[m(t — w™))sy(m)

holds for all complex numbers w. The transformation is said to be symmetric about the
origin if the spaces are symmetric about the origin and if the transformation takes F*(—z)
into G*(—z) whenever it takes F'(z) into G(z). If the transformation is symmetric about
the origin, the defining functions P(z) and Q(z) can be chosen to satisfy the symmetry
conditions

P(—2z) = P*(2)
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and

Q(—2) = —Q*(2).

Special Hilbert spaces of entire functions appear which admit maximal transformations
of dissipative deficiency at most one. The transformation, which has domain and range
in a space H(FE), is defined by entire functions P(z) and Q(z) which are associated with
the space. The transformation takes F'(z) into G(z + i) whenever F(z) and G(z + i) are
elements of the space which satisfy the identity

G(w) = (F(t), [Q()P(w™) — P)Q(w™)]/[r(t — w™)])sy(m)

for all complex numbers w. The space is symmetric about the origin and the functions
satisfy the symmetry conditions
P(—2) = P*(2)

and
Q(—2) = —Q"(»)

when the transformation is not maximal dissipative. The reproducing kernel function for
function values at w+1 in the space belongs to the domain of the adjoint for every complex
number w. The function

[Q(z)P(w™) = P(2)Q(w)]/[m(z —w™)]

of z is obtained under the action of the adjoint. A Krein space of Pontryagin index at
most one exists whose elements are entire functions and which admits the function

B*(2)A(w™) — A(2)B(w)~ + B(2)A(w)~ — A*(2)B(w™)

m(z —w™)

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

and

B*(2) = Q(z — 39).
The space is a Hilbert space when the transformation is maximal dissipative. The sym-
metry conditions

A(—2z) = A*(2)

and
B(—z) = —B*(z)

are satisfied when the transformation is not maximal dissipative.

Hilbert spaces appear whose elements are entire functions whose structure is derived
from the structure of Hilbert spaces of entire functions which satisfy the axioms (H1),
(H2), and (H3).
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Theorem 1. Assume that for some entire functions A(z) and B(z) a Hilbert space H
exists whose elements are entire functions and which contains the function

B*(2)A(w™) — A(2)B(w)™ + B(2)A(w)~ — A*(2)B(w™)
m(z —w™)

of z as reproducing kernel function for function values at w for every complex number w.
Then a Hilbert space P exists whose elements are entire functions and which contains the
function

[A*(2) —iB*(2)][A(w”) + iB(w™)] — [A(2) + iB(2)][A(w)~ — iB(w)]

2mi(w= — 2)

of z as reproducing kernel function for function values at w for every complexr number w.
And a Hilbert space Q exists whose elements are entire functions and which contains the
function

[A(2) — iB(2)][A(w)” +iB(w) "] — [A*(z) +iB"(2)][A(w™) — iB(w™)]

2mi(w™ — 2)

of z as reproducing kernel function for function values at w for every complex number w.
The spaces P and Q are contained contractively in the space H and are complementary
spaces to each other in H.

Proof of Theorem 1. The desired conclusion is immediate when the function A(z) —iB(z)
vanishes identically since the space P is then isometrically equal to the space H and the
space Q contains no nonzero element. The desired conclusion is also immediate when the
function A(z) +iB(z) vanishes identically since the space Q is then isometrically equal to
the space H and the space P contains no nonzero element. When

S(2) = [A(2) —iB(2)][A(2) +iB(2)]

does not vanish identically, the determinants S(z) of the matrix

and S*(z) of the matrix

vo=(5 &)

do not vanish identically. It will be shown that a Hilbert space exists whose elements are

pairs
(=)
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of entire functions and which contains the pair

V() IV(w)~ — U(2)IU(w)~ (c+)

2m(z —w™) c_

of entire functions of z as reproducing kernel function for function values at w in the

direction
C+
c_

for every complex number w and for every pair of complex numbers c; and c_. The
resulting element of the Hilbert space represents the linear functional which takes a pair

(=)

of entire functions of z into the number

(2)_ (?f%) = Py (w) + T F-(w).

The existence of the space is equivalent to the existence of a space Hg(M) with
M(z) = S(2)U(2) "'V (2).
Since the space Hg(M) exists if the matrix

M (2)IM(w)™ — S(2)IS(w)~
2r(z —w™)

is nonnegative whenever z and w are equal, the desired Hilbert space exists if the matrix

V(2)IV(w)” = U(2)IU(w)~

2r(z —w™)

is nonnegative whenever 2z and w are equal. Multiplication by S(z)U(z)~! is then an
isometric transformation of the space Hg(M) onto the desired space. Since the matrix is
diagonal whenever z and w are equal, the matrix is nonnegative if its trace

B*(2)A(w™) — A(2)B(w)™ + B(2)A(w)™ — A*(2) B(w™)
m(z —w™)

is nonnegative whenever z and w are equal. Since the trace is as a function of z the
reproducing kernel function for function values at w in the given space H, the trace is
nonnegative when z and w are equal. This completes the construction of the desired
Hilbert space of pairs of entire functions.
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Since the matrix

V(z)IV(w)” —=U(2)IU(w)~
2r(z —w™)

commutes with I for all complex numbers z and w, multiplication by z is an isometric
transformation of the space onto itself. The space is the orthogonal sum of a subspace of
eigenvectors for the eigenvalue ¢ and a subspace of eigenvectors for the eigenvalue —i. The
existence of the desired Hilbert spaces P and Q follows. Every element of the space is of

the form

with F'(z) in P and G(z) in Q. The desired properties of the spaces P and Q follow from
the computation of reproducing kernel functions.

This completes the proof of the theorem.

A Hilbert space P exists whose elements are entire functions and which admits the
function

[A*(2) = iB*(2)][A(w”) + iB(w™)] — [A(2) + iB(2)][A(w)~ — iB(w)]

2mi(w™ — 2)

of z as reproducing kernel function for function values at w for every complex number w
if, and only if, the entire functions A(z) and B(z) satisfy the inequality

[A(2) +iB(2)| < |A%(2) — iB"(2)|

when 2z is in the upper half-plane. The space contains no nonzero element when the entire
functions

A*(2) — iB*(2)

and
A(z) +1iB(z)

are linearly dependent. Otherwise an entire function S(z), which satisfies the symmetry
condition

5(z) = 57(2),

exists such that

E(z) = [A"(2) —iB*(2)]/5(2)
is an entire function which satisfies the inequality
|E*(2)] < |E(2)]

when z is in the upper half-plane. Multiplication by S(z) is an isometric transformation
of the space H(F) onto the space P.
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A Hilbert space Q exists whose elements are entire functions and which admits the
function

[A(z) — iB(2)][A(w)” +iB(w) "] — [A*(z) +iB"(2)][A(w™) — iB(w™)]

2ri(w— — 2

of z as reproducing kernel function for function values at w for every complex number w
if, and only if, the entire functions A(z) and B(z) satisfy the inequality

[A™(2) +iB™(2)| < [A(2) —iB(2)|

when z is in the upper half-plane. The space contains no nonzero element when the entire
functions

A*(z) +iB*(2)

and
A(z) —iB(z)

are linearly dependent. Otherwise an entire function S(z), which satisfies the symmetry
condition

S(z) = 5%(2),

exists such that

B(z) = [A() — iB()/S(2)
is an entire function which satisfies the inequality
|E*(2)| < |E(2)|
when z is in the upper half-plane. Multiplication by S(z) is an isometric transformation

of the space H(F) onto the space Q.

The structure theory for Hilbert spaces generalizes to Krein spaces of Pontryagin index
at most one whose elements are entire functions and which admit the function

B*(z)A(w™) — A(z)B(w)™ + B(2)A(w)~ — A*(2)B(w™)

m(z —w™)

of z as reproducing kernel function for function values at w for every complex number w
when the entire functions A(z) and B(z) satisfy the symmetry conditions

A(—z) = A*(2)

and
B(—z) = —B*(z).

The space is the orthogonal sum of a subspace of even functions and a subspace of odd
functions, both of which are Krein spaces of Pontryagin index at most one. At least one
of the subspaces is a Hilbert space.
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Entire functions Ay (z) and B, (z) are defined by the identities

A2) + A%(2) = Ap(2%) + A1)

and
B(z) - B'(2) = By (%) - BL(%)
and
zA(2) — 2A%(2) = A4 (2%) — A% (27)
and

2B(z) + 2B*(2) = B4(2*) + B (2°).

A Krein space H . of Pontryagin index at most one exists whose elements are entire func-
tions and which contains the function

Bi(2)A(w™) = A4 (2) By (w)” + By (2)Ay(w)” — AL (2)By(w7)

m(z —w™)

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

An isometric transformation of the space . onto the subspace of even elements of the
space H is defined by taking F(z) into F(2?).

Entire functions A_(z) and B_(z) are defined by the identities

A(z) + A"(2) = A_(2%) + A7 (2%)

and
B(z) — B*(2) = B_(2%) — B* (%%
and
A(z) — A*(2) = zA_(2?) — zA* (%)
and

B(2) + B*(2) = 2B_(2%) + 2B* (2%).

A Krein space H_ of Pontryagin index at most one exists whose elements are entire func-
tions and which contains the function

B* (z)A_(w™) —A_(2)B_(w)” + B_(2)A_(w)” — A* (2)B_(w™)

m(z —w™)

of z as reproducing kernel function for function values at w for every complex number w.
An isometric transformation of the space H_ onto the subspace of odd elements of H is
defined by taking F(z) into zF(2?).

A Krein space P, of Pontryagin index at most one exists whose elements are entire
functions and which contains the function

(A% (z) — BT (2)][A(w™) +iBy (w)] — [A4(2) +iBy (2)][A4 (w)” — iBy(w)"]
2mi(w= — 2)
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of z as reproducing kernel function for function values at w for every complex number
w. A Krein space Q. of Pontryagin index at most one exists whose elements are entire
functions and which contains the function

[A1(2) —iB4 (2)][A(w)” +iBy(w) "] — [A3(2) +iBY (2)][A4 (w™) — iBy(w™)]

2mi(w™ — 2)

of z as reproducing kernel function for function values at w for all complex numbers w.
The spaces P4 and Q. are Hilbert spaces if H . is a Hilbert space.

A Krein space P_ of Pontryagin index at most one exists whose elements are entire
functions and which contains the function

[AZ(2) —iBZ(2)][A_(w™) +iB_(w")] — [A_(2) +iB_(2)][A_(w)” —iB(w)"]

2mi(w™ — 2)

of z as reproducing kernel function for function values at w for every complex number
w. A Krein space Q_ of Pontryagin index at most one exists whose elements are entire
functions and which contains the function

[A-(2) —iB_(2)][A-(w)” +iB(w)”] — [AX () +iBZX(2)][A_(w™) —iB_(w7)]

2mi(w= — 2)

of z as reproducing kernel function for function values at w for every complex number w.
The spaces P_ and Q_ are Hilbert spaces if H_ is a Hilbert space.

A relationship between the spaces P, and P_ and between the spaces Q4 and Q_
results from the identities

Ai(z)+ AL (2) = A_(2) + A% (2)

and
B.(:)- Bi(z) = B(2) - B™(2)
and
Al (z) — A% (2) = zA_(2) — 2zA% (2)
and

B, (z) + Bl (2) = 2zB_(z) + 2B (2).

The space P4 contains zF'(z) whenever F(z) is an element of the space P_ such that
zF(z) belongs to P_. The space P_ contains every element of the space P, such that
zF(z) belongs to P;. The identity

(tF(1), G(8)p, = (F (1), G(t))p_

holds whenever F(z) is an element of the space P_ such that zF'(z) belongs to the space P
and G(z) is an element of the space P_ which belongs to the space P,. The closure in the
space P, of the intersection of the spaces P, and P_ is a Hilbert space which is contained
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continuously and isometrically in the space P, and whose orthogonal complement has
dimension zero or one. The closure in the space P_ of the intersection of the spaces P
and P_ is a Hilbert space which is contained continuously and isometrically in the space
P_ and whose orthogonal complement has dimension zero or one.

The space Q. contains zF'(z) whenever F'(z) is an element of the space Q_ such that
2F(z) belongs to Q_. The space Q_ contains every element F'(z) of the space Q. such
that zF'(z) belongs to Q. The identity

(tF(t),G(t)e, = (F(1),G(t) o

holds whenever F'(z) is an element of the space Q_ such that zF'(z) belongs to the space Q|
and G(z) is an element of the space Q_ which belongs to the space Q. The closure in the
space Q. of the intersection of the spaces Q. and Q_ is a Hilbert space which is contained
continuously and isometrically in the space Q, and whose orthogonal complement has
dimension zero or one. The closure in the space Q_ of the intersection of the spaces Q.
and O_ is a Hilbert space which is contained continuously and isometrically in the space
Q_ and whose orthogonal complement has dimension zero or one.

The Mellin transformation of order v for the Euclidean plane gives information about the
Hankel transformation of order v for the Euclidean plane. The success of the application
is due to the appearance of entire functions as Euclidean Mellin transforms of order v
of functions which vanish in a neighborhood of the origin and whose Euclidean Hankel
transform of order v also vanishes in a neighborhood of the origin. The existence of
nontrivial Hankel transform pairs with these properties was observed in 1880 by Nikolai
Sonine [12]. The results cited by Hardy and Titchmarsh [10] and motivate the doctoral
thesis of Virginia Rovnyak [11]. If a is a positive number, a nontrivial function f(&) of
¢ in the Euclidean plane exists which is in the domain of the Hankel transformation of
order v for the Euclidean plane, which vanishes in the neighborhood |£| < a of the origin,
and whose Hankel transform of order v for the Euclidean plane vanishes in the same
neighborhood. Corresponding results follow for the Hankel transformation of order v for
the Euclidean skew—plane. If a is a positive number, a nontrivial function f(§) of £ in
the Euclidean skew—plane exists which is in the domain of the Hankel transformation of
order v for the Euclidean skew—plane, which vanishes in the neighborhood [£| < a of the
origin, and whose Hankel transform for the Euclidean skew—plane vanishes in the same
neighborhood.

Examples of Hilbert spaces of entire functions appear in the theory of the Hankel trans-
formation of order v for the Euclidean plane. The spaces are associated with the analytic
weight function

W(z) = (7r/p)*5”*§+5izf(%u + % — %zz)

The Sonine spaces of order v for the Euclidean plane are Hilbert spaces of entire functions
which satisfy the axioms (H1), (H2), and (H3) and which contain nonzero elements. The
elements of the space of parameter a are the entire functions F'(z) such that

a " F(z)
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and .
a—zzF* (Z)

belong to the weighted Hardy space JF(W). Multiplication by a~%* is an isometric trans-
formation of the space of parameter a into the space F(W). The elements of the space
of parameter a are the Mellin transforms of order v for the Euclidean plane of functions
f(&) of & in the Euclidean plane which vanish in the neighborhood [£| < a of the ori-
gin and whose Hankel transform of order v for the Euclidean plane vanishes in the same
neighborhood.

Examples of Hilbert spaces of entire functions appear in the theory of the Hankel trans-
formation of order v for the Euclidean skew—plane. The spaces are associated with the
analytic weight function

W (z) = (2n/p)2" 1 F=D (v + 1 — iz).

The Sonine spaces of order v for the Euclidean skew—plane are Hilbert spaces of entire func-
tions which satisfy the axioms (H1), (H2), and (H3) and which contain nonzero elements.
The elements of the space of parameter a are the entire functions F'(z) such that

a " F(z)

and _
afzzF* (Z)

belong to the space F(W). Multiplication by a~** is an isometric transformation of the
space of parameter a into the space F(W). The elements of the space are the Mellin
transforms of order v for the Euclidean skew—plane of functions f(£) of £ in the Euclidean
skew—plane which vanish in the neighborhood || < a of the origin and whose Hankel
transform of order v for the Euclidean skew—plane vanishes in the same neighborhood.

Hilbert spaces of entire functions which satisfy the axioms (H1), (H2), and (H3) appear
in maximal totally ordered families. If spaces H(F(a)) and H(E(b)) belong to the same
family, then either a matrix factorization

(A(b, z), B(b, 2)) = (A(a, z), B(a, z))M(a, b, z)
holds for some space H (M (a, b)) or a matrix factorization
(A(a, z), B(a, z)) = (A(b, z), B(b, 2))M (b, a, z)

holds for some space H(M(b,a)). The spaces H(E(a)) and H(E(b)) are isometrically
equal when both factorizations apply. Parametrizations are made in such a way that the
applicable factorization can be read from the parameters. The real numbers are applied in
a parametrization which is useful for theoretical purposes. A space H(E(a)) of the family
is less than or equal to a space H(E(b)) of the family when a is less than or equal to b.
The inclusion is isometric on the domain of multiplication by z in the space H(FE(a)). The
factorization

(A(b, z), B(b, 2)) = (A(a, ), B(a, z))M(a, b, z)
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holds for a space H(M (a,b)). It is convenient to choose the defining functions of the spaces
so that the matrix M (a, b, z) is always the identity matrix at the origin. Derivatives at the
origin are then used to define matrices

with real entries, which are functions of parameters ¢, so that the identity
m(b) — m(a) = M'(a,b,0)I
holds when a is less than or equal to . The ratio
E(b,z)/E(a,z)

is of bounded type as a function of z in the upper half-plane for all parameters a and b.
The mean type of the ratio in the half-plane is of the form

7(b) — 7(a)

for a function 7(t) of parameters ¢ which is unique within an added constant. Multiplication
by
expliT(a)z]/ expliT(b)z]

is a contractive transformation of the space H(E(a)) into the space H(E(b)) which is
isometric on the domain of multiplication by z in the space H(E(a)). The matrix

< at) B(t) +i(t) >
B(t) —it(t) v(t)

is a nondecreasing function of ¢t. The factorization is made so that the matrix has trace ¢.
An analytic weight function W (z) may exist such that multiplication by

exp[iT(a)z]
is a contractive transformation of every space H(E(a)) into the space F (W), which is

isometric on the domain of multiplication by z in the space H(E(a)). A greatest parameter
b exists for every parameter a such that

The space H(E(D)) is the set of entire functions F'(z) such that
expliT(b)z]F(z)

and
expliT(b)z] F*(z)
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belong to the space F(W). Multiplication by
expl[iT(b)z]

is an isometric transformation of the space H(E (b)) into the space F(W). If the defining
function of some space in the family is of Pélya class, then the defining function of every
space in the family is of Pélya class. If the function 7(¢) of parameters ¢ has a finite lower
bound, then the positive numbers can be used as parameters of the family. An entire
function S(z), which has real values on the real axis and which has only real zeros, then
exists such that

E(a,z)/S(z)

is an entire function of exponential type for every parameter a. If the function 7(¢) of
parameters ¢ has no finite lower bound, then all real numbers are required as parameters.

An example of an analytic weight function W (z) is obtained when W(z) is an entire
function of Pélya class. A space H(W) exists if the functions W (z) and W*(z) are linearly
independent. The space is a member of a maximal totally ordered family of Hilbert spaces
of entire functions associated with the analytic weight function W(z). Assume that no
entire function S(z), which has real values on the real axis and which has only real zeros,
exists such that

W(2)/5(2)

is an entire function of exponential type. Then a nonzero entire function F(z) exists for
every real number 7 such that
exp(itz)F(z)

and
exp(iTz)F*(2)

belong to the space F(W). The set of entire functions F'(z) such that
exp(itz)F(z)

and
exp(iTz)F* (2)

belong to the space F (W) is a space H(E) such that multiplication by
exp(iTz)

is an isometric transformation of the space into the space F(W). The Hilbert spaces
of entire functions so obtained need not be the only members of the maximal totally
ordered family of spaces associated with the space F(W). The members of the family are
parametrized by real numbers ¢ so that the factorization

(A(b, z), B(b, 2)) = (A(a, z), B(a, z))M(a, b, z)
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holds for a space H(M (a,b)) when a is less than or equal to b. The defining functions of
the spaces are chosen so that the matrix M (a,b, z) is always the identity matrix of the
origin. The parametrization is made so that the matrix

< at) B(t) +i(t) >
B(t) —ir(t) v(t)

has trace t. The parameters are chosen so that the space H(W) is the space H(E(t)) when
t is equal to zero. The function 7(¢) and the entries of m(t) are chosen to have value zero
at the origin.

Maximal totally ordered families of Hilbert spaces of entire functions are well behaved
under approximation of weight functions. Assume that

W(z) = lim W, (2)

is a limit uniformly on compact subsets of the upper half-plane of analytic weight functions
W, (2). A maximal totally ordered family of Hilbert spaces H(FE,(t)) of entire functions
is assumed to be associated with the analytic weight function W, (z) for every positive
integer n. The parametrization is made with real numbers ¢t so that the factorization

(A (b, 2), Bn(b,2)) = (An(a, 2), Bp(a, 2)) My (a, b, 2)

holds for a space H(M,(a,b)) when a is less than or equal to b. The defining functions of
the spaces are chosen so that the matrix M,(a,b, z) is always the identity matrix at the
origin. The parametrization is made so that the matrix

< a(t) Bn(t) + i7n (2) >
ﬁn (t) - Z'7—n (t) 7n(t)

has trace t. Assume that the function 7,(¢) does not have a finite lower bound. All real
numbers ¢ are then parameters. Assume also that the defining functions of the spaces in
the family are of Pdlya class. The parametrization is made so that the space of parameter
zero is contained isometrically in the space F(W,,) and is the set of entire functions F'(z)
such that F'(z) and F*(z) belong to the space F(W,,). The function 7(¢) and the entries of
m(t) are chosen to have value zero at the origin. Then for every parameter a the identity

B(a, z)A(a,w)” — A(a, z)B(a,w)~

w(z —w™)
_ i Br(@:2)An(a, w)” — An(a, 2) Ba(a, w)~
w(z —w™)

holds uniformly on compact subsets of the complex plane for every complex number w.
The defining functions of the approximating spaces can be chosen so that the identity

E(a,z) =lim E,(a, 2)
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holds uniformly on compact subsets of the complex plane for every real number a. The
identities
m(t) = limm,,(t)

and
7(t) = lim 7, (¢)

hold for all real numbers ¢.

In applications to Riemann zeta functions the spaces of a maximal totally ordered
family of Hilbert spaces of entire functions are parametrized by positive numbers so that
the factorization

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

holds for a space H(M(b,a)) when a is less than or equal to b. The space H(E(b)) is
contained contractively in the space H(F(a)). The inclusion is isometric on the domain of
multiplication by z in the space H(E(b)).

The Sonine spaces of entire functions for the Euclidean plane are examples of Hilbert
spaces of entire functions for which all members of the totally ordered family are known [1].
An analytic weight function W (z) is given for which all members of the maximal totally
ordered family are constructed. A Hilbert space of entire functions is defined for every
positive number a, whose elements are the entire functions F'(z) such that

a " F(z)

and

aAley*(z)
belong to the space F (W), such that multiplication by a~** is an isometric transformation
of the space into the space F(W'). The space satisfies the axioms (H1), (H2), and (H3), and
contains a nonzero element. The spaces obtained are members of a maximal totally ordered
family. The construction produces all members of the family. The positive numbers a in
the construction are suitable as parameters of the members of the family.

A construction of Hilbert spaces of entire functions from Hilbert spaces of entire func-
tions is made which preserves the structure of families and which is computable on weight
functions. The construction is made from information about zeros of entire functions.

If H(E) is a given space and if a complex number A is a zero of some nonzero element
of the space, then a new Hilbert space of entire functions which satisfies the axioms (H1),
(H2), and (H3) and which contains a nonzero element is constructed. The elements of the
new space are the entire functions F'(z) such that

(z = AF(z)

belongs to the given space H(FE). A scalar product is defined in the new space so that
multiplication by z — A is an isometric transformation of the new space into the space
H(E). The new space is isometrically equal to a space H(FE;) for some entire function
l?l(z).
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The construction of Hilbert spaces of entire functions from Hilbert spaces of entire
functions is well behaved with respect to the partial ordering of spaces. Assume that
H(E(a)) and H(E(b)) are given spaces such that the matrix factorization

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

holds for a space H(M (b,a)). The space H(E(b)) is then contained contractively in the
space H(E(a)) and the inclusion is isometric on a closed subspace of H(E(b)) of codimen-
sion zero or one. If a complex number A is a zero of some nonzero element of the space
H(E(b)), then it is a zero of some nonzero element of the space H(E(a)). Multiplication by
z— A is an isometric transformation of some space H(E1 (b)) onto the set of elements of the
space H(E (b)) which vanish at A. Multiplication by z — X is an isometric transformation
of some space H(F1(a)) onto the set of elements of the space H(F(a)) which vanish at
A. The space H(E1(b)) is contained contractively in the space H(E;(a)) and the inclusion
is isometric on a closed subspace of the space H(E1(b)) of codimension zero or one. The
matrix factorization

(A1(a, 2),Bi(a,z)) = (A1(b, 2), B1(b, 2)) M7 (b, a, 2)

holds for some space H(Mi(b,a)).

The construction of Hilbert spaces of entire functions from Hilbert spaces of entire
functions is well behaved with respect to analytic weight functions when A\ does not belong
to the upper half-plane. Assume that an analytic weight function W (z) has been used to
construct a space H(FE) using a positive number a. An entire function F(z) then belongs
to the space H(F) if, and only if,

a " F(z)

and _
afzzF* (Z)

belong to the space F(W). Multiplication by a~%* is an isometric transformation of the
space H(E) into the space F(W). If a complex number A is a zero of some nonzero
element of the space H(E), then a space H(FE7) exists such that multiplication by z — \ is
an isometric transformation of the space onto the set of element of the space H(F) which
vanish at A. If A is not in the upper half-plane, an analytic weight function Wi (z) exists
such that

W(z) = (z — \)Wi(2).

The space H(E1) is then the set of entire functions F'(z) such that
a " F(z)

and _
afzzF* (Z)

belong to the space F(W7). Multiplication by a~** is an isometric transformation of the
space H(FE7) into the space F(W7).
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The construction of Hilbert spaces of entire functions from Hilbert spaces of entire
functions is computable. Assume that a space H(E) has dimension greater than one and
that a complex number A is not a zero of a given entire function S(z) associated with
the space. A partially isometric transformation of the space H(FE) onto a Hilbert space of
entire functions is defined by taking F'(z) into

F(2)S(A) = S(2)F(N)
zZ— A '

The kernel of the transformation consists of the multiplies of S(z) which belong to H(E).
If S(z) and
B(z)A(N)” — A(z)B(M)~
m(z — A7)

are linearly dependent, the range of the transformation is isometrically equal to a space
H(El) with

A construction of Hilbert spaces of entire functions from Hilbert spaces of entire func-
tions is made using an entire function S(z) of Pélya class which is determined by its zeros.
Assume that a space H(Ep) is given. Then the set of entire functions F'(z) such that
S(z)F(z) belongs to H(FEy) is a Hilbert space of entire functions which satisfies the axioms
(H1), (H2), and (H3) when considered with the unique scalar product such that multipli-
cation by S(z) is an isometric transformation of the space into the space H(FEy). The space
is isometrically equal to a space H(F) if it contains a nonzero element. The space can be
constructed inductively. Assume that S(z) is a limit, uniformly on compact subsets of the
complex plane, of polynomials S,,(z) such that

Snt1(2)/Sn(2)

is always a linear function of z. Then the set of entire functions F'(z) such that S, (z)F(z)
belongs to the space H(Ejy) is isometrically equal to a space H(FE,,) such that multiplication
by S, (z) is an isometric transformation of the space H(E,) into the space H(Ep). The
limit

E(z)E(w)” — E*(2)E(w™)

5(2) 2mi(w™ — 2) Sw)”
— 1lim S,,(2) E"(Z)E"(;fr)izw_%;i)z)En(w_) Sp(w)~

holds in the metric topology of the space H(Ey) for every complex number w. The choice
of defining function E, (z) can be made for every index n so that the limit

E(z) =lim E,(2)

holds uniformly on compact subsets of the complex plane.
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The construction of Hilbert spaces of entire functions from Hilbert spaces of entire
functions is well behaved with respect to the partial ordering of spaces. Assume that
H(Eo(a)) and H(Eo(b)) are given spaces such that the matrix factorization

(Ap(a, 2), Bo(a, z)) = (Ao(b, 2), Bo(b, 2)) My(b, a, 2)

holds for a space H(My(b,a)). Assume that an entire function S(z) of Pdlya class is
determined by its zeros. If a nonzero entire function F'(z) exists such that S(z)F(z)
belongs to H(FEy (b)), then a nonzero entire function F'(z) exists such that S(z)F(z) belongs
to the space H(FEp(a)). The set of entire functions F(z) such that S(z)F(z) belongs to
the space H(Ey(b)) is a space H(E(b)) such that multiplication by S(z) is an isometric
transformation of the space H(E(b)) into the space H(Ey(b)). The set of entire functions
F(z) such that S(z)F(z) belongs to H(Fy(a)) is a space H(E(a)) such that multiplication
by S(z) is an isometric transformation of the space H(E(a)) into the space H(Ep(a)). The
matrix factorization

(A(a, z), B(a, 2)) = (A(b, z), B(b, 2))M (b, a, z)
holds for a space H(M (b,a)).

The construction of Hilbert spaces of entire functions from Hilbert spaces of entire func-
tions is well behaved with respect to analytic weight functions. Assume that an analytic
weight function Wy (z) has been used to construct a space H(Ey) using a positive number
a. An entire function F(z) then belongs to the space H(Ep) if, and only if,

a " F(z)
and .
belong to the space F(Wy). Multiplication by a~** is an isometric transformation of the
space H(Ep) into the space F(Wy). Assume that an entire function S(z) of Pélya class
is determined by its zeros. If a nonzero entire function F'(z) exists such that S(z)F(z)
belongs to the space H(Ey), then the set of entire functions F(z) such that S(z)F(z)
belongs to the space H(FEy) is a space H(F) such that multiplication by S(z) is an isometric
transformation of the space H(E) into the space H(Ey). An analytic weight function W (z)
exists such that

S(z)W(z) = Wy(z).

An entire function F(z) belongs to the space H(F) if, and only if,

a " F(z)
and _

a " FF* ( Z)
belong the space F(W). Multiplication by a~** is an isometric transformation of the space
H(E) into the space F(W).

The construction of Hilbert spaces of entire functions from Hilbert spaces of entire
functions yields information about the spaces constructed from information about the given
spaces when the information is propagated in the construction. When the given spaces are
constructed from analytic weight functions, the information originates in weighted Hardy
spaces.
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Theorem 2. Assume that W(z) is an analytic weight function such that a maximal dis-
sipative transformation in the weighted Hardy space F(W) is defined by taking F(z) into
F(z + i) whenever F(z) and F(z + i) belong to the space. If a space H(E) is contained
isometrically in the space F(W) and contains every entire function F(z) such that F(z)
and F*(z) belong to the space F(W), then a mazimal dissipative transformation in the
space H(E) is defined by F(z) into F(z + i) whenever F(z) and F(z + i) belong to the
space.

Proof of Theorem 2. The dissipative property of the transformation in the space H(FE) is
immediate from the dissipative property of the transformation in the space F(W'). The
maximal dissipative property of the transformation in the space H(FE) is verified by showing
that every element of the space is of the form

F(z)+ F(z+1)

for an element F(z) of the space such that F'(z + i) belongs to the space. Since the
transformation in the space F(W) is maximal dissipative, every element of the space is
of the desired form for an element F'(z) of the space F(W) such that F'(z + ¢) belongs to
the space F(W). It needs to be shown that F(z) and F(z + ) belong to the space H(E).
Since the element of the space H(E) is an entire function, F'(z) is an entire function. Since
the conjugate of an element of the space H(F) is an element of the space H(E), the entire
function

F*(z)+ F*(z —1)

is of the form
G(z) + G(z+1)

for an element G(z) of the space F(W) such that G(z + ¢) belongs to the space. Then
G(z) is an entire function which satisfies the identity

F*(z2) = G(z+1) = G(z) — F*(z —1).
Since the transformation in the space F (W) is dissipative, the norm of the function
[F*(z) — G(z+1)] — [F*(z +1) + G(2)]
is less than or equal to the norm of the function
[F*(z) = G(z 4+ 1) + [F* (2 — i) — G(2)]
in the space F(W). Since the function
[F*(2) = G(z 4+ 1) + [F* (2 — i) — G(2)]
vanishes identically, the function

[F*(2) = G(z +0)] — [F*(z — 1) — G(2)]



RIEMANN ZETA FUNCTIONS 51
vanishes identically. Since the function
F*(z) = G(z +1)

belongs to the space F(W), the function F'(z) belongs to the space H(E). Since the
function

F(z)+ F(z+1)
belongs to the space H(E), the function F(z + i) belongs to the space H(E).

This completes the proof of the theorem.

Maximal transformations of dissipative deficiency at most one are constructed in related
Hilbert spaces of entire functions. Assume that a space H(FE), which is symmetric about
the origin and which contains an element having a nonzero value at the origin, is given such
that a maximal dissipative transformation is defined in the subspace of elements having
value zero at the origin by taking F'(z) into

2F(z+1)/(z+1)

whenever these functions belong to the subspace. A space H(E’), which is symmetric
about the origin, is constructed so that an isometric transformation of the set of elements
of the space H(FE) having value zero at the origin onto the set of elements of the space
H(E') having value zero at i is defined by taking F'(z) into

(z—1)F(2)/=.
The element S(z) of the space H(E) defined by the identity
iS(2)[B(0)A(i) — A(0)B(i)] = [B(2)A(i) — A(2)B(i)]/(z — i)

is the constant multiple of the reproducing kernel function for function values at ¢ which
has value one at the origin. A continuous transformation of the space H(E) into the space
H(E') is defined by taking F'(z) into

G(2) = (z = )[F(2) = S(2)F(0)] /2.

Since the symmetry condition

S*(z) = S(—=2)

is satisfied, the transformation takes F"*(—z) into G*(—z) whenever it takes F'(z) into G(z).
Entire functions P(z) and Q(z), which are associated with the space H(FE) and which have
value zero at —i, are defined by the identities

P(2)[B(0)A())” — A(0)B(i)"]/i
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nd Q(2)[B(0)A()~ — A0)B(i) /i
= B(:)[B(0)AG)~ — A(0)B(i)]/i — B(i)” [B(2)A(0) — A(2)B(0)]/2
The symmetry conditions
P*(z) = P(—=2)
and
Q" (2) = —Q(~2)

are satisfied. The identity

G(w) = (F(1), QW) P(w™) = P()Q(w™)]/[x(t = w™))2(m)

holds for all complex numbers w when the transformation of the space H(E) into the space
H(E') takes F(z) into G(z). The entire functions P(z) and Q(z) are associated with the
space H(E") since the space coincides as a set with the space H(FE). The identity

G(w) = (F(t), (@ (1) P(w)” = P*(1)Q(w)~]/[m(t = w™)])3 )

holds for all complex numbers w when the adjoint transformation of the space H(E') into
the space H(E) takes F(z) into G(z). A maximal transformation of dissipative deficiency
at most one is defined in the space H(E) by taking F'(z) into G(z — i) whenever F'(z) and
G(z —1) are elements of the space such that the transformation of the space H(E) into the
space H(E') takes F(z) into G(z).

Maximal dissipative transformations are constructed in Hilbert spaces of entire func-
tions.

Theorem 3. Assume that a transformation with domain in the space H(Ey) and range
in the space H(E]) satisfies the azioms (H1) and (H2) and that a mazimal dissipative
transformation in the space H(Ey) is defined by taking F(z) into G(z + i) whenever F(z)
and G(z + i) are elements of the space such that G(z) is the image of F(z) in the space
H(E]). Assume that S(z) is a polynomial such that S(z — i) has no zeros in the upper
half-plane, such that S(z)F(z) belongs to the space H(Ey) for some nonzero entire function
F(z), and such that S(z — i)G(z) belongs to the space H(E() for some nonzero entire
function G(z). Then the set of entire functions F(z) such that S(z)F(z) belongs to the
space H(Ey) is a space H(E) which is mapped isometrically into the space H(Ey) under
multiplication by S(z). The set of entire functions G(z) such that S(z — i)G(z) belongs
to the space H(Ey) is a space H(E') which is mapped isometrically into the space H(Ey)
under multiplication by S(z — 1). A relation with domain in the space H(E) and range
in the space H(E") is defined by taking F(z) into G(z) whenever the transformation with
domain in the space H(Ey) and range in the space H(E}) takes H(z) into S(z—1i)G(z) and
F(2) is the element of the space H(E) such that S(z)F(z) is the orthogonal projection of
H(z) into the image of the space H(E). A mazimal dissipative relation in the space H(E)
is defined by taking F(z) into G(z + i) whenever F(z) and G(z + i) are elements of the
space such that G(z) is the image of F(z) in the space H(E). If the mazximal dissipative
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relation in the space H(E) is not skew—adjoint, then the relation with domain in the space
H(E) and range in the space H(E') is a transformation which satisfies the axioms (H1)
and (H2).

Proof of Theorem 3. The desired conclusions are immediate when S(z) is a constant since
multiplication by

S(z) = S(z — 1)

is then an isometric transformation of the space H(FE) onto the space H(Ey) and of the
space H(E') onto the space H(E]). A proof of the theorem is first given when

S(z)=2z—A

is a linear function with zero A such that A 4 ¢ does not belong to the upper half-plane.

Since the transformation with domain in the space H(Ep) and range in the space H(E()
satisfies the axioms (H1) and (H2), it is defined by entire functions Py(z) and Qo(z) which
are associated with both spaces. The transformation takes an element F(z) of the space
H(Ep) into an element G(z) of the space H(EY]) if, and only if, the identity

G(w) = (F(t), [Qo(t) Po(w™) — Po()Qo(w™)]/[m(t — w™)) 3k

holds for all complex numbers w. The adjoint transformation takes an element F'(z) of the
space H(E]) into an element G(z) of the space H(Ep) if, and only if, the identity

G(w) = (F(t), [Qo(t) Po(w) ™ — Py (£)Qo(w)~]/[m(t — w™))n(ey)

holds for all complex numbers w.

If complex numbers a, 3,, and § with
ad—pPy=1
exist such that

Qo(2)a — Po(z)
zZ—A

and
Qo(2)y — Po(2)d
zZ4+1— A"

are entire functions, then the entire functions

Qo(z)o — Po(2)8 . Qo(2)y — Fo(2)0

P(z) =
(2) zZ—A z+1— A"

and
Qo(z)a — Po(2)B o Qol2)y — Po(2)d
B z—A z24+1— A"

&)
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satisfy the identities

Qo(2)y — Po(2)0 N

(:= NP(:) = Poz) = (i — A7) =L 200

and
Qo(2)y — Po(2)d
Z2+1— A"

(z=2)Q(2) = Qo(z) —(A+i— A7) g

as well as the identities

Qo(z)a — Py(z)8

(z+i=A")P(z) = Po(2) = (A +i—A") P

Y

and
Qo(z)a — Py(z)8
zZ— A

(z4+1—A7)Q(2) =Qo(z) — (A +i— A7) J.

The identity

Qo(2)Po(w™) — Po(2)Qo(w™)

m(z —w~

)
B Qo(w™)a— Py(w™)p

oy Qo(2)y — Po(z)
+rA+i—A7) P N
— (2= ) Q(Z)P(ii(;__j_(;w(w ) (w i A7)

is then satisfied.

Such numbers «a, 3,7, and § exist when
Qo(N)Po(A™ — i) — Py(A)Qo(A™ — i)

is nonzero. The entire functions P(z) and @Q(z) are associated with the spaces H(E) and
H(E'). The relation with domain in the space H(FE) and range in the space H(E') is a
transformation since it takes an element F'(z) of the space H(E) into an element G(z) of
the space H(E’) if, and only if, the identity

G(w) = (F(t), [Q()P(w™) — PO)Q(w™)]/[r(t — w™)])sy(m)

holds for all complex numbers w. The adjoint relation with domain in the space H(E')
and range in the space H(F) is a transformation since it takes an element F'(z) of the
space H(E’) into an element G(z) of the space H(E) if, and only if, the identity

G(w) = (F(t), [Q"(t)P(w)” — P*()Q(w)~]/[r(t —w™)))sy(m)

holds for all complex numbers w. A maximal dissipative transformation in the space H(E)
is defined by taking F'(z) into G(z + i) whenever F(z) and G(z + i) are elements of the
space such that G(z) is the image of F'(z) in the space H(E').
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The existence of the desired numbers «, 3,7, and § will now be verified when the maxi-
mal dissipative transformation in the space H(Ey) is not skew—adjoint. If entire functions
A(z) and B(z) are defined by the identities

A(z) = Py(z — 14)

and
B*(2) = Qo(z — 39),

then a Hilbert space exists whose elements are entire functions and which contains the
function

B*(2)A(w™) — A(2)B(w)™ + B(2)A(w)™ — A*(2)B(w™)
m(z —w™)

of z as reproducing kernel function for function values at w for every complex number w.
Since the maximal dissipative transformation in the space H(Ep) is not skew—adjoint, the
space contains a nonzero element. The value of the function

B*(2)A(w™) — A(2)B(w)™ + B(2)A(w)™ — A*(2)B(w™)

m(z —w™)

of z at w is positive at all but isolated points w in the complex plane. A sequence of complex
numbers A,, which converge to A, exits such that the function always has a positive value
at w when w = A, + %z Complex numbers a,, Gy, Vn, and &, with

O‘ndn - ﬁn'}/n =1
then exist for every index n such that

QO(Z)an - PO(Z)ﬁn

Z— An

and
Qo(2)vn — Po(2)dn
z+1—An

are entire functions. Since the product

QO(Z)’-YTL - PO(Z)(STL QO(w_)an - PO(w_)/Gn

m(z+i—\p) T(w™ — Ap)
converges for all complex numbers a and w, the choice of a,,, 3,, v, and d,, can be made
so that
Qo(z)an - PO(Z)ﬁn
m(z — An)
and

Qo(2)yn — Po(2)dn
m(z+1i—Ap)
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converge for all complex numbers z. It follows that the limits

a = lim oy,
and

B =lim 3,
and

v = lim~,
and

6 = lim 6,

exist. Complex numbers «, 3,7, and § with
ad—pPy=1
are obtained such that

Qo(2)a — Po(z)
Z— A

and
Qo(2)y — Po(2)d
zZ4+1— A"

are entire functions.

An inductive argument is applied when
S(z)=(z—A)...(z=\)

is a polynomial with zeros A, such that A\, + ¢ never belongs to the upper half-plane. It
can be assumed that the desired conclusion holds when any zero is omitted. No verification
is needed in the remaining case since a maximal dissipative transformation appears which
is skew—adjoint.

This completes the proof of the theorem.

Maximal transformations of dissipative deficiency zero or one are constructed in Hilbert
spaces of entire functions which are symmetric about the origin.

Theorem 4. Assume that a transformation with domain in a space H(FEyp), which is
symmetric about the origin, and range in a space H(E]), which is symmetric about the
origin, satisfies the axioms (H1) and (H2) and is symmetric about the origin and that a
mazimal transformation of dissipative deficiency at most one in the space H(Ey) is defined
by taking F(z) into G(z + i) whenever F(z) and G(z + i) are elements of the space such
that G(z) is the image of F(z) in the space H(E}). Assume that S(z) is a polynomial,
which satisfies the symmetry condition

S(=2) = 5%(2),
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such that S(z — i) has no zeros in the upper half-plane, such that S(z)F(z) belongs to
the space H(Ey) for some nonzero entire function F(z) and such that S(z — i)G(z) be-
longs to the space H(E{) for some nonzero entire function G(z). Then the set of entire
functions F(z) such that S(z)F(z) belongs to the space H(Ey) is a space H(E) which is
symmetric about the origin and which is mapped isometrically into the space H(Ey) under
multiplication by S(z). The set of entire functions G(z) such that S(z — i)G(z) belongs
to the space H(E{) is a space H(E') which is symmetric about the origin and which is
mapped isometrically into the space H(E() under multiplication by S(z —i). A relation
with domain in the space H(E) and range in the space H(E') is defined by taking F(z)
into G(z) whenever the transformation with domain in the space H(Ey) and range in the
space H(Ey) takes H(z) into S(z —1i)G(z) and F(z) is the element of the space H(E) such
that S(z)F(z) is the orthogonal projection of H(z) into the image of the space H(E). A
mazximal relation of deficiency at most one in the space H(E) is defined by taking F(z)
into G(z + i) whenever F(z) and G(z + i) are element of the space such that G(z) is the
image of F(z) in the space H(E'). If the mazimal relation of deficiency at most one in
the space H(E) is not skew—adjoint, then the relation with domain in the space H(E) and
range in the space H(E') is a transformation which satisfies the axioms (H1) and (H2)
and is symmetric about the origin.

Proof of Theorem 4. The desired conclusions are immediate when S(z) is a constant since
multiplication by

S(z) = S(z — 1)

is then an isometric transformation of the space H(FE) onto the space H(Ey) and of the
space H(E') onto the space H(E]). A proof of the theorem is first given when

S(z)=(z=N(z+A7)

is a quadratic function with zeros A and —A\~ such that A 44 and ¢ — A\~ do not belong to
the upper half-plane.

Since the spaces H(Ey) and H(E{) are symmetric about the origin and since the trans-
formation with domain in the space H(Ey) and range in the space H(E|)) satisfies the
axioms (H1) and (H2) and is symmetric about the origin, it is defined by entire functions
Py(z) and Qo(z) which are associated with both spaces and which satisfy the symmetry
conditions

Po(=2) = Fy(2)
and
Qo(—2) = —Qo(2).
The transformation takes an element F'(z) of the space H(Ey) into an element G(z) of the
space H(E{) if, and only, if the identity

G(w) = (F(t), [Qo(t) Po(w™) — Po(t)Qo(w™)]/[m(t — w™))2u(m)

holds for all complex numbers w. The adjoint transformation takes an element F'(z) of the
space H(E{) into an element G(z) of the space H(Ep) if, and only if, the identity

G(w) = (F(t), [Qo(t) Po(w) ™ — P (£)Qo(w)~]/[m(t — w™))n(ey)
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holds for all complex numbers w.
If complex numbers a, 3, ~, and § with
ad — By =1
exist such that

Qo(2)a — Po(2)
zZ—A

and
Qo(2)y — Po(2)0
zZ+A+1

are entire functions, then the entire functions

P(z) = Qo(2)y — Py(2)0 a Qo(z)y~ + Po(z)d~ "
A +9)(z+A+1) A\~ —i)(z+1—67)
. Qo(z)a — Po(2)B ot Qo(z)a™ + Py(z)B~ o
(22X +14)(z — N) (22X~ —i)(z+ A7)

and
~ Qo(2)y — Po(2)d Qo(2)y~ + Po(2)d~
Q=) = (A +i)(z + A +1) b- (2~ —i)(z+i— A7) b
N Qo(2)a — Py(2) q Qo(z)a™ + Py(2)5~
A +1i)(z— ) 2\~ —i)(z+ A7)

d-

satisfy the equations

(z=A)(z+ A7) P(2) = Po(2)

-y Qo(2)y — Po(2)0 Qo(2)y™ + Po(z)6~ _
HA+i-AT) =S cti-a

a—(A+i—A7)

and

(2= A)(z+A7)Q(2) = Qo(2)

Qo(z)y — Po(2)0 Qo(2)y™ + Po(2)0~
zZ+A+1 z+1— A"

b

b+ (A+i—A7)

+A+i—A7)
as well as the equations

(z+A+i)(z+i— A" )P(2) = Py(2)

Qo(z)a — Po(2)p Qo(z)a” + Po(2)B~  _
z—A 24+ A

FA+i—A7) c—(A+i—A7)

and

(z+A+i)(z+1—XA)Q(2) = Qo(z)

Qo(z)a — Py(2)p Qo(z)a™ + Po(2)B~

q
zZ—A Z+ A"

FA+i—AT) d+(A+i—A")
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when a, b, ¢, and d are the unique solutions of the equations

ac—ya=o ¢ —7y a

and
Bd—0b=06"d —46 b
and
da—fBc+da —pF ¢ =2
and

ad—vb+a d —vb =
as well as the equations
ac+vya o c +7ya

A+ i A~ — 4
and

Bec+da B¢+ a”

A+ii a—4d
and

ad+~vb  a7d” +y7b"

A+ii =L

The identity

Qo(2) Po(w™) — Po(2)Qu(w")
(e —w-)
ad by A=A Qole)— Pob Qoli ) Fofu )3

2\ + i z+A+1 wT — A
Had 4 be) (i - a) T IE QoluT)a”  Rolw))
Ha~d+b ) (A+i— A7) QO(Z;V_HtP;’_(z)é Q”(wzuoi__li’(w)ﬂ
(ad- —be) A+ Z;_ )\'_)2 Qo(z)’y_'—l— Pofz)é_ Qo(w_)a: + Pg(w_)ﬁ_
227 — 1 z+1— A w~ 4+ A
C(r—N)(eam) QP = PEQWT) =y - A7)

m(z —w™)
is then satisfied.

Such numbers «a, 3,7, and § exist when

Qo(A) FPo(=A — i) = Po(A)Qo(=A —1)

59

is nonzero. The entire functions P(z) and @Q(z) are associated with the spaces H(E) and

H(E') and satisfy the symmetry conditions

P(—2z) = P*(2)
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and
Q(—z) = —Q"(2).

The relation with domain in the space H(E) and range in the space H(E’) is a transfor-
mation since it takes an element F'(z) of the space H(FE) into an element G(z) of the space
H(E') if, and only if, the identity

G(w) = (F(t), [Q()P(w™) — P)Q(w™)]/[r(t — w™)])sy(m)

holds for all complex numbers w. The adjoint relation with domain in the space H(E’)
and range in the space H(F) takes an element F'(z) of the space H(E’) into an element
G(z) of the space H(F) if, and only if, the identity

G(w) = (F(t), (@ () P(w)” = P*(1)Q(w)"]/[(t = w™)] )3 )

holds for all complex numbers w. A maximal dissipative transformation in the space H(E)
is defined by taking F(z) into G(z + i) whenever F(z) and G(z + i) are elements of the
space such that G(z) is the image of F(z) in the space H(E').

The existence of the desired numbers «, (3, 7, and § will now be verified when the negative
of the maximal transformation of dissipative deficiency at most one in the space H(Ep) is
not a maximal transformation of dissipative deficiency at most one in the space. If entire
functions A(z) and B(z) are defined by the identities

A(z) = Py(z — %2)
and
B*(z) = Qo(z — 31),
then the symmetry conditions
A(=z) = A%(2)
and
B(—z) = —-B*(z)

are satisfied. A Krein space of Pontryagin index at most one exists whose elements are
entire functions and which contains the function

B*(2)A(w™) — A(2)B(w)™ + B(2)A(w)™ — A*(2) B(w™)
m(z —w™)

of z as reproducing kernel function for function values at w for every complex number w.
Since the negative of the maximal transformation of dissipative deficiency at most one in
the space H(Ey) is not the negative of a maximal transformation of dissipative deficiency
at most one in the space, the Krein space of Pontryagin index at most one contains a
nonzero element and does not have dimension one. The space is the orthogonal sum of
a subspace of even functions and a subspace of odd functions, each of which contains a
nonzero element. The subspaces are Krein spaces of Pontryagin index at most one. At
least one of these subspaces is a Hilbert space.
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This completes the proof of the theorem.

The signature for the r—adic line is the homomorphism ¢ into sgn(£) of the group of
invertible elements of the r—adic line into the real numbers of absolute value one which has
value minus one on elements whose r—adic modulus is a prime divisor of r.

The signature for the r—adic skew—plane is the homomorphism ¢ into sgn(¢) of the group
of invertible elements of the r—adic skew—plane into the complex numbers of absolute value
one which has value minus one on elements whose r—adic modulus squared is a prime
divisor of r.

If p is a positive integer, a character modulo p is a homomorphism x of the group of
integers modulo p, which are relatively prime to p, into the complex numbers of absolute
value one. The function is extended to the integers modulo p so as to vanish at integers
modulo p which are not relatively prime to p. A character x modulo p is said to be
primitive modulo p if no character modulo a proper divisor of p exists which agrees with x
at integers which are relatively prime to p. If a character xy modulo p is primitive modulo
p, a number €(x) of absolute value one exists such that the identity

e(x)x(n)” =p2 Y _ x(k) exp(2mink/p)

holds for every integer n modulo p with summation over the integers k& modulo p. The
principal character modulo p is the character modulo p whose only nonzero value is one.
The principal character modulo p is a primitive character modulo p when, and only when,
p is equal to one. The residue classes of integers modulo p are identified with the residue
classes of integral elements of the r—adic line modulo p. A character y modulo p is treated
as a function of integral elements of the r—adic line which is periodic of period p. The
character admits an extension as a homomorphism of the invertible elements of an r—adic
plane into the complex numbers of absolute value one. The extended character is defined
to have the value zero at noninvertible elements of the r—adic plane. Since the extension
in unique within an automorphism of the r—adic plane which leaves the r—adic line fixed,
it is also denoted . The conjugate character xy~ is defined by the identity

for every element £ of the r—adic plane.

The domain of the Hankel transformation of order v for the r—adic plane is the set of
functions f(&) of £ in the r—adic plane which are square integrable with respect to Haar
measure for the r—adic plane, which vanish at elements of the r—adic plane whose p—adic
component is not a unit for some prime divisor p or p, and which satisfy the identity

f(w€) = x(w)f (&)

almost everywhere with respect to Haar measure for the r—adic plane when w is a unit of
the r—adic plane. Representatives are chosen in equivalence classes so that the identity
holds for every element £ of the r—adic plane. The range of the Hankel transformation
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of order v for the r—adic plane is the set of functions g(&) of £ in the r—adic plane which
are square integrable with respect to Haar measure for the r—adic plane, which vanish at
elements of the r—adic plane whose p—adic component is not a unit for some prime divisor
p of p, and which satisfy the identity

g(wg) = x" (w)g()

for every unit w of the r—adic plane. The Laplace kernel for the r—adic line is a function
o(n) of invertible elements 7 of the r—adic line which vanishes when the p—adic component
of 1 is not a unit for some prime divisor p of p and which is otherwise defined as an integral

10 -p o) = [ -p ) / exp(2ming)de

with respect to Haar measure for the r—adic line over the set of units of the r—adic line.
The product on the left is taken over the prime divisors p of . The product on the right
is taken over the prime divisors p of p. The function o(n) of n in the r—adic line has value
zero when the p—adic component of 7 is not a unit for some prime divisor p of p or when
the p—adic component of pn is not integral for some prime divisor p of . When the p-adic
component of 7 is a unit for every prime divisor p of p and the p—adic component of pn is
integral for every prime divisor p of r, then o(n) is equal to

[[a-pH ' JJa-p"

with the product on the left taken over the prime divisors p of p and the product on the
right taken over the prime divisors p of r such that the p—adic component of 7 is not

integral. The integral
[ 1ot ian

with respect to Haar measure for the r—adic line is equal to the product

[[Ja-pH"
taken over the prime divisors p of . The integral
[ otamotsnn

with respect to Haar measure for the r—adic line is equal to zero when a and (3 are invertible
elements of the r—adic line of unequal r—adic modulus. The Hankel transformation of
character x for the r—adic plane takes a function f(£) of £ in the r—adic plane into a
function g(§) of £ in the r—adic plane when the identity

/ (€ )g(E)o(nE€)de = sgn(n)ln] " / (&) F(E)o(n e €)de
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holds for every invertible element 7 of the r—adic line with integration with respect to Haar
measure for the r—adic plane. The identity

[1s@rds = [lato)ras

holds with integration with respect to Haar measure for the r—adic plane. The Hankel
transformation of character x~ for the r—adic plane is the inverse of the Hankel transfor-
mation of character y for the r—adic plane.

The Hankel transformation of order v and character y for the r—adic skew—plane is
defined when v is an odd positive integer and x is a primitive character modulo p with
p a divisor of r such that r/p is relatively prime to p and is not divisible by the square
of a prime. The character is extended to a distinguished r—adic plane containing a skew—
conjugate unit ¢_. The domain of the Hankel transformation of order v and character y
for the r—adic skew—plane is a space of square integrable functions with respect to Haar
measure for the r—adic skew—plane. A function of ¢ in the r—adic skew—plane belongs to
the space if it is a product

X(3E+ 31716 )Rh(E)
with h(£) a function of £ in the r—adic skew—plane which satisfies the identity

(&) = h(we)

for every unit w of the r—adic skew—plane. The range of the Hankel transformation of order
v and character x of the r—adic skew—plane is the domain of the Hankel transformation
of order v and character x~ for the r—adic skew—plane. The Hankel transformation of
order v and character y for the r—adic skew—plane takes a function f(§) of £ in the r—adic
skew—plane into a function g(&) of £ in the r—adic skew—plane when the identity

/ e+ Lt ) g(E)o(ne€) €| de
— sgn(n)[n| ! / (A 4 LT () (n e e)lE) e

holds for every invertible element 7 of the r—adic line with integration with respect to Haar
measure for the r—adic skew—plane. The identity

[1s@rds = [lat)ras

holds with integration with respect to Haar measure for the r—adic skew—plane. The Hankel
transformation of order v and character x~ for the r—adic skew—plane is the inverse of the
Hankel transformation of order v and character y for the r—adic skew—plane.

The domain of the Laplace transformation of character y for the r—adic plane is the set
of functions f(&) of £ in the r—adic plane which are square integrable with respect to Haar
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measure for the r—adic plane, which vanish at elements of the r—adic plane whose p—adic
component is not a unit for some prime divisor p of p, and which satisfy the identity

f(w€) = x(w)f (&)

for every unit w of the r—adic plane. The Laplace transform of character x for the r—adic
plane of the function f(§) of ¢ in the r—adic plane is the function g(n) of n in the r—adic
line which is defined by the integral

10 - p 290 = / (€)™ F(©)o(nE€)de

with respect to Haar measure for the r—adic plane. The product is taken over the prime
divisors p of r. The identity

[[a-» / 12 =T[0 -9 / l9(m)[2dn

holds with integration on the left with respect to Haar measure for the r—adic plane and
with integration on the right with respect to Haar measure for the r—adic line. The
products are taken over the prime divisors p of r. A function g(n) of  in the r—adic line,
which is square integrable with respect to Haar measure for the r—adic line, is the Laplace
transform of character x of a square integrable function with respect to Haar measure for
the r—adic plane if, and only if, it vanishes at elements of the r—adic line whose p-adic
component is not a unit for some prime divisor p of p, satisfies the identity

g(n) = g(wn)

for every unit w of the r—adic line, and satisfies the identity

(1—=p)g(n) = g(An) —pg(A~'n)

when the p—adic modulus of 7 is an odd power of a prime divisor p of r, which is not a

divisor of p, and A is an element of the r—adic line of r—adic modulus p~*.

The Laplace transformation of order v and character y for the r—adic skew—plane is
defined when v is an odd positive integer and x is a primitive character modulo p for a
divisor p of r such that r/p is relatively prime to p and is not divisible by the square of
a prime. The character is extended to a distinguished r—adic plane containing a skew—
conjugate unit . The domain of the Laplace transformation of order v and character
for the r—adic skew—plane is the same space of square integrable functions with respect to
Haar measure for the r—adic skew—plane which is the domain of the Hankel transformation
of order v for the r—adic skew—plane. A function of £ in the r—adic skew—plane belongs to
the space if it is a product

X(5E+ 31716 )Rh(9)
with A(£) a function of £ in the r—adic skew—plane which satisfies the identity

(&) = h(we)
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for every unit w of the r—adic skew—plane. The Laplace transform of order v and character
X for the r—adic skew—plane of a function f(£) of £ in the r—adic skew—plane is the function
g(n) of n in the r—adic line which is defined by the integral

10 - » () = / (A + Ll Yo (ng€) €| de

with respect to Haar measure for the r—adic skew—plane. The product is taken over the
prime divisors p of . The identity

[[a-» / e = T[(1-p?) / l9(m)[2dn

holds with integration on the left with respect to Haar measure for the r—adic skew—plane
and with integration on the right with respect to Haar measure for the r—adic line. The
products are taken over the prime divisors p of r. A function g(n) of  in the r—adic line,
which is square integrable with respect to Haar measure for the r—adic line, is the Laplace
transform of character y for the r—adic skew—plane of a square integrable function with
respect to Haar measure for the r—adic skew—plane if, and only if, it vanishes at elements
of the r—adic line whose p—adic component is not a unit for some prime divisor p of p,
satisfies the identity

g(n) = g(wn)

for every unit w of the r—adic line, and satisfies the identity

(1=p)g(n) = g(An) — pg(A\~'n)

when the p—adic modulus of 7 is an odd power of p for a prime divisor p of r, which is not

a divisor of p, and ) is an element of the r—adic line whose r—adic modulus is p~1.

The Radon transformation of character x for the r—adic plane is a nonnegative self-
adjoint transformation in the space of functions f(&) of £ in the r—adic plane which are
square integrable with respect to Haar measure for the r—adic plane and which satisfy the
identity

f(&) =w"f(¢)

for every unit w of the r—adic plane. Haar measure for the hyperplane of skew—conjugate
elements of the r—adic skew—plane is normalized so that Haar measure for the r—adic skew—
plane is the Cartesian product of Haar measure for the hyperplane and Haar measure for
the r—adic line. The transformation takes a function f(£) of £ in the r—adic plane into a
function g(§) of £ in the r—adic plane when a function hA(£) of £ in the r—adic skew—plane,
which is square integrable with respect to Haar measure for the r—adic skew—plane and
which agrees with f(£) in the r—adic plane, exists such that the identity

[T =2 x(© a0 = I¢l- [ e+ den+ 36 mo) (e + el
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holds formally with integration with respect to Har measure for the hyperplane. The
product is taken over the prime divisors p of r. The integral is accepted as the definition
of the transformation when

F(&) = x(§)a(Ae7¢)

for an invertible element A of the r—adic line, in which case

h(€) = x(3€ + 5216 )o(AE7E)

and

9(€) = N x(©) o (Ae~¢),

The Radon transformation of order v and character y for the r—adic skew-plane is
a nonnegative self-adjoint transformation in the space of functions f(&) of £ in the r—
adic skew—plane which are square integrable with respect to Haar measure for the r—adic
skew—plane and which are the product of the function

X(3€+ 326y

and a function of {~¢. Associated with the function f(£) of £ in the r—adic skew—plane is
a function f(&,n) of £ and 1 in the r—adic skew—plane which agrees with f(£) when 7 is
equal to £. The function f(&,7n) of £ and 7 in the r—adic skew—plane is the product of the
function
X(3E+ 52t )a ax(Gn + 5.2t )2 e

and a function of €& + n~n. The Radon transformation of order » and character x for
the r—adic skew—plane takes a function f(&) of £ in the r—adic skew—plane into a function
g(&) of £ in the r—adic skew—plane when a function h(£,n) of £ and 71 in the r—adic skew—
plane, which is square integrable with respect to the Cartesian product with itself of Haar
measure for the r—adic skew—plane and which agrees with f(&,n) when £ and 7 are in the
r—adic plane, such that the identity

11 % x(§) " x(m) g€ m)

= |¢n|- // X(E+3a+ 26 o) x(n+ 3B+ I Be)”
xh(& + &a,n + nB)|aB|Z*dadB

holds formally with integration with respect to Haar measure for the hyperplane of skew—
conjugate elements of the r—adic skew—plane. The product is taken over the prime divisors
p of r. The integral is accepted as the definition of the transformation when

f&) =x(Ee+ LM ) o(Ne¢)
for an invertible element M\ of the r—adic line in which case

hEn) = x(36+ 3Tt e )z ax(An + Lt e )Tt o (AT E+ M)
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and

9(&) = N TIX(3E+ 31716 ) o (AETE).

The r—adelic upper half-plane is the set of elements of the r—adelic plane whose Eu-
clidean component belongs to the upper half-plane and whose r—adic component is an
invertible element of the r—adic line. An element of the r—adelic upper half-plane, whose
Euclidean component is 7 + iy for a real number 7, and a positive number y and whose
r—adic component is 7_, is written 7 + iy with 7 the element of the r—adelic line whose
FEuclidean component is 7, and whose r—adic component is 7_.

A nonnegative integer v of the same parity as x is associated with a primitive character
x modulo p for the definition of the Hankel transformation of order v and character y
for the r—adelic plane. If w is a unimodular element of the r—adelic plane, an isometric
transformation in the space of square integrable functions with respect to Haar measure
for the r—adelic plane is defined by taking a function f(£) of £ in the r—adelic plane into
the function f(wf) of £ in the r—adelic plane. A closed subspace of the space of square
integrable functions with respect to Haar measure for the r—adelic plane consists of the
functions f(&) of £ in the r—adelic plane which vanish at elements of the r—adelic plane
whose p—adic component is not a unit for some prime divisor p of p and which satisfy the
identity

f(wé) = wix(w-)f(€)

for every unit w of the r—adelic plane. Functions are constructed which satisfy related
identities for every unimodular element w of the r—adelic plane whose p—adic component
is a unit for every prime divisor p of p. The set of elements of the r—adelic plane whose
r—adic component is a unit is taken as a fundamental region for the r—adelic plane. A
function f(&) of £ in the r—adelic plane, which vanishes at elements £ of the r—adelic plane
whose p—adic component is not a unit for some prime divisor p of p, which satisfies the
identity

f(w€) = wix(w-)f(§)

for every unit w of the r—adelic plane, and which satisfies the identity

f(&) = f(wé)

for every nonzero principal element w of the r—adelic line, whose p—adic component is a
unit for every prime divisor p of p, is said to be locally square integrable if it is square
integrable with respect to Haar measure for the r—adelic plane in the fundamental region.
The resulting Hilbert space is the domain of the Hankel transformation of order v and
character y for the r—adelic plane.

An odd positive integer v is associated with a primitive character x modulo p for the
definition of the Hankel transformation of order v and character x for the r—adelic skew—
plane. The character is extended to a distinguished r—adic plane. A skew—conjugate unit
¢ of the r—adelic plane is chosen with Euclidean component ¢, the unit 7 of the Euclidean
plane and with r—adic component ¢ a skew—conjugate unit of the r—adic plane.
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If w is a unit of the r—adelic skew—plane, an isometric transformation in the space of
square integrable functions with respect to Haar measure for the r—adelic skew—plane is
defined by taking a function f(£) of £ in the r—adelic skew—plane into the function f(w¢)
of £ in the r—adelic skew—plane. The space is the orthogonal sum of invariant subspaces
indexed by the integers v and the primitive characters y modulo a divisor p of . A function
of order zero, which is defined independently of a character, is a function f(£) of £ in the
r—adelic skew—plane which satisfies the identity

f(&) = f(wé)

for every unit w of the r—adelic skew—plane. When v is a positive integer, a function of
order v and character y, is a finite linear combination with functions of order zero as
coefficients of products

H(%ak& + 503 o) TTx (3806 + 507" Bre—)

with aj equal to one or j for every kK = 1,...,v and for B; equal to one or to an invertible
skew—conjugate element of the r—adic skew—plane which anti—-commutes with +_ for every
k=1,...,v. A function of order —vr is the complex conjugate of a function of order v. If
v is nonnegative, the identity

& @A) TN (g + g e ) x(3n- + 32 nme)” exp(—miA Ty )
= [+ Bt xGe + bt ) exp(ring ¢
x exp(mi(n~ &+ & n))dg
holds with integration with respect to Haar measure for the r—adelic plane when A is in

the r—adelic upper half-plane.

The invertible principal elements of the r—adelic line form a group. Elements of the
group are considered equivalent if they are obtained from each other on multiplication
by a unit. The equivalence classes of elements of the group are applied in an isometric
summation. If a function f(£) of £ in the r—adelic plane is square integrable with respect
to Haar measure for the r—adelic plane, vanishes outside of the fundamental region, and
satisfies the identity

f(w) = wix(w-)f(£)

for every unit w of the r—adelic plane, then a function g(£) of € in the r—adelic plane, which
vanishes at elements of the r—adelic plane whose p—adic component is not a unit for some
prime divisor p of p, which satisfies the identity

g(w) = Wi x(w-)g(§)

for every unit w of the r—adelic plane, and which satisfies the identity

9(&) = g(wg)



RIEMANN ZETA FUNCTIONS 69

for every element w of the group whose p—adic component is a unit for every prime divisor

p of p, is defined as a sum
9(&) = f(wo)

over the equivalence classes of elements w of the group whose p—adic component is a unit
for every prime divisor p of p. The identity

N GRENGIRE

holds with integration with respect to Haar measure for the r—adelic plane over the fun-
damental region. If a locally square integrable function h(§) of £ in the r—adelic plane
vanishes at elements of the r—adelic plane whose p—adic component is a unit for every
prime divisor p of p, satisfies the identity

h(wg) = Wi x(w-)h(§)

for every unit w of the r—adelic plane, and satisfies the identity

(&) = h(we)

for every element w of the group whose p—adic component is a unit for every prime divisor
p of p, then h(§) is equal to g(£) for some such function f(§) of £ in the r—adelic plane.
The function f(§) of £ in the r—adelic is equal to h() in the fundamental region.

A Hilbert space is obtained as the tensor product of the range of the Laplace transfor-
mation of order v for the Euclidean plane and the range of the Laplace transformation
of character y for the r—adic plane. An element of the space is a function f(n) of 7 in
the r—adelic upper half—plane which is analytic in the Euclidean component of 1 when the
r—adic component of 7 is held fixed. The function vanishes at elements 1 of the r—adelic
upper half-plane whose p—adic component is not a unit for some prime divisor p of p. The
identity

f(n) = f(wn)

holds for every unit w of the r—adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

(L=p)f(n) = f(An) —pf(A~'n)

holds whenever the p—adic modulus of 7 is not an even power of p for some prime divisor
p of r, which is not a divisor of p, and A is an element of the r—adelic line whose Euclidean
component is the unit of the Euclidean line and which satisfies the identity

pIA[- =1.

When v is zero, a finite least upper bound

sup / F(r+iy)|Pdr
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is obtained over all positive numbers y. Integration is with respect to Haar measure for
the r—adelic line. When v is positive, the integral

| 15+ inpytardy

is finite. An isometric transformation of the space into itself takes a function f(n) of n in
the r—adelic upper half-plane into the function

(wiw )" f(w mw)

of 7 in the r—adelic upper half—plane for every unimodular element w of the r—adelic plane
whose p—adic component is a unit for every prime divisor p of p. A closed subspace of the
Hilbert space consists of products

f(n)o(n-)

with f(n4) a function of 74 in the upper half-plane which is in the range of the Laplace
transformation of order v for the FKuclidean plane. The Hilbert space is the orthogonal
sum of closed subspaces obtained as images of the given subspace under the isometric
transformations corresponding to elements w of the principal subgroup of the r—adelic line
whose p—adic component is a unit for every prime divisor p of p.

A Hilbert space is obtained as the tensor product of the range of the Laplace transforma-
tion of order v for the Euclidean skew—plane and the range of the Laplace transformation
of character x for the r—adic skew—plane. An element of the space is a function f(n,~) of
n and v in the r—adelic upper half-plane which is analytic in the Euclidean components
of 7 and v when the r—adic components of  and v are held fixed. The function vanishes
when the p—adic component of 1 or the p—adic component of v is not a unit for some prime
divisor p of p. The identity

f(n,y) = f(n, \v)

holds when ) is an element of the r—adelic upper half-plane, whose r—adic component is
a unit of the r—adic line, such that An and Ay as well as n and v belong to the r—adelic
upper half-plane. The identities

flwn,v) = f(n,7) = f(n,wy)

hold for every unit w of the r—adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

(1=p)f(n,7) = F(An,7) —pf (A n,7)

holds when the p—adic modulus of n is an odd power of p for some prime divisor p of
r, which is not a divisor of p, and A is an element of the r—adelic line whose Euclidean
component is the unit of the Euclidean line and whose r—adic modulus is p~!. The identity

(L=p)f(n,7) = Fn, A7) —pf(n,A™1y)
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holds when the p—adic modulus of v is an odd power of p for some prime divisor p of
r, which is not a divisor of p, and A is an element of the r—adelic line whose Euclidean
component is the unit of the Euclidean line and whose r—adic component is p~*.

The theta function of order v and character x for the r—adelic plane is a function 6(n)
of 7 in the r—adelic upper half-plane which is analytic in the Euclidean component of n
when the r—adic component of 7 is held fixed. The function vanishes at elements n of the
r—adelic upper half-plane whose p—adic component is not a unit for some prime divisor p
of p. The identity

0(n) = 0(wn)

holds for every unit w of the r—adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

0(n) = wi x(w-)"0(w?n)

holds for every element w of the principal subgroup of the r—adelic line whose p-adic
component is a unit for every prime divisor p of p. The function is defined as a sum

) =Y wix(w_)" exp(miwing/p)o(w’n_)

over the elements w of the principal subgroup of the r—adelic line whose p—adic component
is a unit for every prime divisor p of p. A coefficient 7(n) is defined for every positive
integer n, whose prime divisors are divisors of  but not of p, so that the identity

[[a-pH 7 r(n) = x(w-) o (w?)

holds with w the element of the principal subgroup of the r—adelic line whose r—adic
component is integral and whose Euclidean component is n. The product is taken over the
prime divisors p of p. If n_ is a unit, the identity

[ =00 = 3 n¥r(n) exp(rin®n, /p)

holds with summation over the positive integers n whose prime divisors are divisors of r
but not of p. The product is taken over the prime divisors p of p. The identity

7(m)T(n) = 7(mn)

holds for all positive integers m and n whose prime divisors are divisors of r but not of p.

The theta function of order v and character x for the r—adelic skew—plane is a function
0(n,~y) of elements n of the r—adelic upper half-plane and invertible elements ~ of the r—
adelic line which is an analytic function of the Euclidean component of n when v and the
r—adic component of 7 are held fixed. The function vanishes when the p-adic component
of v or the p—adic component of 7 is not a unit for some prime divisor p of p. The identities

0(wn,v) = 0(n,7v) = 0(n,wy)
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hold for every unit w of the r—adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

0(n,7) = (W) x(w-) 0(w nw,v)

holds for every representative w of an element of the principal subgroup of the r—adelic
line whose p—adic component is a unit for every prime divisor p of p. The theta function
is a sum

0(n,7) = Y (W) " x(w-)~ exp(2miw; nyviwi/p)
X Z )\i_% |)\|Ii_%X()\f)a(w:)\:ln,w,)a()\;y,)

over the elements A of the principal subgroup of the r—adelic line whose p—adic component
is a unit for every prime divisor p of p and over the equivalence classes of representatives
w of elements of the principal subgroup of the r—adelic line whose p—adic component is a
unit for every prime divisor p of p. A coeflicient 7(n) is defined for every positive integer
n, whose prime divisors are divisors of r but not of p, so that the identity

[0 =) () = (@73 ) *x(w )™ SN FIN A xO )o@ AT o )a(A )

holds with w a representative of the element of the principal subgroup of the r—adelic line
whose r—adic component is integral and whose Euclidean component is n. Summation is
over the elements A of the principal subgroup of the r—adelic line whose p—adic component
is a unit for every prime divisor p of p. The product is taken over the prime divisors p of
p. If v is a unit of the r—adelic line and if the r—adic component of 7 is a unit of the r—adic
line, the identity

[I—p1%00,79) =Y n*~27(n) exp(2rinn /p)

holds with summation over the positive integers n whose prime divisors are divisors of
r but not of p. The product is taken over the prime divisors p of p. If the Euclidean
components of representatives of elements of the principal subgroup of the r—adelic line
are chosen so that the identity

Y+ = ayfy
holds whenever the identity
7y =a’aBp
is satisfied, then the identity
7(m)7(n) = 7(mn/k?)

holds for all positive integers m and n whose prime divisors are divisors of r but not of p,
with summation over the common divisors k of m and n.

The theta function of order v and character x for the r—adelic plane is used to define
the Laplace transformation of order v and character x for the r—adelic plane. The domain
of the transformation is the space of locally square integrable functions f(&) of £ in the
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r—adelic plane which vanish at elements £ of the r—adelic plane whose p—adic component
is not a unit for some prime divisor p of p, which satisfy the identity

flwé) = wix(w-)f(€)

for every unit w of the r—adelic plane, and which satisfy the identity

F(&) = fwg)

for every element w of the principal subgroup of the r—adelic line whose p—adic component
is a unit for every prime divisor p of p. The Laplace transform of order v and character
for the r—adelic plane is the function g(n) of n in the r—adelic upper half-plane defined by
the integral

T1 - p2)2rg(n) = / (€9) X(62)™ F()0(E ne)de

with respect to Haar measure for the r—adelic plane over a fundamental region containing
an element whose p—adic component is a unit for every prime divisor p of p. The product is
taken over the prime divisors p of r. The function g(n) of  in the r—adelic upper half-plane
is an analytic function of the Euclidean component of n when the r—adic component of n
is held fixed. The function vanishes at elements of the r—adelic upper half-plane whose
p—adic component is not a unit for some prime divisor p of p. The identity

g(n) = g(wn)

holds for every unit w of the r—adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

g9(n) = W x(w-)"g(w?n)

holds for every element w of the principal subgroup of the r—adelic line whose p-adic
component is a unit for every prime divisor p of p. The identity

(1=p)g(n) = g(An) — pg(A\~'n)

holds when the p—adic modulus of 7 is not an even power of p for some prime divisor p of r,
which is not a divisor of p, and when A is an element of the r—adelic line whose Euclidean
component is the unit of the Euclidean line and which satisfies the identity

pIA[- =1.
When v is zero, the identity

[[a-p) " 2n/p) / F©))Pa = [ —pz)sup/ lg( + iy)|*dr

holds with the least upper bound taken over all positive numbers y. Integration on the left
is with respect to Haar measure for the r—adelic plane over a fundamental region containing
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an element whose p—adic component is a unit for every prime divisor p of p. Integration on
the right is with respect to Haar measure for the r—adelic line over a fundamental regions
containing an element whose p—adic component is a unit for every prime divisor p of p.
The products are taken over the prime divisors p of r. When v is positive, the identity

[[a-»")7 Cr/p)T) / FOPd=T[a-» / ) / lg(r + i) Py~ drdy

is satisfied.

The theta function of order v and character y for the r—adelic skew—plane is used to
define the Laplace transformation of order v and character x for the r—adelic skew—plane.
The domain of the transformation is the set of locally square integrable functions f(§) of
¢ in the r—adelic skew—plane which vanish at elements of the r—adelic skew—plane whose
p—adic component is not a unit for some prime divisor p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the r—adelic skew—plane, and which satisfy the identity

f(&) = f(wé)

for every representative w of an element of the principal subgroup of the r—adelic line
whose p—adic component is a unit for every prime divisor p of p. The Laplace transform
of order v and character x for the r—adelic skew—plane is the function g(n,~) of elements
n of the r—adelic upper half-plane and invertible elements 7 of the r—adic line defined by
the integral

T1 - p2)2rg(n, ) = / (€9) X(E2)™ FE)B(E e, )de

with respect to Haar measure for the r—adelic skew—plane over a fundamental region con-
taining an element whose p—adic component is a unit for every prime divisor p of p. The
product is taken over the prime divisors p of r. The function g(n,~) of elements 7 of the
r—adelic upper half-plane and invertible elements « of the r—adelic line is an analytic func-
tion of the Euclidean component of n when v and the r—adic component of 1 are held fixed.
The function g(n,~y) vanishes when the p—adic component of n or the p—adic component of
v is not a unit for some prime divisor p of p. The identities

g(wn,v) = g(n,7) = g(n,wy)

hold for every unit w of the r—adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

g(m,7) = (W) x(w-)"g(w nw,v)

holds for every representative w of an element of the principal subgroup of the r—adelic
line whose p—adic component is a unit for every prime divisor p of p. The identity

g(m,7) = A AP (A g(A i, M)
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holds for every invertible element A\ of the r—adelic line whose r—adic modulus is rational
and whose p—adic component is a unit for every prime divisor p of p. The identity

(1=p)g(n,7) = g(An,v) — pg(A"'n,7)

holds when the p—adic modulus of 7 is not an integral power of p for some prime divisor
p of r, which is not a divisor of p, and when A is an element of the r—adelic line whose
Euclidean component is the unit of the Euclidean diline and which satisfies the identity

pIAl- = 1.

The identity
(1 =p)g(n,7) = g(n,X7) — pg(n,\"17)
holds when the p—adic modulus of v is not an integral power of p for some prime divisor

p of r, which is not a divisor of p, and when A is an element of the r—adelic line whose
Euclidean component is the unit of the Euclidean line and which satisfies the identity

pIAl- = 1.

The theta function of order v and character x~ for the r—adelic plane is computable
from the theta function (n) of order v and character x for the r—adelic plane as the
function

0(—n")"
of 17 in the r—adelic upper half-plane. The domain of the Hankel transformation of order
v and character y for the r—adelic plane is the set of locally square integrable functions

f(&) of € in the r—adelic plane which vanish at elements of the r—adelic plane whose p-adic
component is not a unit for some prime divisor p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the r—adelic plane, and which satisfy the identity

f(&) = f(wé)

for every element w of the principal subgroup of the r—adelic line whose p—adic component
is a unit for every prime divisor p of p. The range of the Hankel transformation of order
v and character x for the r—adelic plane is the set of locally square integrable functions
g(&) of £ in the r—adelic plane which vanish at elements of the r—adelic plane whose p—adic
component is not a unit for some prime divisor p of p, which satisfy the identity

g(wg) = wix (w-)g(&)

for every unit w of the r—adelic plane, and which satisfy the identity

9(&) = g(wg)
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for every element w of the principal subgroup of the r—adelic line whose p—adic component
is a unit for every prime divisor p of p. The transformation takes a function f(§) of ¢ in
the r—adelic plane into a function g(&) of € in the r—adelic plane when the identity

(i/m )™ sgn(n_ )|~ / () X(E2) FE)B(—En'E)de
- / (€) X(E)g(€)0(—€ 7€)~ de

holds for 7 in the r—adelic upper half-plane. Integration is with respect to Haar measure
for the r—adelic plane over a fundamental region containing an element whose p-adic
component is a unit for every prime divisor p of p. The identity

[1s@rds = [lato)ras

holds with integration with respect to Haar measure for the r—adelic plane over such a
region. The inverse of the Hankel transformation of order v and character x for the r—
adelic plane is the Hankel transformation of order v and character x~ for the r—adelic
plane.

The theta function of order v and character y~ for the r—adelic skew—plane is com-
putable from the theta function 6(n, ) of order v and character x for the r—adelic skew—
plane as the function

0(—n",7)"
of elements n of the r—adelic upper half-plane and invertible elements v of the r—adelic
line. The domain of the Hankel transformation of order v and character x for the r—adelic
skew—plane is the set of locally square integrable functions f(&) of £ in the r—adelic skew—

plane which vanish at elements of the r—adelic skew—plane whose p—adic component is not
a unit for some prime divisor p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the r—adelic skew—plane, and which satisfy the identity

f(&) = f(wé)

for every representative w of an element of the principal subgroup of the r—adelic line
whose p—adic component is a unit for every prime divisor p of p. The range of the Hankel
transformation of order v and character x for the r—adelic skew—plane is the set of locally
square integrable functions g(£) of £ in the r—adelic skew—plane which vanish at elements
of the r—adelic skew—plane whose p—adic component is not a unit for some prime divisor p
of p, which satisfy the identity

g(wg) = wix (w-)g(&)
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for every unit w of the r—adelic skew—plane, and which satisfy the identity

9(&) = g(wé)

for every representative w of an element of the principal subgroup of the r—adelic line
whose p—adic component is a unit for every prime divisor p of p. The transformation takes
a function f(£) of £ in the r—adelic skew—plane into a function g(§) of £ in the r—adelic
skew—plane when the identity

(i/n2)" sgn(n_y_)m|~ / (€) X(E2) F©)B(—¢ n1e 7 )de
- / (€) x(E)g(€)B(—E 1€, 7) " de

holds for n in the r—adelic upper half-plane and v an invertible element of the r—adelic line.
Integration is with respect to Haar measure for the r—adelic skew—plane over a fundamental
region containing an element whose p—adic component is a unit for every prime divisor p
of p. The identity

[1s@ P = [ lgtepae

holds with integration with respect to Haar measure for the r—adelic skew—plane over such
a region. The inverse of the Hankel transformation of order v and character x for the
r—adelic skew—plane is the Hankel transformation of order v and character x~ for the
r—adelic skew—plane.

Hilbert spaces of entire functions which satisfy the axioms (H1), (H2), and (H3) are
associated with Riemann zeta functions. The spaces originate in the spectral theory for
the Laplace—Beltrami operator for the hyperbolic geometry of the upper half-plane as it
acts on functions which are invariant under a Hecke subgroup of the modular group [5].

The Mellin transformation of order v and character x for the r—adelic plane is a spectral
theory for the Laplace transformation of order v and character x for the r—adelic plane.
The domain of the Laplace transformation of order v and character y for the r—adelic
plane is the set of locally square integrable functions f(§) of £ in the r—adelic plane which
vanish at elements & of the r—adelic plane whose p—adic component is not a unit for some
prime divisor p of p, which satisfy the identity

f(wé) = wix(w-)f()
for every unit w of the r—adelic plane, and which satisfy the identity
f(&) = f(wg)

for every element w of the principal subgroup of the r—adelic line whose p—adic component
is a unit for every prime divisor p of p. The Laplace transform of order v and character
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for the r—adelic plane is the function g(n) of 7 in the r—adelic upper half-plane defined by
the integral

T - p2)2rg(n) = / (€0) X(62)™ F()0(E ne)de

with respect to Haar measure for the r—adelic plane over a fundamental region containing
an element whose p—adic component is a unit for every prime divisor p of p. The Mellin
transform of order v and character x for the r—adelic plane is an analytic function F'(z) of
z in the upper half-plane defined by the integral

[Ta-rFe = [ g i-iea

under the constraint
Ny =it

when 7_ is a unit of the r—adic line if the function f(&) of £ in the r—adelic plane vanishes
in a neighborhood [£| < a of the origin. The product is taken over the prime divisors p of
p. The integral can be evaluated under the same constraint when 7_ is an element of the
r—adic line whose r—adic modulus is integral and is a divisor of r which is relatively prime
to p. When this change is made in the right side of the identity, the left side is multiplied
by the product

1—x(A)" X%

taken over the elements A of the principal subgroup of the r—adelic line whose r—adic
component is integral and whose Euclidean component is a prime divisor of |n|_. A
computation of the integral is made from the zeta function

of order v and character y for the r—adelic plane, which is defined in the half-plane Rs > 1
as a sum over the positive integers n whose prime divisors are divisors of r but not of p.
The identity

holds when a positive integer

n:pk

is a power of a prime p which is a divisor of r but not of p. The zeta function is represented
in the complex plane by the Euler product

o)t =] —7@p)

taken over the prime divisors p of » which are not divisors of p. The analytic weight
function
1 1 1.
W(2) = (/)3 H0 (3 + § — Jiz)((1 -~ iz)
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is applied in the characterization of Mellin transforms of order v and character x for the
r—adelic plane. The weight function is represented in the upper half-plane by the integral

[[a=p)7'W(z) = /OOO o)t —4ig

under the constraint

Ny =it
when 7n_ is a unit of the r—adic line. The product is taken over the prime divisors p of p.
The identity

T[] - p2)20F(2) /W (2) = / (€0) x(62) F(6) )i de

holds when z is in the upper half-plane. Integration is with respect to Haar measure for the
r—adelic plane over a fundamental region containing an element whose p—adic component
is a unit for every prime divisor p of p. The product on the left is taken over the prime
divisors p of r. The function

a " F(z)

of z in the upper half-plane is characterized as an element of the weighted Hardy space
F (W) which satisfies the identity

[1a —p_Q)/

— 00

“+o00

F(t)/W (1) [2dt = / (€ 2de.

Integration on the right is with respect to Haar measure for the r—adelic plane over a
fundamental region containing an element whose p—adic component is a unit for every
prime divisor p of p. The product is taken over the prime divisors p of r. The identity

+oo
[lo-v2 [ Peywerk
N [T L) N ca-ipF@))
=20 /_oo ’H o e |

holds with summation over the divisors a of r, which are relatively prime to p, with the
product on the left taken over the prime divisors p of r, which are not divisors of p, and
with the product on the right taken over the elements A of the principal subgroup of the
r—adelic line whose r—adic component is integral and whose Euclidean component is a
prime divisor p of a. If the Hankel transform of order v and character y for the r—adelic
plane of the function f(&) of £ in the r—adelic plane vanishes when [£| < a, then its Mellin
transform of order v and character xy~ for the r—adelic plane is an entire function which is
the analytic extension of the function

F(—2)
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of z to the complex plane.

The Mellin transformation of order v and character y for the r—adelic skew—plane is a
spectral theory for the Laplace transformation of order v and character y for the r—adelic
skew—plane. The domain of the Laplace transformation of order » and character y for
the r—adelic skew—plane is the set of locally square integrable functions f(&) of £ in the
r—adelic skew—plane which vanish at elements & of the r—adelic skew—plane whose p—-adic
component is not a unit for some prime divisor p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the r—adelic skew—plane, and which satisfy the identity

F(&) = fwe)

for every representative w of an element of the principal subgroup of the r—adelic line
whose p-adic component is a unit for every prime divisor p of p. The Laplace transform
of order v and character x for the r—adelic diplane is the function g(n,~) of elements 1 of
the r—adelic upper half-plane and invertible elements ~ of the r—adelic line defined by the
integral

T10 - p2)2m9(,) = / (€4) x(62)™ F(€)0(E g, )de

with respect to Haar measure for the r—adelic skew—plane over a fundamental region con-
taining an element whose p—adic component is a unit for every prime divisor p of p. The
product is taken over the prime divisors p of r. The Mellin transform of order v and char-
acter x for the r—adelic diplane is an analytic function F'(z) of z in the upper half-plane
defined by the integral

o0
[[a-p2Fe) = [ gtnnet=d
0
under the constraint
Ny =it

when v is a unit of the r—adelic line and 7_ is a unit of the r—adic line if the function
f(&) of £ in the r—adelic skew—plane vanishes in a neighborhood [£| < a of the origin. The
product is taken over the prime divisors p of p. The integral can be evaluated under the
same constraint when ~ and 7n_ are elements of the r—adic line the square of whose r—adic
modulus is integral and is a divisor of r» which is relatively prime to p. When this change
is made in the right side of the identity, the left side is multiplied by the product

[T LoD o)
1— A2

taken over the equivalence classes of representatives A\ of elements of the principal subgroup
of the r—adelic line whose r—adic component is integral and whose Euclidean component
is a divisor of |n|?, and is also multiplied by the product

R (e
- A2
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taken over the equivalence classes of representatives A\ of elements of the principal subgroup
of the r—adelic line whose r—adic component is integral and whose Euclidean component
is a divisor of |y|2. A computation of the integral is made using the zeta function

of order v and character y for the r—adelic skew—plane, which is defined in the half-plane
Rs > 1 as a sum over the positive integers n whose prime divisors are divisors of r but

not of p. If a positive integer

n = p"

is a power of prime p which is a divisor of r but not of p, then the identity
v—1 v—1 14k v—3 v—3 —1-k
N D D (O | S R ()
T YN N
Ay ZIAS P = Ay AL 2x (M)

holds with A a representative of the element of the principal subgroup of the r—adelic line
whose r—adic component is integral and whose Euclidean component is p. The fraction is
defined by continuity when the denominator is equal to zero. The function is defined in
the complex plane by the Euler product

(o)t =1]a-7wp*+p>)

taken over the prime divisors p of r which are not divisors of p. The analytic weight
function . .
W(z) = (2r/p) 2V T D (3v + 1 —i2)((1 — i2)

is applied in the characterization of Mellin transforms of order v and character x for the
r—adelic skew—plane. The weight function is represented in the upper half-plane by the
integral

[T W = [ otmmea

under the constraint
Ny =it

when v is a unit of the r—adelic line and 7_ is a unit of the r—adelic line. The identity

[[Q—-p?)%2nF(2)/W(2) = /(Ei)‘x(&-)‘f(é)!5\2”—2”_36%

holds when z is in the upper half-plane. Integration is with respect to Haar measure for
the r—adelic skew—plane over a fundamental region containing an element whose p—adic
component is a unit for every prime divisor p of p. The product is taken over the prime
divisors p of r. The function

a " F(z)
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of z in the upper half-plane is characterized as an element of the weighted Hardy space
F (W) which satisfies the identity

[T - pz)/

— 0

“+o00

F(t)/W (1) [2dt = / (€ 2de.

Integration on the right is with respect to Haar measure for the r—adelic skew—plane over
a fundamental region containing an element whose p—adic component is a unit for every
prime divisor p of p. The product is taken over the prime divisors p of r. The identity

+oo
[Ta-p»t [ Iro/weoPa
g [N (AT
=2 /‘ 1-272

V=g o\ [V F —\2i
XH 1— (AL )7 A2 2x(A-) A
—2

" C(1—at)F(t)
W(t)

2
dt

holds with summation over the divisors a and 3 or r, which are relatively prime to p, and
with the product on the left taken over the prime divisors p of r which are not divisors of p.
The first product on the right is taken over the equivalence classes of representatives A\ of
elements of the principal subgroup of the r—adelic line whose r—adic component is integral
and whose Euclidean component is a prime divisor of a. The second product on the right is
taken over the equivalence classes of representatives A of elements of the principal subgroup
of the r—adelic line whose r—adic component is integral and whose Euclidean component
is a divisor of B. If the Hankel transform of order v and character y for the r—adelic
skew—plane of the function f(§) of £ in the r—adelic diplane vanishes when |{| < a, then
its Mellin transform of order v and character y for the r—adelic skew—plane is an entire
function which is the analytic continuation of the function

F(—=z)

to the complex plane.

The Sonine spaces of order v and character x for the r—adelic plane are defined using
the analytic weight function

W(z) = (n/p) 2754320 (L 4+ L — Liz)¢(1 —iz)
constructed from the zeta function of order v and character x for the r—adelic plane. The

space of parameter a contains the entire functions F'(z) such that

a " F(z)
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and .
a—zzF* (Z)

belong to the weighted Hardy space F(W). A Hilbert space of entire functions which
satisfies the axioms (H1), (H2), and (H3) is obtained when the space is considered with
the scalar product such that multiplication by a~%* is an isometric transformation of the
space into the space F(W). The space is a space H(FE) which coincides as a set with the
Sonine space of order v and parameter a for the Euclidean plane. The Sonine spaces of
order v for the Euclidean plane are constructed from the analytic weight function

Wo(2) = (m/p) 2"~ 37T (Jv + § — }iz).

The identity y
S(2)W(z) = (r/p)~ 2" Wo(2)

holds with g
S(z) = (r/p)~F*¢(1 —iz)~*

an entire function of Pélya class, which is determined by its zeros, such that S(z — 1) is of
Pélya class. The Sonine space of order v and parameter ar~2 for the Euclidean plane is
the set of entire functions F'(z) such that

r%iza*izF(z)

and
,r%izafizF* (Z)

belong to the weighted Hardy space F(Wy). The space is a space H(Ep) such that mul-
tiplication by r2i2q % ig an isometric transformation of the space into the space F(Wj).
The space H(E) is then the set of entire functions F(z) such that S(z)F(z) belongs to
the space H(Ep). A maximal dissipative transformation in the space F(Wj) is defined by
taking F'(z) into F(z + i) whenever F(z) and F(z + i) belong to the space. A maximal
dissipative transformation in the space H(FEp) is defined by taking F(z) into F(z + 1)
whenever F(z) and F(z + i) belong to the space. The set of entire functions F'(z) such
that S(z — 1) F(z) belongs to the space H(Ey) is a space H(E’) such that multiplication
by S(z — i) is an isometric transformation of the space into the space H(Ey). The space
H(FE) is contained contractively in the space H(E’). A relation with domain in the space
H(E) and range in the space H(E'), which satisfies the axiom (H1), exists which takes
F(z) into G(z) when S(z)F(z) is the orthogonal projection into the image of the space
H(E) of the element S(z —i)G(z) of the space H(E’). A maximal dissipative relation in
the space H(E) is defined by taking F(z) into G(z + i) whenever F'(z) and G(z + i) are
elements of the space such that G(z) is the image of F'(z) in the space H(E’).

The augmented Sonine spaces of zero order and principal character for the r—adelic
plane are defined using the analytic weight function

W(z) =iz(iz — 1)7r_%+%izf(% — 3i2)¢(1 — iz)
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constructed from the zeta function of zero order and principal character for the r—adelic
plane. The space of parameter a contains the entire functions F'(z) such that

a " F(z)

and .

belong to the weighted Hardy space F(W). A Hilbert space of entire functions, which
satisfies the axioms (H1), (H2), and (H3) and which is symmetric about the origin, is
obtained when the space is considered with the scalar product such that multiplication
by a~% is an isometric transformation of the space into the space F(W). The space is a
space H(E) which coincides as a set with the augmented Sonine space of zero order and
parameter a for the Euclidean plane. The augmented Sonine spaces of zero order for the
Euclidean plane are constructed from the analytic weight function

Wo(z) = iz(iz — 1)7r_%+%izf(

N[

1
2

The identity
S(2)W(2) = r 22 Wy (z)

holds with .
S(z) =r"2%*¢(1 - iz)*1

an entire function of Pélya class, which is determined by its zeros and which satisfies the
symmetry condition

S(=2) = 5%(2),

such that S(z — i) is of Pdlya class. The augmented Sonine space of zero order and
parameter ar~2 for the Euclidean plane is the set of entire functions F (z) such that

r%iza*izF(z)

and
,r%izafizF* (Z)

belong to the weighted Hardy space F(W,). The space is a space H(Ey), which is symmet-
ric about the origin, such that multiplication by r2%%q %% ig an isometric transformation of
the space into the space F(Wy). The space H(FE) is then the set of entire functions F'(z)
such that S(z)F(z) belongs to the space H(Ep). Multiplication by S(z) is an isometric
transformation of the space H(E) into the space H(Ey). A space H(E{), which is sym-
metric about the origin, is constructed so that an isometric transformation of the set of
elements of the space H(Fy) having value zero at the origin onto the set of elements of the
space ‘H(E() having value zero at the origin onto the set of elements of the space H(EY)
having value zero at ¢ is defined by taking F(z) into
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A continuous transformation of the space H(Ep) into the space H(E]) is obtained as the
unique extension which annihilates the reproducing kernel function for function values at
—i. Entire functions Py(z) and Qo(z), which are associated with the spaces H(Ep) and
H(E{) and which satisfy the symmetry conditions

Po(=2) = Fy(2)

and
QO(_Z) = _QS(Z)a

exist such that the transformation of the space H(Ey) into the space H(E() takes an
element F'(z) of the space H(Ep) into an element G(z) of the space H(E()) whenever the
identity

G(w) = (F(t), [Qo(t) Po(w™) = Po(t)Qo(w™)]/[r(t — w ™)) 2u(m0)

holds for all complex numbers w and such that the adjoint transformation of the space
H(E}) into the space H(Ey) takes an element F(z) of the space H(E{) into an element
G(z) of the space H(Ep) when the identity

G(w) = (F(t), [Qo(t) Po(w) ™ — P (£)Qo(w)~]/[m(t — w™))n(ey)

holds for all complex numbers w. A maximal transformation of dissipative deficiency at
most one in the space H(E)p) is defined by taking F'(z) into G(z + i) whenever F(z) and
G(z+1) are elements of the space such that the transformation of the space H(Ejy) into the
space H(E|)) takes F'(z) into G(z). The set of entire functions F(z) such that S(z—1i)F(z)
belongs to the space H(E]) is a space H(E'), which is symmetric about the origin, such
that multiplication by S(z —7) is an isometric transformation of the space H(E') into the
space H(E(). The space H(FE) is contained contractively in the space H(E’). A relation
with domain in the space H(F) and range in the space H(E’), which takes F*(—z) into
G*(—z) whenever it takes F'(z) into G(z) and which takes F'(z) into G(z) when S(2)F(z) is
the orthogonal projection into the image of the space H(E) of an element H (z) of the space
H(Ep) whose image in the space H(E]) is S(z —i)G(z). A maximal relation of dissipative
deficiency at most one in the space H(E) is defined by taking F'(z) into G(z 1) whenever
F(z) and G(z + ¢) are elements of the space such that G(z) is the image of F(z) in the
space H(E').

The Sonine spaces of order v and character y for the r—adelic skew—plane are defined
using the analytic weight function

_1

W(z) = (2n/p) >

constructed from the zeta function of order v and character y for the r—adelic skew—plane.
The space of parameter a contains the entire functions F(z) such that

AR (L + 1 —dz)((1 — i2)

a " F(z)

and _
a B F* (Z)
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belong to the weighted Hardy space F(W). A Hilbert space of entire functions which
satisfies the axioms (H1), (H2), and (H3) is obtained when the space is considered with
the scalar product such that multiplication by a~%* is an isometric transformation of the
space into the space F(W). The space is a space H(FE) which coincides as a set with the
Sonine space of order v and parameter a for the Euclidean skew—plane. The Sonine spaces
of order v for the Euclidean skew—plane are constructed from the analytic weight function

Wo(z) = (2r/p) "2V 12T (Ly 41 — iz).

The identity _
S(2)W(z) = (r/p)”"*Wo(z)

holds with '
S(z) = (r/p)~"*¢(1 —iz) ™}

an entire function of Pélya class, which is determined by its zeros, such that S(z —1) is of
Pélya class. The Sonine space of order v and parameter ap/r for the Euclidean diplane is
the set of entire functions F'(z) such that

(r/p)*a = F(2)

and o
(r/p)Za”""F"(2)

belong to the weighted Hardy space F(Wj). The space is a space H(Ey) such that multi-
plication by (ap/r)~% is an isometric transformation of the space into the space F(Wj).
The space H(E) is then the set of entire functions F(z) such that S(z)F(z) belongs to
the space H(Ey). Multiplication by S(z) is an isometric transformation of the space H(FE)
into the space H(Ep). A maximal dissipative transformation in the space F (W) is defined
by taking F(z) into F(z + i) whenever F'(z) and F(z + i) belong to the space. A maxi-
mal dissipative transformation in the space H(Fjp) is defined by taking F(z) into F'(z + )
whenever F(z) and F(z + i) belong to the space. The set of entire functions F'(z) such
that S(z — ) F(z) belongs to the space H(Ep) is a space H(E’) such that multiplication
by S(z — i) is an isometric transformation of the space into the space H(Ey). The space
H(E) is contained contractively in the space H(E’). A relation with domain in the space
H(E) and range in the space H(E'), which satisfies the axiom (H1), exists which takes
F(z) into G(z) when S(z)F(z) is the orthogonal projection into the image of the space
H(E) of the element S(z — i)G(z) of the space H(E’). A maximal dissipative relation in
the space H(FE) is defined by taking F'(z) into G(z + i) whenever F(z) and G(z + i) are
elements of the space such that G(z) is the image of F(z) in the space H(E’).

A renormalization of Haar measure is made for the adic line. A dual Haar measure
exists for every renormalization of Haar measure. The renormalization of Haar measure
for the adic line is made so that the set of units of the adic line has measure one with
respect to the dual Haar measure. Renormalized Haar measure for the p—adic line is the
renormalization of Haar measure for which the set of integral elements has measure

1—p*1.
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Renormalized Haar measure for the adic line is the Cartesian product of the renormalized
Haar measures for the p—adic lines. Renormalized Haar measure for the adic line is singular
with respect to Haar measure for the adic line.

A renormalization of Haar measure is made for the adic skew—plane. A dual Haar
measure exists for every renormalization of Haar measure. The renormalization of Haar
measure for the adic skew—plane is made so that the set of units of the adic skew—plane
has measure one with respect to the dual Haar measure. Renormalized Haar measure for
the p—adic skew—plane is the normalization of Haar measure for which the set of integral
elements has measure

1—p L.

Renormalized Haar measure for the adic skew—plane is the Cartesian product of the renor-
malized Haar measures for the p—adic skew—planes. Renormalized Haar measure for the
adic skew—plane is singular with respect to Haar measure for the adic skew—plane.

The kernel for the Laplace transformation of character y for the adic plane is a function
o(n) of invertible elements 7 of the adic line which vanishes when the p—adic component of
71 is not a unit for some prime divisor p of p and which is otherwise defined as an integral

o) =JJa-pH" /exp(27rin£)d€

with respect to the dual Haar measure for the adic line over the set of units for the adic
line. The product is taken over the prime divisors p of p. The integral

[ 1oty

with respect to renormalized Haar measure for the adic line is equal to one. The integral

/ o(Bn)~o(an)dn

with respect to renormalized Haar measure for the adic line is equal to zero when « and (3
are invertible elements of the adic line of unequal adic modulus whose p—adic component
is a unit for every prime divisor p of p. The function o(n) of n in the adic line has the
value zero when the p—adic component of 7 is not a unit for some prime divisor p of p
or when the p—adic component of pn is not integral for some prime p. When the p-adic
component of 7 is a unit for every prime divisor p of p and when the p—adic component of
pn is integral for every prime p, then o(n) is equal to

[Ja-pH ' [Ja-p)"

with the product on the left taken over the prime divisors p of p and the product on the
right taken over the primes p such that the p—adic component of 7 is not integral.

The kernel for the Laplace transformation of character y for the adic skew—plane is
a function o(n) of invertible elements 1 of the adic skew—plane has value zero when the
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p—adic component of 7 is not a unit for some prime divisor p of p and is otherwise defined
as an integral

o(n) = [[(1 - p ) / exp(mi(n™€ + & 1))de

with respect to the dual Haar measure for the adic skew—plane over the set of units. The
product is taken over the prime divisors p of p. The integral

[ 1ot ian

with respect to renormalized Haar measure for the adic skew—plane is equal to one. The
integral

/ o(Bn)~o(an)dn

with respect to renormalized Haar measure for the adic skew—plane is equal to zero when
a and 3 are invertible elements of the adic skew—plane of unequal adic modulus whose
p—adic component is a unit for every prime divisor p of p. The function o(n) of invertible
elements n of the adic skew—plane vanishes when the p—adic component of 7 is not a unit
for some prime divisor p of p or when the p-adic component of pn*n is not integral for
some prime p. When the p—adic component of 7 is a unit for every prime divisor p of p
and the p—adic component of pn*n is integral for every prime p, then o(n) is equal to

[Ja-pH ' [Ja-p)"

with the product on the left taken over the prime divisors p of p and the product on the
right taken over the primes p such that the p—adic component of 7 is not integral.

A character x for the adic plane is used in the definition of the Laplace transformation
of character x for the adic plane. The transformation is defined on the set of functions
f(&) of £ in the adic plane which are square integrable with respect to Haar measure for
the adic plane, which vanish at elements of the adic plane whose p—adic component is not
a unit for a prime divisor p of p, and which satisfy the identity

f(w€) = x(w)f (&)

for every unit w of the adic plane. The Laplace transform of character x of the function
f(&) of £ in the adic plane is the function g(n) of 7 in the adic line which is defined by the
integral

10 - p2)90m = / (€)™ F(E)o (€ ne)de

with respect to Haar measure for the adic plane using the Laplace kernel for the adic plane.
The product is taken over the primes p. The identity

[1r©ra =Tl -5 [ loPay
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holds with integration on the left with respect to Haar measure for the adic plane and with
integration on the right with respect to renormalized Haar measure for the adic line. The
product is taken over the primes p. A function g(n) of n in the adic line, which is square
integrable with respect to renormalized Haar measure for the adic line, is the Laplace
transform of order y of a square integrable function with respect to Haar measure for the
adic plane if, and only if, it vanishes at elements of the adic line whose p—adic component
is not a unit for some prime divisor p of p, satisfies the identity

g(n) = g(wn)

for every unit w of the adic line, and satisfies the identity

(1=p)g(n) = g(An) — pg(A\~'n)

when the p-adic modulus of 7 is an odd power of p for some prime p, which is not a divisor
of p, and when A is an element of the adic line such that

pIA[- =1.

A character y for the adic skew—plane is used in the definition of the Laplace transfor-
mation of character x for the adic skew—plane. The transformation is defined on the set
of functions f(&) of £ in the adic skew—plane which are square integrable with respect to
Haar measure for the adic skew—plane, which vanish at elements of the adic skew—plane
whose p—adic component is not a unit for some prime divisor p of p, and which satisfy the
identity

f(w€) = x(w)f(§)

for every unit w of the adic skew—plane. The Laplace transform of character x for the
adic skew—plane of the function f(&) of £ in the adic skew—plane is the function g(n) of
invertible elements 7 of the adic line defined by the integral

10— 29 = / (€)™ F©0(€nE)de

with respect to Haar measure for the adic skew—plane. The product is taken over the
primes p. The identity

[1r©ra =Tl -5 [ lomPay

holds with integration on the left with respect to Haar measure for the adic skew—plane
and with integration on the right with respect to renormalized Haar measure for the adic
line. The product is taken over the primes p. A function g(n) of invertible elements 7 of
the adic line, which is square integrable with respect to renormalized Haar measure for the
adic line, is a Laplace transform of character x for the adic skew—plane if, and only if, it
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vanishes when the p—adic component of 7 is not a unit for some prime divisor p of p, the
identity
g9(n) = g(wn)

holds for every unit w of the adic line, and satisfies the identities

(1=p)g(n,7) = g(An,v) — pg(A"'n,7)

when 7 is an invertible element of the adic line whose p—adic modulus is not an integral
power of p for some prime p, which is not a divisor of p, and A is an element of the adic
diline such that

pIAZ =1.

A character y for the adic plane and its conjugate character x~ are used in the defi-
nition of the Hankel transformation of character x for the adic plane. The domain of the
transformation is the set of functions f(&) of £ in the adic plane which are square integrable
with respect to Haar measure for the adic plane, which vanish at elements of the adic plane
whose p—adic component is not a unit for some prime divisor p of p, and which satisfy the
identity

F(8) = x(@)£(€)

for every unit w of the adic plane. The range of the transformation is the set of functions
g(&) of £ in the adic plane which are square integrable with respect to Haar measure for
the adic plane, which vanish at elements of the adic plane whose p—adic component is not
a unit for some prime divisor p of p, and which satisfy the identity

g(wé) = x" (w)g(&)

for every unit w of the adic plane. The transformation takes a function f(£) of ¢ in the
adic plane into a function g(£) of £ in the adic plane when the identity

/x(§)g(ﬁ)d(ﬁné)d«S:sgn(n)lnl1/x(§)f(§)0( nTE)dE

holds for every invertible element 7 of the adic line with integration with respect to Haar
measure for the adic plane. The identity

[1s@rde= [ lgtepae

holds with integration with respect to Haar measure for the adic plane. The Hankel trans-
formation of character xy~ for the adic plane is the inverse of the Hankel transformation
of character y for the adic plane.

A character x for the adic skew—plane and its conjugate character x~ for the adic skew—
plane are used in the definition of the Hankel transformation of character x for the adic
skew—plane. The domain of the transformation is the set of functions f(&) of £ in the
adic skew—plane which are square integrable with respect to Haar measure for the adic
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skew—plane, which vanish at elements of the adic skew—plane whose p—adic component is
not a unit for some prime divisor p of p, and which satisfy the identity

f(w€) = x(w) f(§)

for every unit w of the adic skew—plane. The range of the transformation is the set of
functions g(&) of ¢ in the adic skew—plane which are square integrable with respect to
Haar measure for the adic skew—plane, which vanish at elements of the adic skew—plane
whose p—adic component is not a unit for some prime divisor p of p, and which satisfy the
identity

9(w&) = x" (w)g(§)

for every unit w of the adic skew—plane. The transformation takes a function f(&) of £ in
the adic skew—plane into a function g(§) of £ in the adic skew—plane when the identity

/ (€ )9(E)o (€ nE)~dé = sgu(n)ln|~2 / (€ F(E)o(E 1) d

holds for all invertible elements 7 of the adic line with integration with respect to Haar
measure for the adic skew—plane. The identity

N GRENGIRE

holds with integration with respect to Haar measure for the adic skew—plane. The Hankel
transformation of order y— for the adic skew—plane is the inverse of the Hankel transfor-
mation of order y for the adic skew—plane.

The principal subgroup of the adelic line is the set of elements of the adelic line whose
Euclidean and adic components are represented by equal positive rational numbers. An
element of the principal subgroup of the adelic line admits a representative A* A with A a
unimodular element of the adelic diline whose Euclidean component is determined by the
requirements of the functional identity. Representatives A\ are considered equivalent if they
represent the same element of the adelic line.

Renormalized Haar measure for the adelic line is the Cartesian product of Haar measure
for the Euclidean line and renormalized Haar measure for the adic line. Renormalized Haar
measure for the adelic diline is the Cartesian product of Haar measure for the Euclidean
diline and renormalized Haar measure for the adic diline.

The adelic upper half-plane is the set of elements of the adelic plane whose Euclidean
component belongs to the upper half-plane and whose adic component is an invertible
element of the adic line. An element of the adelic upper half-plane, whose Euclidean
component is 7, + iy for a real number 7, and a positive number y and whose adic
component is 7_, is written 7 4 ¢y with 7 the element of the adelic line whose Euclidean
component is 74 and whose adic component is 7_.

A nonnegative integer v of the same parity as x is associated with a character y for
the adic plane for the definition of the Laplace transformation of order v and character
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x for the adelic plane. If w is a unimodular element of the adelic plane, an isometric
transformation in the space of square integrable functions with respect to Haar measure
for the adelic plane is defined by taking a function f(§) of £ in the adelic plane into the
function f(w€) of £ in the adelic plane. A closed subspace of the space of square integrable
functions with respect to Haar measure for the adelic plane consists of the functions f () of
¢ in the adelic plane which vanish at elements £ of the adelic plane whose p—adic component
is not a unit for some prime divisor p of p and which satisfy the identity

f(wé) = wix(w-)f(¢)

for every unit w of the adelic plane. Functions are constructed which satisfy related
identities for every unimodular element w of the adelic plane whose p—adic component is
a unit for every prime divisor p of p. The noninvertible elements of the adelic plane form
a set of zero Haar measure. The set of invertible elements of the adelic plane is a union
of disjoint open sets, called fundamental regions, which are invariant under multiplication
by elements of the adelic plane whose adic component is a unit. Invertible elements of the
adelic plane belong to the same fundamental region if, and only if they have equal adic
modulus. A function f(§) of £ in the adelic plane, which vanishes at elements £ of the
adelic plane whose p—adic component is not a unit for some prime divisor p of p, which
satisfies the identity

flwé) = wix(w-)f(€)

for every unit w of the adelic plane, and which satisfies the identity

f(&) = f(wé)

for every element of the principal subgroup of the adelic line whose p—adic component is
a unit for every prime divisor p of p, is said to be locally square integrable if it is square
integrable with respect to Haar measure for the adelic plane in a fundamental region which
contains an element whose p—adic component is a unit for every prime divisor p of p. The
integral

JUGRE

with respect to Haar measure for the adelic plane over such a region is independent of the
choice of region. The resulting Hilbert space is the domain of the Laplace transformation
of order v and character x for the adelic plane.

A positive integer v of the same parity as x is associated with a character x for the adic
skew—plane for the definition of the Laplace transformation of order v and character x for
the adelic skew—plane. If w is a unimodular element of the adelic skew—plane, an isometric
transformation in the space of square integrable functions with respect to Haar measure
for the adelic skew—plane is defined by taking a function f(§) of £ in the adelic skew—plane
into the function f(w¢) of ¢ in the adelic skew—plane. A closed subspace of the space of
square integrable functions with respect to Haar measure for the adelic skew—plane consists
of the functions f(§) of £ in the adelic skew—plane which vanish at elements of the adelic
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diplane whose p—adic component is not a unit for some prime divisor p of p and which
satisfy the identity

f(w) = wix(w-)f(£)

for every unit w of the adelic skew—plane. Functions are constructed which satisfy related
identities for every unimodular element w of the adelic skew—plane whose p—adic component
is a unit for every prime divisor p of p. The set of noninvertible elements of the adelic skew—
plane is a union of disjoint open subsets, called fundamental regions, which are invariant
under multiplication by invertible elements of the adelic skew—plane whose adic component
is a unit. Invertible elements of the adelic skew—plane belong to the same fundamental
region if, and only if, they have equal adic modulus. A function f(§) of £ in the adelic
skew—plane, which vanishes at elements of the adelic skew—plane whose p—adic component
is not a unit for some prime divisor p of p, which satisfies the identity

f(w€) = wix(w-)f(§)

for every unit w of the adelic skew—plane, and which satisfies the identity

f(&) = f(wé)

for every representative w of an element of the principal subgroup of the adelic line whose
p—adic component is a unit for every prime divisor p of p, is said to be locally square
integrable if the integral

JUGRE

with respect to Haar measure for the adelic skew—plane is finite over a fundamental region
containing an element whose p-adic component is a unit for every prime divisor p of p.
The integral is independent of the choice of region. The resulting Hilbert is the domain of
the Laplace transformation of order v and character x for the adelic skew—plane.

If a function f(&) of £ in the adelic plane is square integrable with respect to Haar
measure for the adelic plane, vanishes at elements of the adelic plane whose adic component
is not a unit, and satisfies the identity

f(wé) = wix(w-)f(€)
for every unit w of the adelic plane, then a function g(§) of £ of the adelic plane, which

vanishes at elements of the adelic plane whose p—adic component is not a unit for some
prime divisor p of p, which satisfies the identity

g(w) = Wi x(w-)g(&)

for every unit w of the adelic plane, and which satisfies the identity

9(&) = g(wg)



94 L. DE BRANGES DE BOURCIA April 21, 2003

for every element w of the principal subgroup of the adelic line whose p—adic component
is a unit for every prime divisor p of p, is defined as a sum

9(&) = f(wo)

over the elements w of the principal subgroup of the adelic line whose p—adic component
is a unit for every prime divisor p of p. The identity

[1sterae = [1r©pPas

is satisfied with integration on the left with respect to Haar measure for the adelic plane
over a fundamental region containing an element whose p—adic component is a unit for
every prime divisor p of p and with integration on the right with respect to Haar measure
for the adelic plane over the whole plane. If a locally square integrable function h(&) of £
in the adelic plane vanishes at elements of the adelic plane whose p—adic component is not
a unit for some prime divisor p of p, satisfies the identity

h(w€) = w x(w-)h(§)
for every unit w of the adelic plane, and satisfies the identity

h(€) = h(we)

for every element w of the principal subgroup of the adelic line whose p—adic component
is a unit for every prime divisor p of p, then

h(€) = g(§)

almost everywhere with respect to Haar measure for the adelic plane for some such choice
of function f(&) of £ in the adelic plane. The function f(&) of £ in the adelic plane is chosen
so that the identity

h(&) = f(£)

holds almost everywhere with respect to Haar measure for the adelic plane on the set of
elements £ of the adelic plane whose adic component is a unit.

If a function f(&) of £ in the adelic skew—plane is square integrable with respect to Haar
measure for the adelic skew—plane, vanishes at elements of the adelic skew—plane whose
adic component is not a unit, and satisfies the identity

f(wé) = wix(w-)f(£)

for every unit w of the adelic skew—plane, then a function g(§) of £ in the adelic skew—plane,
which vanishes at elements of the adelic skew—plane whose p—adic component is not a unit
for some prime divisor p of p, which satisfies the identity

g(wé) = wix(w-)g(&)



RIEMANN ZETA FUNCTIONS 95

for every unit w of the adelic skew—plane, and which satisfies the identity

9(&) = g(wg)

for every distinguished representative w of an element of the principal subgroup of the
adelic line whose p—-adic component is a unit for every prime divisor p of p, is defined as a

9(&) = f(wo)

over the distinguished representatives w of elements of the principal subgroup of the adelic
line whose p—adic component is a unit for every prime divisor p of p. The identity

[1s@rde = [ 11 pag

holds with integration on the left with respect to Haar measure for the adelic skew—plane
over a fundamental region containing an element whose p—adic component is a unit for
every prime divisor p of p and with integration on the right with respect to Haar measure
for the adelic skew—plane over the whole skew—plane. If a locally square integrable function
h(§) of £ in the adelic skew—plane vanishes at elements of the adelic skew—plane whose p—
adic component is not a unit for some prime divisor p of p, satisfies the identity

h(wf) = wix(w-)h(§)

for every unit w of the adelic skew—plane, and satisfies the identity

(&) = h(we)

for every distinguished representative w of an element of the principal subgroup of the
adelic line whose p—adic component is a unit for every prime divisor p of p, then

almost everywhere with respect to Haar measure for the adelic skew—plane for some such
function f(&) of £ in the adelic skew—plane. The function f(£) of £ in the adelic skew—plane
is chosen so that the identity

h(&) = f(£)

holds almost everywhere with respect to Haar measure for the adelic skew—plane on the
set of elements £ of the adelic skew—plane whose adic component is a unit.

The noninvertible elements of the adelic line form a set of zero Haar measure. The set
of invertible elements of the adelic line is the union of fundamental subregions. Invertible
elements of the adelic line belong to the same subregion if they have the same p-adic
modulus for every prime p. Subregions are said to be mated with respect to a prime p if
the ratio of the p—adic modulus of the elements of one subregion to the p—adic modulus of
the elements of the other subregion is an odd power of p. A fundamental region for the
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adelic line is a maximal union of subregions such that any two subregions are mated with
respect to a prime p.

A Hilbert space is obtained as the tensor product of the range of the Laplace transfor-
mation of order v for the Euclidean plane and the Laplace transformation of character x
for the adic plane. An element of the space is a function f(n) of 1 in the adelic upper
half-plane which is analytic in the Euclidean component of 7 when the adic component
of 1 is held fixed. The function vanishes at elements of the adelic upper half-plane whose
p—adic component is not a unit for some prime divisor p of p. The identity

f(n) = f(wn)

holds for every unit w of the adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

(L=p)f(n) = f(An) —pf(A"'n)

holds whenever the p—adic modulus of p is not an even power of p for some prime p, which
is not a divisor of p, and A is an element of the adelic line whose Euclidean component is
the unit of the Euclidean line and which satisfies the identity

pIAl- = 1.

When v is zero, a finite least upper bound

sup/|f(7—|—iy)2d7'

is obtained over all positive numbers y. Integration is with respect to renormalized Haar
measure for the adelic line. When v is positive, the integral

/0 N / |f(r +iy) [Py~ drdy

is finite. An isometric transformation of the space into itself takes a function f(n) of n in
the adelic upper half-plane into the function

(wiwy)” flw™nw)

of 1 in the adelic upper half-plane for every unimodular element w of the adelic plane
whose p—adic component is a unit for every prime divisor p of p. A closed subspace of the
Hilbert space consists of products

f(ny)o(n-)

with f(n4) a function of 74 in the upper half-plane which is in the range of the Laplace
transformation of order v for the Euclidean plane and with o(n) the kernel for the Laplace
transformation of character y for the adic plane. The Hilbert space is the orthogonal
sum of closed subspaces obtained as images of the given subspace under the isometric



RIEMANN ZETA FUNCTIONS 97

transformations corresponding to elements w of the principal subgroup of the adelic line
whose p-adic component is a unit for every prime divisor p of p.

A Hilbert space is constructed from the tensor product of the range of the Laplace
transformation of order v for the Euclidean skew—plane and the range of the Laplace
transformation of character x for the adic skew—plane. An element of the space is a
function f(n,7) of elements 7 of elements n of the adelic upper half-plane and invertible
elements v of the adelic line which is analytic in the Euclidean component of n when ~
and the adic component of 1 are held fixed. The function f(7,~y) vanishes when the p-adic
component of 7 or the p—adic component of v is not a unit for some prime divisor p of p.
The identities

flwn,v) = f(n,v) = f(n,wy)

hold for every unit w of the adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

Fm) = N ) F(A T, M)

holds for every invertible element A\ of the adelic line whose adic modulus is rational and
whose p—adic component is a unit for every prime divisor p of p. The identity

(L=p)f(n,7) = F(An,7) —pf(A"'n,7)

holds when the p—adic component of 7 is not an integral power of p for some prime p,
which is not a divisor of p, and when A is an element of the adelic line whose Euclidean
component is the unit of the Euclidean line and which satisfies the identity

pAE =1

The identity
(L=p)f(n,7) = Fn, \v) —pf(n,A"y)

holds when the p-adic component of v is not an integral power of p for some prime p,
which is not a divisor of p, and when A is an element of the adelic line whose Euclidean
component is the unit of the Euclidean line and which satisfies the identity

pAE =1

The function f(n,~) of n in the adelic upper half-plane and « in the adelic line is determined
by its values when the Euclidean component of v is a unit and the adic modulus of 7 is
an integer which is relatively prime to p and is not divisible by the square of a prime.
For fixed v the function f(n,~y) of n belongs to the tensor product of the range of the
Laplace transformation of order v for the Euclidean skew—plane and the range of the
Laplace transformation of character x for the adic skew—plane. The scalar self-product
of the function f(n,7v) of n and v is defined as the sum of the scalar self-products of
the functions of 7 in the tensor product space taken over the positive integers which are
relatively prime to p and which are not divisible by the square of a prime. An isometric
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transformation of the resulting Hilbert space onto itself is defined by taking a function
f(n,7) of elements n of the adelic upper half-plane and invertible elements «y of the adelic
line into the function

(Wiwy)" flw nw,7)
of elements of the adelic upper half-plane and invertible elements of the adelic line for

every unimodular element w of the adelic skew—plane whose p—adic component is a unit
for every prime divisor p of p. A closed subspace of the Hilbert space consists of products

Foer) NN IO ) e (A e ()

with f(n4) a function of ny in the range of the Laplace transformation of order v for
the Euclidean skew—plane. Summation is over the equivalence classes of representatives
A of elements of the principal subgroup of the adelic line whose p—adic component is a
unit for every prime divisor p of p. The Hilbert space is the orthogonal sum of closed
subspaces obtained as images of the given subspace under the isometric transformations
corresponding to the equivalence classes of representatives w of elements of the principal
subgroup of the adelic line whose p—adic component is a unit for every prime divisor p of

p-

The theta function of order v and character y for the adelic plane is a function 6(n) of n
in the adelic upper half-plane which is analytic in the Euclidean component of n when the
adic component of n is held fixed. The function vanishes at elements of the adelic upper
half-plane whose adic component is not a unit for some prime divisor p of p. The identity

0(n) = 6(wn)

holds for every unit w of the adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

0(n) = wi x(w-)"0(w?n)

holds for every element w of the principal subgroup of the adelic line whose p—adic com-
ponent is a unit for every prime divisor p of p. The function is defined as a sum

0(n) =Y wix(w- ) exp(riwing /p)o(w’n-)

over the elements w of the principal subgroup of the adelic line whose p—adic component is
a unit for every prime divisor p of p. A coefficient 7(n) is defined for every positive integer
n, which is relatively prime to p, so that the identity

[[a-p) 7 r(n) = x(w-) o (w?)

holds with w the unique element of the principal subgroup of the adelic line whose adic
component is integral and whose Euclidean component is n. The product is taken over the
prime divisors p of p. If n_ is a unit, the identity

Zn 7(n) exp(rin®ny /p)
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holds with summation over the positive integers n which are relatively prime to p. The
identity
7(m)T(n) = 7(mn)

holds for all positive integers m and n which are not divisors of p.

The theta function of order v and character x for the adelic skew—plane is a function
6(n,~) of elements 7 of the adelic upper half-plane and invertible elements 7 of the adelic
line which is an analytic function of the Euclidean component of 7 when v and the adic
component of 1 are held fixed. The function vanishes when the p—adic component of v or
the p—adic component of 7 is not a unit for some prime divisor p of p. The identities

O(wn,v) = 0(n,v) = 0(n,wy)

hold for every unit w of the adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

0(n,7) = (W) x(w-) 0(w nw,v)

holds for every representative w of an element of the principal subgroup of the adelic line
whose p-adic component is a unit for every prime divisor p of p. The theta function is a
sum

0(n,7) =D (¥ ) x(w-) " exp(2miwy nyyswy /p)
< SN ()o@ AT e w Yo (A )

over the elements A of the principal subgroup of the adelic line whose p—adic component is
a unit for every prime divisor p of p and over the equivalence classes of representatives w
of elements of the principal subgroup of the adelic line whose p—adic component is a unit
for every prime divisor p of p. A coefficient 7(n) is defined for every positive integer n,
which is relatively prime to p, so that the identity

[T - )72 (n) = @5 2) el Fxtwo)™ SN2 2 x(A)o(wo AT w )o(A)

holds with w a representative of the element of the principal subgroup of the adelic line
whose adic component is integral and whose Euclidean component is n. Summation is over
the elements A of the principal subgroup of the adelic line whose p—adic component is a
unit for every prime divisor p of p. The product is taken over the prime divisors p of p. If
~ is a unit of the adelic line and if the adic component of 7 is a unit of the adic line, the
identity

[T —p)%0(n,v) =>_n""27(n) exp(2minn, /p)

holds with summation over the positive integers n which are relatively prime to p. The
product is taken over the prime divisors p of p. If the Euclidean components of repre-
sentatives of elements of the principal subgroup of the adelic line are chosen so that the
identity

Y+ = ayfy
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holds whenever the identity
7'y =a"af"B
is satisfied, then the identity

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

holds for all positive integers m and n, which are relatively prime to p, with summation
over the common divisors k of m and n.

The theta function of order v and character x for the adelic plane is used to define the
Laplace transformation of order v and character y for the adelic plane. The domain of the
transformation is the space of locally square integrable functions f(§) of £ in the adelic
plane which vanish at elements of the adelic plane whose p—adic component is not a unit
for some prime divisor p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the adelic plane, and which satisfy the identity

f(&) = f(wé)

for every element w of the principal subgroup of the adelic line. The Laplace transform of
order v and character y for the adelic plane is the function g(n) of 7 in the adelic upper
half-plane defined by the integral

T10 - p2)2rmg(n) = / () x(w_ )~ FE)0(E ne)de

with respect to Haar measure for the adelic plane over a fundamental region containing an
element whose p-adic component is a unit for every prime divisor p of p. The product is
taken over the primes p. The function g(n) of n in the adelic upper half-plane is an analytic
function of the Euclidean component of n when the adic component of 7 is held fixed. The
function vanishes at elements of the adelic upper half-plane whose p—adic component is
not a unit for some prime divisor p of p. The identity

g(n) = g(wn)

holds for every unit w of the adelic line whose Euclidean component is the unit of the
Euclidean line. The identity

9(n) = wix(w-)"g(w’n)

holds for every element w of the principal subgroup of the adelic line whose p—adic com-
ponent is a unit for every prime divisor p of p. The identity

(1=p)g(n) = g(An) — pg(A\~'n)
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holds when the p—adic modulus of 7 is not an even power of p for some prime p, which is
not a divisor of p, and when ) is an element of the adelic line whose Euclidean component
is the unit of the Euclidean line and which satisfies the identity

pIA[- =1.

When v is zero, the identity

en/o) [ 11€)7de = [T =5 ?)sup [ lolr + i) Par

holds with the least upper bound taken over all positive numbers y. Integration on the left
is with respect to Haar measure for the adelic plane over a fundamental region containing an
element whose p—adic component is a unit for every prime divisor p of p. Integration on the
right is with respect to renormalized Haar measure for the adelic line over a fundamental
region containing an element whose p—adic component is a unit for every prime divisor p
of p. The product is taken over the primes p. When v is positive, the identity

en/pt0) [11©Pa =Tl -r) | " [lotr + Py aray

is satisfied.

The theta function of order v and character x for the adelic skew—plane is used to
define the Laplace transformation of order v and character x for the adelic skew—plane.
The domain of the transformation is the set of locally square integrable functions f(£) of
¢ in the adelic skew—plane which vanish at elements of the adelic skew—plane whose p—-adic
component is not a unit for some prime divisor p of p, which satisfy the identity

f(w) = wix(w-)f(£)

for every unit w of the adelic plane, and which satisfy the identity

f(&) = fwg)

for every representative w of an element of the principal subgroup of the adelic line whose
p—adic component is a unit for every prime divisor p of p. The Laplace transform of order
v and character y for the adelic skew—plane is the function g(n,~y) of elements n of the
adelic upper half-plane and invertible elements ~ of the adic line defined by the integral

T1 - p2)2rg(1,7) = / (€271 x(E- )~ F(€)0(6 e, 7)de

with respect to Haar measure for the adelic skew—plane over a fundamental region con-
taining an element whose p—adic component is a unit for every prime divisor p of p. The
product is taken over the primes p. The function g(n,~y) of elements 7 of the adelic upper
half-plane and invertible elements v of the adelic line is an analytic function of the Eu-
clidean component of n when ~ and the adic component of 7 are held fixed. The function
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g(n,~) vanishes when the p-adic component of 7 or the p—adic component of v is not a
unit for some prime divisor p of p. The identities

g(wn,v) = g(n,7) = g(n, wy)
hold for every unit w of the adelic line whose Euclidean component is the unit of the
Euclidean line. The identity
g9(n,7) = (W) x(w-)"g(w 1w, 7)

holds for every representative w of an element of the principal subgroup of the adelic line
whose p—adic component is a unit for every prime divisor p of p. The identity

g(m,7) = A AP (D) g(A g, AY)

holds for every invertible element A\ of the adelic line whose adic modulus is rational and
whose adic component is an element of the principal subgroup of the adic line whose p—adic
component is a unit for every prime divisor p of p. The identity

(1=p)g(n,7) = 9(An,v) — pg(A"'n,7)

holds when the p-adic modulus of 7 is not an integral power of p for some prime p, which is
not a divisor of p, and when ) is an element of the adelic line whose Euclidean component
is the unit of the Euclidean line and which satisfies the identity

pINZ =1.

The identity
(1—p)g(n,v) = g(n,\v) — pg(n, A~ )

holds when the p—adic modulus of v is not an integral power of p for some prime p, which
is not a divisor of p, and A is an element of the adelic line whose Euclidean component is
the unit of the Euclidean line and which satisfies the identity

pIAZ =1.

The identity
(1 —p)g(n,7) = g(n, A7) —pg(n, A\~ ')

holds when the p—adic modulus of v is not an integral power of p for some prime p, which is
not a divisor of p, and when ) is an element of the adelic line whose Euclidean component
is the unit of the Euclidean line and which satisfies the identity

pAE =1

The theta function of order v and character x~ for the adelic plane is computable from
the theta function 6(n) of order v and character x for the adelic plane as the function

0(-n")"
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of 1 in the adelic upper half-plane. The domain of the Hankel transformation of order v
and character x for the adelic plane is the set of locally square integrable functions f(&) of
¢ in the adelic plane which vanish at elements of the adelic plane whose p—adic component
is not a unit for some prime divisor p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the adelic plane, and which satisfy the identity

F(&) = fwe)

for every element w of the principal subgroup of the adelic line whose p—adic component
is a unit for every prime divisor p of p. The range of the Hankel transformation of order v
and character y for the adelic plane is the set of locally square integrable functions g(&) of
¢ in the adelic plane which vanish at elements of the adelic plane whose p—adic component
is not a unit for some prime divisor p of p, which satisfy the identity

g(wg) = wix (w-)g(&)

for every unit w of the adelic plane, and which satisfy the identity

9(&) = g(wg)

for every element w of the principal subgroup of the adelic line whose p—adic component
is a unit for every prime divisor p of p. The transformation takes a function f(£) of £ in
the adelic plane into a function g(§) of £ in the adelic plane when the identity

(i/m )™ sgn(n_ )|~ / () X(E2) FEO)O(—En'E)de
- / (€) X(E)g(€)0(—€ 0~ €)~de

holds when 7 is in the adelic upper half-plane. Integration is with respect to Haar mea-
sure for the adelic plane over a fundamental region containing an element whose p—adic
component is a unit for every prime divisor p of p. The identity

[1s@rde = [lgoras

holds with integration with respect to Haar measure for the adelic plane over such a region.
The inverse of the Hankel transformation of order v and character x for the adelic plane
is the Hankel transformation of order v and character x~ for the adelic plane.

The theta function of order v and character y~ for the adelic skew—plane is computable
from the theta function 6(n,~y) of order v and character x for the adelic skew—plane as the
function

9(_7777’7)7
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of elements 71 of the adelic upper half-plane and invertible elements v of the adelic line.
The domain of the Hankel transformation of order v and character y for the adelic skew—
plane is the set of locally square integrable functions f(£) of £ in the adelic skew—plane
which vanish at elements of the adelic skew—plane whose p—adic component is not a unit
for some prime divisor p of p, which satisfy the identity

f(wg) = wix(w-)f(¢)

for every unit w of the adelic skew—plane, and which satisfy the identity

f(&) = f(wé)

for every representative w of an element of the principal subgroup of the adelic line whose
p—adic component is a unit for every prime divisor p of p. The range of the Hankel
transformation of order v and character x for the adelic skew—plane is the set of locally
square integrable functions g(&) of £ in the adelic skew—plane which vanish at elements of
the adelic skew—plane whose p-adic component is not a unit for some prime divisor p of p,
which satisfy the identity

g(wé) = wix (w-)g(&)

for every unit w of the adelic skew—plane, and which satisfy the identity

9(&) = g(wg)

for every representative w of an element of the principal subgroup of the adelic line whose
p—adic component is a unit for every prime divisor p of p. The transformation takes a
function f(&) of £ in the adelic skew—plane into a function g(§) of £ in the adelic skew—
plane when the identity

(i/n )+ Sgn(nv)lnvl_2/( TN TX(EL)TFOO(—E T,y dE
- / (€2 (€ )9 (E)B(—E 1~ €,7) " de

holds when 7 is in the adelic upper half-plane and « is an invertible element of the adic line.
Integration is with respect to Haar measure for the adelic skew—plane over a fundamental
region containing an element whose p—adic component is a unit for every prime divisor p
of p. The identity

N GRENGIRE

holds with integration with respect to Haar measure for the adelic skew—plane over such
a region. The inverse of the Hankel transformation of order v and character x for the
adelic skew—plane is the Hankel transformation of order v and character x~ for the adelic
skew—plane.

The Mellin transformation of order v and character x for the adelic plane is a spectral
theory for the Laplace transformation of order v and character x for the adelic plane. The
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domain of the Laplace transformation of order v and character x for the adelic plane is
the set of locally square integrable functions f(§) of £ in the adelic plane which vanish at
elements of the adelic plane whose p—adic component is not a unit for some prime divisor
p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the adelic plane, and which satisfy the identity

F(&) = fwg)

for every element w of the principal subgroup of the adelic line whose p—adic component
is a unit for every prime divisor p of p. The Laplace transform of order v and character
for the adelic plane is the function g(n) of n in the adelic upper half-plane defined by the
integral

T1( - p2)2mg(n) = / (€0) X(E2)™ F()0(E ne)de

with respect to Haar measure for the adelic plane over a fundamental region containing
an element whose p-adic component is a unit for every prime divisor p of p. The Mellin
transform of order v and character x for the adelic plane is an analytic function F(z) of z
in the upper half-plane defined by the integral

[Ta-p)Fe = [ gttt

under the constraint
Ny =it

when 7_ is a unit of the adic line if the function f(&) of £ in the adelic plane vanishes in
a neighborhood |£| < a of the origin. The product is taken over the prime divisors p of
p. The integral can also be evaluated under the same constraint when n_ is an element of
the adic line whose adic modulus is integral, is not divisible by the square of a prime, and
is relatively prime to p. When this change is made in the right side of the identity, the left
side is multiplied by the product

H 1—x ()‘—)7)‘3f
1—XAp
taken over the elements X of the principal subgroup of the adelic line whose adic component

is integral and whose Euclidean component is a prime divisor of |n|_. A computation of
the integral is made from the zeta function

of order v and character x for the adelic plane, which is defined in the half-plane Rs > 1
as a sum over the positive integers n which are relatively prime to p. The identity



106 L. DE BRANGES DE BOURCIA April 21, 2003

holds when a positive integer

n:pk

is a power of a prime p which is not a divisor of p. The zeta function is represented in the
half-plane by the Euler product

(o)t =T =7@p*)
taken over the primes p which are not divisors of p. The analytic weight function
W(2) = (p/m) "3 4T 4y 4 & — Liz)¢(1 - i2)

is applied in the characterization of Mellin transforms of order v and character x for the
adelic plane. The weight function is represented in the upper half-plane by the integral

[[a=p)7'W(z) = /OOO o)t

under the constraint

Ny =it
when 7_ is a unit of the adic line. The product is taken over the prime divisors p of p.
The identity

101 - p2)20F(2) /W (2) = / (€0) x(E ) F(©)le)=vde

holds when z is in the upper half-plane. Integration is with respect to Haar measure for
the adelic plane over a fundamental region containing an element whose p—adic component
is a unit for every prime divisor p of p. The product is taken over the primes p. The
function

a " F(z)

of z in the upper half-plane is characterized as an element of the weighted Hardy space
F (W) which satisfies the identity

[Ma-»>/

— o0

400

F(t)/W () dt = / F(©)2de.

Integration on the right is with respect to Haar measure for the adelic plane over a fun-
damental region containing an element whose p—adic component is a unit for every prime
divisor p of p. The product is taken over the primes p. The identity

“+o00

o [ iromora= Yo [ 7T 00 G0 am0

— 00

holds with summation over the positive integers o which are relatively prime to p and
which are not divisible by the square of a prime, with the product on the left taken over
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the primes p which are not divisors of p, and with the product on the right taken over the
elements A of the principal subgroup of the adelic line whose adic component is integral
and whose Euclidean component is a prime divisor of «. If the Hankel transform of order
v and character x for the adelic plane vanishes when |¢| < a, then the Mellin transform of
order v and character xy~ for the adelic plane is an entire function which is the analytic
extension of the function

F(-2)
to the complex plane.

The Mellin transformation of order v and character y for the adelic skew—plane is a
spectral theory for the Laplace transformation of order v and character x for the adelic
skew—plane. The domain of the Laplace transformation of order v and character y for the
adelic skew—plane is the set of locally square integrable functions f(£) of £ in the adelic
skew—plane which vanish at elements £ of the adelic skew—plane whose p—adic component
is not a unit for some prime divisor p of p, which satisfy the identity

f(w€) = wix(w-)f(§)

for every unit w of the adelic skew—plane, and which satisfy the identity

F(&) = fwg)

for every representative w of an element of the principal subgroup of the adelic line whose
p—adic component is a unit for every prime divisor p of p. The Laplace transform of order
v and character y for the adelic skew—plane is the function g(n,~y) of elements n of the
adelic upper half-plane and invertible elements v of the adelic line defined by the integral

[T v 22ngm.) = [ xE) FQ0(E e e

with respect to Haar measure for the adelic skew—plane over a fundamental region con-
taining an element whose p—adic component is a unit for every prime divisor p of p. The
product is taken over the primes p. The Mellin transform of order v and character y for
the adelic skew—plane is an analytic function F'(z) of z in the upper half-plane defined by
the integral

oo
[[a-p ") ?F(2) =/ g(n, )t~ " dt
0
under the constraint
Ny =it

when y is a unit of the adelic line and 7_ is a unit of the adic line if the function f(§) of
¢ in the adelic skew—plane vanishes in a neighborhood |£| < a of the origin. The product
is taken over the prime divisors p of p. The integral can be evaluated under the same
constraint when v and 7_ are elements of the adic line whose adic modulus is integral, is
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not divisible by the square of a prime, and is relatively prime to p. When this change is
made in the right side of the identity, the left side is multiplied by the product

V=g oy V3 —\2iz
H 1= (AL )7 AIZ 2x(Ao) ™A%
2
taken over the equivalence classes of representatives A of elements of the principal subgroup

of the adelic line whose adic component is integral and whose Euclidean component is a
prime divisor of |5|?, and also by the product

[ Y o
1— 22

taken over the equivalence classes of representatives A of elements of the principal subgroup
of the adelic line whose adic component is integral and whose Euclidean component is a
prime divisor of |A\|2. A computation of the integral is made using the zeta function

of order v and character x for the adelic skew—plane, which is defined in the half-plane
R > 1 as a sum over the positive integers n which are relatively prime to p. If a positive

integer
n=7p"

is a power of a prime p which is not a divisor of p, then the identity
N D P O ) L DY NSO W)
I 2 x(A0)] = I 2D ()]

T N) =

holds with A\ a representative of an element of the principal subgroup of the adelic line
whose adic component is integral and whose Euclidean component is p. The fraction is
defined by continuity when the denominator is equal to zero. The function is represented
in the half-plane by the Euler product

o)t =1J—7@p* +p*)
taken over the primes p which are not divisors of p. The analytic weight function
W(z) = (2m/p) "2 2T (Jv + § —iz)((1 — i2)

is applied in the characterization of Mellin transforms of order v and character x for the
adelic skew—plane. The weight function is represented in the upper half-plane by the
integral

[Ta- 2w = [ ot



RIEMANN ZETA FUNCTIONS 109

under the constraint

Ny =it
when v is a unit of the adelic diline and 7_ is a unit of the adic diline. The product is
taken over the prime divisors p of p. The identity

[[a-p2)2nF(2)/W(2) = /(Si)_x(f—)_f(f)!5\2”—2”_36%

holds when z is in the upper half-plane. Integration is with respect to Haar measure
for the adelic skew—plane over a fundamental region containing an element whose p-adic
component is a unit for every prime divisor p of p. The product is taken over the primes
p. The function

a " F(z)

of z in the upper half-plane is characterized as an element of the weighted Hardy space
F (W) which satisfies the identity

[Ta —p2)/

— 00

“+o00

F(t)/W (1) [2dt = / (€ 2de.

Integration on the right is with respect to Haar measure for the adelic skew—plane over
a fundamental region containing an element whose p—adic component is a unit for every
prime divisor p of p. The product is taken over the primes p. The identity

NTEA B (a) a2

[Mo-»"* [ wewora-Yas [T+ i

- (VDA D) W (1 — i () [
XH N _)\12 W) dt

holds with summation over the positive integers o and (3, which are relatively prime to p
and are not divisible by the square of a prime, and with the product on the left taken over
the primes p which are not divisors of p. The first product on the right is taken over the
equivalence classes of representatives A of elements of the principal subgroup of the adelic
line whose adic component is integral and whose Euclidean component is a prime divisor of
a. The second product on the right is taken over the equivalence classes of representatives
A of elements of the principal subgroup of the adelic line whose adic component is integral
and whose Euclidean component is a prime divisor of 3. If the Hankel transform of order v
and character x for the adelic skew—plane vanishes when |£| < a, then its Mellin transform
of order v and character x~ for the adelic skew—plane is an entire function which is the
analytic extension of the function
F(—=z)

to the complex plane.

The functional identity for the zeta function of order v and character x for the adelic
plane is applied for the construction of the Sonine spaces of order v and character x for
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the adelic plane. When y is not the principal character, the functional identity states that
the entire functions

(w/p) 35T (hv + 15)¢(s)
and o
(w/p) 2 2T (Gu 4§ — §s)((L—57)"

of s are linearly dependent. The analytic weight function
W(z) = (n/p) 27 34300 (Ly 4+ 1 — Liz)¢(1 — iz)

constructed from the zeta function of order v and character x for the adelic plane is used
to define the Sonine spaces of order v and character y for the adelic plane. The weight
function is an entire function of Pdlya class, which is determined by its zeros, such that
W(z — i) and W*(z) are linearly dependent. The Sonine space of parameter a of order v
and character x for the adelic plane contains the entire functions F'(z) such that

a " F(z2)

and .
a P F* (Z)

belong to the weighted Hardy space F(W). A Hilbert space of entire functions which
satisfies the axioms (H1), (H2), and (H3) is obtained when the space is considered with
the scalar product such that multiplication by a~% is an isometric transformation of the
space into the space F(W). The space is isometrically equal to a space H(E) with

E(z) = a*W(2)

when a is less than or equal to one. The space is a space H(F) for every positive number
a by the existence theorem for Hilbert spaces of entire functions which are contained
isometrically in a given space H(F).

The functional identity for the zeta function of zero order and principal character for
the adelic plane is applied for the construction of the augmented Sonine spaces of zero
order and principal character for the adelic plane. The functional identity states that the
entire functions

s(s — 1)71'7%5].—‘(%8)C(8)

and -
s(s—1)r 212°0(5 — 15)¢(1 — s)

of s are equal. The analytic weight function
W(z) =iz(iz — 1)7r*%+%izf(% — 2iz)¢(1 — iz)

constructed from the zeta function of zero order and principal character for the adelic plane
is used to define the augmented Sonine spaces of zero order and principal character for the
adelic plane. The weight function is an entire function of Pdlya class, which is determined
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by its zeros, such that W(z — i) and W*(z) are equal. The augmented Sonine space of
parameter a of zero order and principal character for the adelic plane contains the entire
functions F'(z) such that

a " F(2)

and .

a P F* ( Z)
belong to the weighted Hardy space F(W). A Hilbert space of entire functions which
satisfied the axioms (H1), (H2), and (H3) is obtained when the space is considered with

the scalar product such that multiplication by a~%* is an isometric transformation of the
space into the space F(W). The space is isometrically equal to a space H(E) with

E(2) = a”*W(2)

when a is less than or equal to one. The space is a space H(F) for every positive number
a by the existence theorem for Hilbert spaces of entire functions which are contained
isometrically in a given space H(E).

The functional identity for the zeta function of order v and character y for the adelic
skew—plane is applied for the construction of the Sonine spaces of order v and character
for the adelic skew—plane. The functional identity states that the entire functions

(2m/p) 2 T (v + 5)¢(s)
and )
(27 /p) 2 T (Jv 41— 5)¢(1— 9)

are equal. The analytic weight function
W(z) = (21/p) 2" 102y + 1 — i2)¢(1 — i2)

constructed from the zeta function of order v and character y for the adelic skew—plane
is used to define the Sonine spaces of order v and character y for the adelic skew—plane.
The weight function is an entire function of Pdlya class, which is determined by its zeros,
such that W (z — i) and W*(z) are equal. The Sonine space of parameter a of order v and
character x for the adelic skew—plane contains the entire functions F(z) such that

a " F(z)

and _

a/*’LZF* (z)
belong to the weighted Hardy space F(W). A Hilbert space of entire functions which
satisfies the axioms (H1), (H2), and (H3) is obtained when the space is considered with

the scalar product such that multiplication by a~%* is an isometric transformation of the
space into the space F(W). The space is isometrically equal to a space H(E) with

E(2) = a”*W(2)
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when a is less than or equal to one. The space is a space H(F) for every positive number
a by the existence theorem for Hilbert spaces of entire functions contained isometrically
in a space H(E).

The Sonine space of parameter a of order v and character x for the adelic plane is
contained contractively in the Sonine space of parameter a of order v for the Euclidean
plane when x is a nonprincipal character. The Sonine space of parameter a of order v and
character x for the r—adelic plane coincides with the Sonine space of parameter a of order
v for the Euclidean plane. The Sonine space of parameter a of order v and character y for
the r—adelic plane is contained contractively in the Sonine space of parameter a of order v
and character x for the r’—adelic plane when r is divisible by r’. An element of the Sonine
space of parameter a of order v for the Euclidean plane belongs to the Sonine space of
parameter a of order v and character x for the adelic plane if, and only if, its norm as
an element of the Sonine space of parameter a of order v and character x for the r—adelic
plane is a bounded function of r. The norm of an element of the Sonine space of parameter
a of order v and character x for the adelic plane is the least upper bound of its norms in
the Sonine spaces of parameter a of order v and character x for the r—adelic planes. The
reproducing kernel function for function values at w in the Sonine space of parameter a
of order v and character x for the adelic plane is the limit uniformly on compact subsets
of the complex plane of the reproducing kernel functions for function values at w in the
Sonine spaces of parameter a or order v and character y for the r—adelic planes for every
complex number w.

A proof of the Riemann hypothesis for the zeta function of order v and character x for
the adelic plane results from the construction of a maximal dissipative transformation in
a Sonine space of order v and character x for the adelic plane when x is not the principal
character.

Theorem 5. If the entire function
E(a,2) = a**(m/p) 2 2T 35T (Ju + 4 — i2)¢(1 — i2)

is defined using the zeta function of order v and character x for the adelic plane when
0<a<1andyx s a primitive character modulo p, p not one, then a mazximal dissipative
transformation in the space H(E(a)) is defined, using a function k() of zeros X of E(a, z),
by taking F(z) into G(z + i) whenever F(z) and G(z + i) are elements of the space such
that the identity

G(A) = k(A F(X)

holds for every zero A of E(a, z). Every zero X of E(a,z) is simple and lies on the line
AT —A=1.
The Sonine space H(E(a)) of parameter a of order v and character x for the adelic

plane is approximated by spaces H(E,(a)) constructed from the Sonine spaces of order v
for the Euclidean plane. The spaces H(E,(a)) are constructed using polynomials Sy, (z),
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such that S, (z — ¢) has no zeros in the upper half-plane, from the Sonine spaces of order
v for the Euclidean plane. The space H(E,(a)) contains the entire functions F(z) such
that S, (2)F(z) belongs to the Sonine space of parameter a of order v for the Euclidean
plane. Multiplication by S, (z) is an isometric transformation of the space H(E,(a)) into
the Sonine space of parameter a of order v for the Euclidean plane.

The approximation is made in the weighted Hardy space F (W) associated with the
analytic weight function

W(z) = (r/m)" 372350 (Ly 4 1 Lgz)

for the Sonine spaces of order v for the Euclidean plane. The polynomials S, (z) and
corresponding numbers 7,,, 0 < 7, < 1, are chosen so that the function
E(a,z)E(a,w)” — E*(a,z)E(a,w™)
2mi(w= — 2)((1 — iz)

of z is the limit in the metric topology of the space F (W) of the functions

E,(aty,2)E,(aT,,w)” — EX(amy, 2)E, (a7, w™)

2mi(w™ — 2)

T;izsn (Z)

of z for every complex number w when 0 < a < 1 and so that the function

E(a,z)E(a,w)” — E*(a,z)E(a,w™)
2mi(w= — 2)

of z is the limit of the functions

E,(atn,2)E,(aT,,w)” — EX(aty, 2)E,(aT,, w™)

2mi(w™ — 2)

of z uniformly on compact subsets of the complex plane for every complex number w. The
function

1 —iz)

of z is the limit of the functions _
T '~ Sn(z)

of z uniformly on compact subsets of the upper half-—plane.

A maximal dissipative transformation in the weighted Hardy space F (W) is defined by
taking F'(z) into F(z + i) whenever F(z) and F(z + i) belong to the space. A maximal
dissipative transformation in the Sonine space of parameter a of order v for the Euclidean
plane is defined by taking F'(z) into aF'(z + i) whenever F(z) and F(z + i) belong to the
space. A maximal dissipative transformation in the space H(E,(a)) is defined by taking
F(z) into aG(z + i) whenever F(z) and G(z + i) are elements of the space such that the
identity

H(z+1) = S,(2)G(z +1)
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holds for an element H(z) of the Sonine space of parameter a of order v for the Euclidean
plane whose orthogonal projection into the image of the space H(E,(a)) is S,(z)F(z).

A maximal dissipative relation in the space H(E(a)) is defined as a limit of the maximal
dissipative transformations in the spaces H(Ey,(a7y,)). The relation takes F'(z) into
aG(z + i) whenever F(z) and G(z + i) are elements of the space which are obtained as
limits
F(2)/¢(1 —iz) = limT, *S,(2)Fn(2)
and
G(z+14)/¢(1 —iz) =limT, *S,(2)Gp(z + 1)

in the metric topology of the space F(W) from elements F,(z) and G, (z + i) of the space
H(En(aty,)) such that the maximal dissipative transformation in the space takes Fj,(z)
into at,,Gy(z + 1) for every n. The dissipative property of the relation is immediate since
the identity

(F'(t), G(t + 1) w(E(a)) = Wm(Fn(t), Grn(t + 1)) 2(E, (arn))
is satisfied with
(Fn(t), Gn(t + 1)) 1(B, (a)) T (Gn(t +9), Fn(8)) 1B, (arm))

nonnegative for every n.

The maximal dissipative property of the relation in the space H(E(a)) is proved by
showing that every element of the space is of the form

F(z)+G(z+1)

with F'(z) and G(z+1) elements of the space such that the relation takes F'(z) into aG(z+1).
An element H(z) of the space is obtained as a limit

H(2)/¢(1 —iz) = limT, S, (2)H,(2)

in the metric topology of the space F(W) from elements H,(z) of the space H(E, (at,))
for every m. Since the transformation in the space H(E,(at,)) is maximal dissipative, the
identity

H,(z) = Fr(2) + Gn(z +1)

holds with F,,(z) and G,,(z + i) elements of the space such that the transformation takes
F,(z) into at,G, (2 + i). Since the norm of

T;izSn(z)[Fn(z) — Gn(z +1)]
in the space F(W) is less than or equal to the norm of

Tn_izsn(z)[Fn(z) + Gn(2z +1)]
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in the space, elements F'(z) and G(z + i) of the space H(E(a)) are obtained as limits
F(2)/¢(1 —iz) = lim T, "8, (2)F.(2)

and
G(z +1)/¢(1 —iz) = limT, "8, (2)G (2 + 1)

in the metric topology of the space F(W). The identity
H(z) = F(2) + G(z + 1)

holds with elements F(z) and G(z + ¢) of the space H(E(a)) such that the relation in
the space takes F'(z) into aG(z + i). This completes the verification that the relation is
maximal dissipative.

A maximal dissipative relation is constructed in a related Hilbert spaces of entire func-
tions for every positive integer r, which is divisible by p, such that r/p is relatively prime
to p and is not divisible by the square of a prime. The space H(E’'(a)) is defined when the
parameter

a < (p/r)?

is sufficiently small. The function E’(a, z) is defined as the product of

E(a(r/p)?, 2)

and the entire function y
(r/p)~2%¢ (1 —iz) ™t

of Pdlya class constructed from the zeta function of character x for the r—adic plane. An
entire function of Pélya class, which is determined by its zeros, is obtained when z is
replaced by z — ¢. Multiplication by

a "¢ (1 —iz) /C(1 —iz)
is an isometric transformation of the space H(E’(a)) into the space F(W).

A maximal dissipative relation in the space H(E’(a)) is constructed from the maximal
dissipative transformations in the Sonine spaces of order v for the Euclidean plane. The
space H(E/ (a)) is defined using a polynomial divisor S}, (z) of S, (z) from the Sonine space
of parameter a of order v for the Euclidean plane. The space H(E/ (a)) contains the entire
functions F'(z) such that S) (z)F(z) belongs to the Sonine space of parameter a of order
v for the Euclidean plane. Multiplication by S/ (z) is an isometric transformation of the
space H(E! (a)) into the Sonine space of parameter a of order v for the Euclidean plane.

The polynomials S}, (z) and corresponding positive numbers 7;, are chosen so that the
spaces H(E'(at])) converge to the space H(E’(a)). The reproducing kernel function for
function values at w in the space H(E], (at,,)) converges to the reproducing kernel function
for function values at w in the space H(E’(a)) uniformly on compact subsets of the complex
plane for every complex number w. The image in the space F(W) of the reproducing kernel
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function for function values at w in the space H(E’(a7])) converges in the metric topology
of the space F(W) to the image in the space F (W) of the reproducing kernel function for
function values at w in the space H(E’(a)) for every complex number w. The function

Gr(1—12)/C(1 —iz)
of z is the limit of the functions '
(70) " S5,,(2)

uniformly on compact subsets of the upper half—plane. The maximal dissipative relation
in the space H(E'(a)) takes F(z) into aG(z + 1) whenever F(z) and G(z + i) are elements
of the space which are obtained as limits

F(2)¢r(1 — i2)/¢(1 — iz) = lim(7,,) "], (2) Fu (2)

and
G(z +1)¢ (1 —i2)/¢(1 —iz) = Uim(7)) "8/ (2)G(z + 1)

in the metric topology of the space F(W) from elements F,,(z) and G, (z + %) of the space
H(E] (at),)) such that the maximal dissipative transformation in the space takes F'(z) into
at) G(z + i) for every n.

The approximating polynomials S/ (z) are chosen so that the quotient polynomials

Sn(2)/ 5 (2)

converge uniformly on compact subsets of the complex plane to the entire function

(r/p) " 2%¢ (1 —iz) !

of Pélya class with the zeros of the quotient polynomials always chosen as zeros of the
limit entire function so that

(r/p) "% (1 — i2) 7 8,(2)/Sul(2)
is an entire function. The numbers 7/, are chosen to satisfy the inequality
TT/l <7,
The identity
(r/p)? =lim, /7"
is then satisfied.

This information permits a construction of the maximal dissipative relation in the space
H(E(a)) from the maximal dissipative relation in the space H(E’(a(p/r)?). The maximal
dissipative relation in the space H(E(a)) takes an element F'(z) of the space into an element
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aG(z + i) of the space if, and only if, sequences of element F,,(z) and G,(z + i) of the
space H(E'(a(p/r)?) exist such that

a FG(z +1)/¢(1 —iz)

is a limit in the metric topology of the space F (W) of the elements

a”(p/r)TEE G (2 +0)¢r (1 — i2) /¢(1 — i2)

of the space and such that _
a” " F(z)/¢(1 —i2)

is the limit in the metric topology of the space F (W) of the orthogonal projection of the
elements

afiz(p/r)*%ian(z)Cr(l —12)/¢(1 —i2)
into the image of the space H(F(a)) in the space F(W).

The augmented Sonine space of parameter a of zero order and principal character for
the adelic plane is contained contractively in the augmented Sonine space of parameter a
of zero order for the Euclidean plane. The augmented Sonine space of parameter a of zero
order and principal character for the r—adelic plane coincides with the augmented Sonine
space of parameter a of zero order for the Euclidean plane. The augmented Sonine space
of parameter a of zero order and principal character for the r—adelic plane is contained
contractively in the augmented Sonine space of parameter a of zero order and principal
character for the r’—adelic plane when r is divisible by r’. An element of the augmented
Sonine space of parameter a of zero order for the Euclidean plane belongs to the augmented
Sonine space of parameter a of zero order and principal character for the adelic plane if,
and only if, its norm as an element of the augmented Sonine space of parameter a of zero
order and principal character for the r—adelic plane is a bounded function of . The norm
of an element of the augmented Sonine space of parameter a of zero order and principal
character for the adelic plane is the least upper bound of its norms in the augmented
Sonine spaces of parameter a of zero order and principal character for the r—adelic planes.
The reproducing kernel function for function values at w in the augmented Sonine space of
parameter a of zero order and principal character for the adelic plane is the limit uniformly
on compact subsets of the complex plane of the reproducing kernel functions for function
values at w in the augmented Sonine spaces of parameter a of zero order and principal
character for the r—adelic planes for every complex number w.

A proof of the Riemann hypothesis for the zeta function of zero order and principal
character for the adelic plane results from the construction of a maximal transformation of
dissipative deficiency at most one in an augmented Sonine space of zero order and principal
character for the adelic plane.

Theorem 6. If the entire function

E(a,z) = aizw_%Jr%iZF(% — 3i2)¢(1 — iz)
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is defined using the zeta function of zero order and principal character for the adelic plane
when 0 < a < 1, then a mazimal transformation of dissipative deficiency at most one in
the space H(E(a)) is defined, using a function k(\) of zeros A of E(a,z), by taking F(z)
into G(z + i) whenever F(z) and G(z + 1) are elements of the space such that the identity

holds for every zero A of E(a, z). Every zero X of E(a,z) is simple and lies on the line

AT = A=1.

The Sonine space of parameter a of order v and character x for the adelic skew—plane
is contained contractively in the Sonine space of parameter a of order v for the Euclidean
skew—plane. The Sonine space of parameter a of order v and character x for the r—adelic
skew—plane coincides with the Sonine space of parameter a of order v for the Euclidean
skew—plane. The Sonine space of parameter a of order v and character x for the r—adelic
skew—plane is contained contractively in the Sonine space of parameter a of order and
character x for the r’—adelic skew—plane when r is divisible by 7. An element of the
Sonine space of parameter a of order v for the Euclidean skew—plane belongs to the Sonine
space of parameter a of order v and character y for the adelic skew—plane if, and only if,
its norm as an element of the Sonine space of parameter a of order v and character x for
the r—adelic skew—plane is a bounded function of . The norm of an element of the Sonine
space of parameter a of order v and character y for the adelic skew—plane is the least
upper bound of its norms in the Sonine spaces of parameter a of order v and character
x for the r—adelic skew—planes. The reproducing kernel function for function values at w
in the Sonine space of parameter a of order v and character x for the adelic skew—plane
is the limit uniformly on compact subsets of the complex plane of the reproducing kernel
functions for function values at w in the Sonine spaces of parameter a of order v and
character y for the r—adelic skew—planes for all complex numbers w.

A proof of the Riemann hypothesis for the zeta function of order v and character x for
the adelic skew—plane results from the construction of a maximal dissipative transformation
in a Sonine space of order v and character x for the adelic skew—plane.

Theorem 7. If the entire function

E(a,z) = a™(2n/p) 2" WED(Ly 41— i2)C(1 — i2)
is defined using the zeta function of order v and character x for the adelic skew—plane
when 0 < a < 1, then a mazimal dissipative transformation in the space H(E(a)) is

defined, using a function k(\) of zeros \ of E(a, z), by taking F(z) into G(z+ i) whenever
F(z) and G(z + 1) are elements of the space such that the identity
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holds for every zero A of E(a, z). Every zero X of E(a,z) is simple and lies on the line

AT = A=1.

The author thanks Yashowanto Ghosh for predoctoral participation in courses and sem-

inars preparing the proof of the Riemann hypothesis and for postdoctoral reading of a
preliminary manuscript during a visit to Purdue University in March 2003.
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