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A LIMITING PROCESS TO INVERT THE GAUSS-RADON
TRANSFORM

JEREMY J. BECNEL*

ABSTRACT. In this work we extend the finite dimensional Radon transform
[23] to the Gaussian measure. We develop an inversion formula for this Gauss-
Radon transform by way of Fourier inversion formula. We then proceed to
extend these results to the infinite dimensional setting.

1. Introduction

The Radon transform was invented by Johann Radon in 1917 [23]. The Radon
transform of a suitable function f : R” — R is defined as a function R on the set
P™ of hyperplanes in R™ as follows

R(av +ovt) z/ f(z)dex, (1.1)
av+vt

where dz is the Lebesgue measure on the hyperplane given by av + v*. The

Radon transform remains a useful and important tool even today because it has

applications to many fields, included tomography and medicine [10].

Some of the primary results related to the Radon transform involve the Support
Theorem and the various inversion formulas. Using the Laplacian operator or the
Fourier transform one can actually recover a function f from the Radon transform
Ry [14]. The is one of the primary reasons the Radon transform has proved so
useful in many applications.

This transform does not generalize directly to infinite dimensions because there
is no useful notion of Lebesgue measure in infinite dimensions. However, there
is a well-developed theory of Gaussian measures in infinite dimensions and so it
is natural to extend the Radon transform to infinite dimensions using Gaussian
measure:

Gy(P) :/fduz% (1.2)

where pp is the Gaussian measure on any infinite dimensional hyperplane P in a
Hilbert space Hy. This transform was developed in [21] initially. We also present
an account here.
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Versions of this measure have been developed in other infinite dimensional set-
tings, including the white noise setting [4], classical Wiener Space [16], and Ba-
nach spaces [15]. The Support Theorems for the infinite dimensional Gauss-Radon
transform have been developed and presented in [9] and [15]

An inversion formula for the infinite dimensional Gauss-Radon transform is
somewhat harder to come across. The most notable is found in the work by Mihai
and Sengupta [21] where they provide a means of inversion through the use of the
Segal-Bargmann transform.

In this work aim to build a means of inversion for the infinite dimensional Gauss-
Radon transform by way of the finite dimensional inversion formula for the Radon
transform using the Fourier transform and some limiting results. In Section 2 we
present the common inversion formulas for the Radon transform. In Section 3 we
develop the Gauss-Radon transform in finite dimensions and discuss a connection
between this transform and the Radon transform. After developing the necessary
tools from White Noise Distribution Theory in Section 4, we develop the the
measure required for the Gauss-Radon transform in 5 and examine its properties.
Lastly, in Section 6 we develop a means of recovering a function from the infinite
dimensional Gauss-Radon transform. The limiting inversion formula is presented
in Theorem 6.6.

2. Radon Transform and Fourier Inversion

In the following we denote the set of hyperplanes in R™ as P". That is,
P" = {av +v'; a € R,v € R" is a unit vector}.

where in the above v is the orthogonal complement of the the singleton set {v}
containing the unit vector v. Notice each hyperplane av 4 vt is specified by two
parameters o and v. In this way v represents the normal vector to the hyperplane
and || represents the distance from the hyperplane to the origin. When convenient
we also represent the hyperplane aw + v+ as follows

aw+vt ={zeR";z-v=al.

Definition 2.1. The Radon transform of a function f : R" — R is a function Ry
on the set P™ given by

Rf(ovaer‘):/ f(z)dx
av+ovt

where dz is the Lebesgue measure on the hyperplane av + v'.

To ensure that the Ry is defined for every element of P, one usually assumes
that f is rapidly decreasing, i.e.

sup |z|*|f(z)| < oo forall k >0
ESING

or that f is in the Schwartz space S(R™). However, we follow the approach of
Helgason [14] and simply assume that f is integrable on each hyperplane in R™.
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2.1. Inversion Formulas. We now discuss the various inversion formulas as-
sociated with the Radon transform. The first inversion formula makes use of the
Fourier transform. As is customary, we denote the Fourier transform of a function
f € LY(R") as f. That is,
fy) = f(z)e ™Y dy, for y € R™. (2.1)
Rn
When f is also in L'(R") there is the Fourier Inversion formula [25] given by
f(z) = Fly)e*™=v dy, for z € R™. (2.2)
Rn
The formulas above extend to f € L?(R™), but must be interpreted appropriately
in this context (see [25] for details).

We now develop the inversion formula for the Radon transform using the Fourier
transform. Since the proofs are relatively short, we provide them here. In the
following it is convenient to think of f and R as functions of two variables, one
from R and one from the unit circle S~ !. In fact, for the following we adopt the
notation:

Ry(a,v) defipition Ry(av +vh). (2.3)
And for f(x) we represent the vector x as av where o € R and v € S"~ 1.

Proposition 2.2. Let f € L*(R™) be a continuous function such that is integrable
on each hyperplane in R™. The n-dimensional Fourier transform of f is equal to
the one-dimensional Fourier transform of R(av + vt) (or Ry(a,v)). That is,

Ry(B,v) = f(Bv).

Again ﬁ‘f(ﬁ,v) is the Fourier transform only on [ with v fixed. That is,
Ryp(B,v) = [z Ry(av +vh)e 2B da.

Proof. For any 8 € R and unit vector v € S?~! we have

Jgo)= | fG)e e ds
Rn

:// f(u)efzmﬂv'“duda
R Jav+ovt

and using that v € av + v* yields v - u = «, the above becomes

:// f(w)e= 2P du do
R Jav+ovt

z// f(u) due 2P

R Jav4vt

:/Rf(av—&—vL)e_Q”Ba do
R

=Ry(f,v).

Proposition 2.2 leads us directly into the following inversion formula.
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Theorem 2.3. Let f € L*(R™) N L2(R™) be a continuous function integrable on

each hyperplane in R™. The inversion formula for a function f in terms of the
Radon transform is

f(z) = /S /0 b /R Ry(av +vt)e 2mBe—va) gn=laq3do (v). (2.4)

Proof. We start by writing the Fourier inversion formula (2.2) for f in polar co-
ordinates

f(x)

Fy)eie dy
Rn

/ /oo f(ﬂv)e%riw-ﬁvﬂnfl dﬁ dCT(’U)
sn-1Jo

and using Proposition 2.2 above we arrive at

- / / ﬁf (8, U)ez’rix"&’ﬁ”_l dp do(v)
Sn=1.J0

_ / / / Rf(a,v)e_%i'@o‘ dov 62771’9:»,811511—1 dﬂ dO’(’U)
Sn=1J0 R

which yields the desired result. O

3. Gauss-Radon Transform in Finite Dimensions

To construct the Gauss-Radon Transform we must first construct a Gaussian
measure on a hyperplane av + v. We denote such a measure by fiq .-

Definition 3.1. The Gaussian measure p,,,- on the hyperplane av + vt is
defined by

a?/2 d

e 2 2 X

- " 2y = elEmew]f2

At pppor (T) Gn) D72 e dr =e Gn) D72 (3.1)
where dz is the Lebesgue measure on the hyperplane av + v'.

For the second equality in Definition 3.1 we used the fact that for a vector
x € av + v*, the pair of vectors  — aw and aw are orthogonal. Combining this
with knowledge that v is a unit vector gives us

|z|? = |z — av]® + |av]* = |z — av]* + o

Remark 3.2. The characteristics function of the Gaussian measure on the hyper-
plane awv + vt is

i vy — L 2
/ YAy s () = VY72 ly, L | for any y € R"
av+ovt

where y,. denote the orthogonal projection of y onto the subspace v,
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3.1. Definition of Gauss-Radon Transform. With the Gaussian measure on
a hyperplane definition securely behind us, we can turn our attention to defining
the Gauss-Radon transform. Just as the Radon transform finds the integral of a
function over a hyperplane using the Lebesgue measure for the hyperplane, the
Gauss-Radon transform outputs the integral of a function over a hyperplane using
the Gaussian measure for the hyperplane.

Definition 3.3. The Gauss-Radon transform of a function f : R® — R is a
function G¢ on the set P" given by

Gplaw+vt) = / F(@) dtn s ()
av+vt

where fi4, .1 is the Gaussian measure on the hyperplane av + v* [6].

We develop an inversion formula for the Gauss-Radon transform. This is based
off the inversion formula from Theorem 2.3 for the Radon transform.

3.2. Relationship between Radon and Gauss-Radon Transform. The re-
lationship between the Radon transform and the Gauss-Radon transform is really
the key to developing inversion formulas for the Gauss-Radon Transform. In the
results to come we extensively use the following proposition.

Proposition 3.4. Suppose f is continuous and
|f(z)] < Merlel? for all z € R™

where M > 0 and k < % Then

a2
Grlaw +vF) =eT Ry (av +vt)

2
k]

where g(x) = f(a:)(%;mifwz

The conditions in the above theorem for the function f are simply there to
ensure that the Gauss-Radon transform exists for all hyperplanes in R”. They have
the added bonus of ensuring that g is continuous and in LP(R"™) for 1 < p < co.

Proof. Starting from the left we have

Grlav +vt) :/ [
av+vt

2
|z

a2 e 2
k2 ——d by (3.1
SUMRLETC = LT

a2
ez / g(z) dx
av+ovt

o2
=eT Ry (av +vh)

yielding the result. (I
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3.3. Inversion Formula for the Gauss-Radon Transform. We now present
an inversion formula for the Gauss-Radon transform. The formula involves the
Fourier transform and is derived from Theorem 2.3 using Proposition 3.4.

Theorem 3.5. Suppose f is continuous and
\f(@)| < Me"* for allz e R

where M > 0 and k < % The inversion formula for f in terms of the Gauss-Radon
transform is

(n=1)

flz) = (QW)T'e# /S / /Rgf(ow—H}L)e_Z”iﬁ(o‘_”'m)_%ﬁ"_l dadp do(v).
n—1J0

for any x € R™.

e lzl?/2

Proof. Simply replace f in (2.4) with g(z) = f(x)m Then use Proposi-
tion 3.4 to replace Ry(av + vt) with e—“2/2gf(ow + o). O

4. White Noise Distribution Theory

Our goal is create the Gauss-Radon transform in the infinite dimensional set-
ting. In order to do so we construct a measure (and corresponding distribution) in
this setting of White Noise Distribution Theory. This sections provides a summary
of the setting. The familiar reader can safely skip this section.

4.1. White Noise Setup. We begin by describing the setting under which White
Noise Analysis takes place. The development here is standard and can be found
in [20, 22].

We work with a real separable Hilbert space Hy, and a positive Hilbert-Schmidt
operator A on Hy such that there is orthonormal basis {e, }52 ; of eigenvectors of
A and eigenvalues {\,,}52, satisfying

(1) Aep, = Anen
(2) I<Ahi<A<...
(3) Xt An® <o

The typical example is

Hy = L*R)
A = —d—Q+x—2+1 ith ei lues A\, = (n+1)
= de 1 B W1 eigenvalues A, = (n .

Using the operator A we have the norms

2]y = |APzlo =

and corresponding spaces

H,={x € Hy:|z|p < o0} (4.1)
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Each H,, is a Hilbert space with inner-product (-, -),,, which works out to (f,g), =
(AP f, APg). The increasing nature of the norms lead to the chain

HE (H,yC - Hy C Hi C Hy, (4.2)
=0

with each inclusion Hpy; — H), being Hilbert-Schmidt.

Equip A with the topology generated by the norms |- |, (i.e. the smallest
topology making all inclusions % — H,, continuous). Then H is, more or less by
definition, a nuclear space. The vectors e,, all lie in H and the set of all rational-
linear combinations of these vectors produces a countable dense subspace of H.

Consider a linear functional on ‘H which is continuous. Then it must be contin-
uous with respect to some norm | - |,. Thus the topological dual ' is the union
of the duals Hz/r In fact, we have:

" =|JH, > Hy> H| > H)~ H,, (4.3)
p=0

where in the last step we used the usual Hilbert space isomorphism between Hj
and its dual Hj. The norms and inner products on H, are denoted by |- |-, and
(+,)—p, respectively, and work out to be

(z,y)—p = (A7Px, A7 Px)_, and |z|—p = |A7Pz|g = Z APz, e)2.
n=1

(4.4)

The original eigenvectors {e,, }52; remain orthogonal in each H_, and scalar mul-
tiples of these form an orthonormal basis.

We now place the strong topology on H’, which turns out to be equivalent to

the inductive limit topology (see Theorem 4.16 in [3]). For more on the structure
of spaces such as H and H' see [2] and [3].

4.2. Gaussian measure in infinite dimensions. The Gaussian measure on
‘H’ is obtainable by applying the Kolomorgorov theorem on infinite products of
probability measures [8]. However, its existence is also easily attained by applying
the Minlos Theorem:

Theorem 4.1 (Minlos theorem). A complex value function ¢ on a nuclear space
H is the characteristic function of a unique probability measure v on H' | i.e.,

P(v) = / Iei<w=y> dv(z), yeH

if and only if 9(0) =1, ¢ is continuous, and ¢ is positive definite.

For a proof of the Minlos theorem refer to [12]. Applying the Minlos theorem to
the characteristic function ¢(y) = e~ zluls gives us the standard Gaussian measure
i on H'. Using this characteristic function, each x € Hy can be thought of as a
Gaussian random variable # = (z, -) with mean 0 and variance |z|3. Hence for the
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measure pu observe that for any p > 1, we have

o0
// Z 2Pz en)? du(x) = Z )\;2’) < 00
n=1 JEW
and therefore H_, is of full measure.

To summarize, we can state the starting point of much of infinite-dimensional
distribution theory (white noise analysis): Given a real, separable Hilbert space Hy
and a positive Hilbert-Schmidt operator A on Hy, we have constructed a nuclear
space H and a unique probability measure 1 on the Borel o—algebra of the dual
H' such that there is a linear map

Hy — L*(H,p) iz 2,
satisfying
/ it gy — e—tlald/2,

for every real t and x € Hy. This Gaussian measure p is often called the white noise
measure and forms the background measure for white noise distribution theory.

4.3. Test Functions and Distributions. We can now develop the ideas of the
preceding section further to construct a space of test functions over the dual space
H', where H is the nuclear space related to a real separable Hilbert space Hy as
in the discussion in Section 4.1. We use the notation, and in particular the spaces
H,, from Section 4.1.

The symmetric Fock space Fs(V) over a Hilbert space V is the subspace of
symmetric tensors in the completion of the tensor algebra T'(V') under the inner—
product given by

oo

<a7 b>T(V) = Z n!(an, bn>v®n, (45)

n=0
where a = {an}n>0,b = {bn}n>0 are elements of T(V) with ay, b, in the tensor
power V&", Then we have

Fo(H) E () Fo(H,) C - C Fo(H) C Fo(Hy) C Fo(Ho). (4.6)
p=>0
Thus, the pair H C Hy give rise to a corresponding pair by taking symmetric Fock
spaces:
Fs(H) C Fs(Ho). (4.7)

A more detailed construction and development of these notions can be found in
the books by Obata [22] and Kuo [20].

4.4. Wiener—It6 Isomorphism. There is a standard unitary isomorphism, the
Wiener-It6 isomorphism or wave-particle duality map, which identifies the com-
plexified Fock space Fs(Hp). with L?(H’, ;1). This is uniquely specified by

I: Fo(Ho)e — L2(H', p) : Exp(z) s e~ 31715 (4.8)
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where x € H and

Exp(z) = Z %x‘g’”.
n=0

Indeed, it is readily checked that I preserves inner—products (the inner—product
is as described in (4.5)). The ideas in this section were first developed in [27, 17],
however, a most recent account can be found in [22], [20], or [19].

Using I, for each F,(H,) with p > 0, we have the corresponding space [H], C
L?*(H', u) with the norm || - ||, induced by the norm on the space Fs(Hp).. The
chain of spaces (4.6) can be transferred into a chain of function spaces:

[H] = ([H], C - C[H]2 C [H) C [Hlo = L*(H', p). (4.9)

p=>0

Observe that [#] is a nuclear space with topology induced by the norms {||-||,; p =
0,1,2,...}. Thus, starting with the pair H C Hy one obtains a corresponding pair
[H] € L2(H', i).

As before, the identification of H{, with Hy leads to a complete chain

H=()H,C---CH CHy~HCH C---C|JH ,=%. (410
p=>0 p>0

In the same way we have a chain for the ‘second quantized’ spaces F(H,). ~ [H],.
The unitary isomorphism I extends to unitary isomorphisms

I Fo(Hop)e — [H), < [H], € [H], (4.11)

p
for all p > 0. In more detail, for a € Fo(H_,). the distribution I(a) is specified by

(I(a),¢) = {a,I7(9)), (4.12)

for all ¢ € [H]. On the right side here we have the pairing of Fs(H_,). and
Fs(Hp). induced by the duality pairing of H_, and Hp; in particular, the pairings
above are complex bilinear (not sesquilinear).

4.5. Properties of test functions. The following theorem summarizes the prop-
erties of [H] which are commonly used. The results here are standard (see, for
instance, the monograph [20] by Kuo), and we compile them here for ease of ref-
erence.

Theorem 4.2. Every function in [H] is p-almost-everywhere equal to a unique
continuous function on H'. Moreover, working with these continuous versions,
(1) [H] is an algebra under pointwise operations;
(2) pointwise addition and multiplication are continuous as operations [H] X
[H] — [H];
(3) for any x € H', the evaluation map

S, [H] = R: F s Fz)
18 continuous;

. NI ST
(4) the exponentials e 2lzlo,

of [H].

with © running over H, span a dense subspace
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(5) For ¢ € [H], p >0, and z,y € H, we have
lp(y) — ¢(@)| < Mp,pKpzyly — z|—p

where Ky zy = (14 [2]—p + |y — z|—p) exp [$(|z]—p + |y — 2|-)?] and
Mp$¢ > 0.

(6) Every test function ¢ € [H] has a unique extension ¢(w), w € H' such that
@ 1s analytic (single-valued, locally bounded, and Fréchet differentiable) on
H_, . for anyp >0 and

1
|p(w)] < Cp,qexp {2|w|_p] , we H_p,.

A complete characterization of the space [H] was obtained by Y. J. Lee (see the
account in Kuo [20, page 89]).

4.6. The Segal-Bargmann Transform. An important tool for studying test
functions and distributions in the white noise setting is the Segal-Bargmann trans-
form. The original notion was first introduced during the 1960s in the works [1, 26].
A more recent account, inline with what is presented here, can be found in [13].

The Segal-Bargmann transform takes a function F € L?(H’, 1) to the function
SF on the complexified space H. given by

SF(z) = / A 2p L e, (4.13)
with notation as follows: if z = a + ib, with a,b € H then
i) ¥ (z,2)=(a,2) +i(bx), forzeH (4.14)

and again, the pairing (z,w) for z,w € H,. is complex bilinear (not sesquilinear).
Let p. be the Gaussian measure H/, specified by the requirement that

/ et tby dpe(x +iy) = e(a®+6%)/4 (4.15)
He
for every a,b € H. For convenience, let us introduce the renormalized exponential
function ¢, = e®~(ww)*/2 ¢ L?(H',p) for all w € H.. Tt is readily checked that
for any w € H,

[Scw)(z) = elv?), for all z € H.. (4.16)

Thus we may take Sc,, as a function on H/, given by Sc,, = ¢? where now 0 is a
function on H., in the natural way. Then Sc,, € L*(H/, u.) and one has

(Scw,Scu>L2(HC) = (Cw» Cu)L2(p) = el
This shows that S provides an isometry from the linear span of the renormalized
exponentials ¢, in L?(H’, 1) onto the linear span of the complex exponentials e®
in L?(H., u.). Passing to the closure one obtains the Segal-Bargmann unitary
isomorphism

S L*(M', ) — Hol? (M, )
where Hol?(H., ui.) is the closed linear span of the complex exponential functions
e in L2(HL, uc).
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An explicit expression for SF(z) is suggested by (4.13). For any ¢ € [H] and
z € H., we have

(59)(z) = (I(Exp(2)) , 9) (4.17)

where the right side is the evaluation of the distribution I(Exp(z)) on the test
function ¢. Indeed it may be readily checked that if S¢(z) is defined in this way
then [Sc,)(z) = ef®?).

In view of (4.17), it is natural to extend the Segal-Bargmann transform to
distributions: for ® € [H]', define S® to be the function on H. given by

S®(z) (@, I(Exp(z))),  z€He (4.18)

One of the many applications of the the S—transform includes its usefulness in
characterizing generalized functions in [H]'.
Theorem 4.3 (Potthoff-Streit). Suppose a function F' on H. satisfies:
(1) For any z,w € H., the function F(az+w) is an entire function of o € C.

(2) There exists nonnegative constants A, p, and C such that
|F(2)] < CceAlly for all z € H,.

Then there is a unique generalized function ® € [H] such that F = S®. Con-
versely, given such a ® € [H]', then S® satisfies (1) and (2) above.

For a proof see Theorem 8.2 in Kuo’s book [20] on page 79.
The S-transform can also aid us in determining convergence in [H]'.

Theorem 4.4. Let @, € [H]) and F,, = S®,,. Then ®,, converges strongly in [H]'
if and only if the following conditions are satisfied:

(1) lim,— o0 Fr(2) exists for all z € He.
(2) There exists nonnegative constants A, p, and C such that

|Fn(2)] < Cell, for alin € N,z € 1.

For a proof see Kuo’s book [20] (Page 86, Theorem 8.6).

5. Gaussian Measure on an Affine Subspace

We now turn our attention to developing the Gauss-Radon transform in this
setting. In order to accomplish this, we make use of a measure (and corresponding
distribution) on affine subspaces of Hy. This measure and corresponding distri-
bution are explored in detail in [4] and many of these results (and others) can be
found there.

Just as we used the Minlos theorem to form the Gaussian measure g on H’
(which we think of as the Gaussian measure on Hy), we can again use the Minlos
theorem to form the Gaussian measure for the affine subspace a + V.
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5.1. Gaussian Measure on a + V. For a vector a € Hy and a subspace V of
Hy we can use the Minlos theorem, mimicking the characteristic function in the
finite dimensional case (Remark 3.2) to find that there is a measure pg+yv on H’
with

/ XY dppg v (z) = eiav) =3 (yv.uv) (5.1)
for any y € H. The measure piq4v is the Gaussian measure for the affine subspace

a + V. This measure was originally constructed in [4]. It is a special type of
measure known as a Hida measure [18, 20].

Definition 5.1. A measure v on H’ is called a Hida measure if ¢ € L'(v) for all
¢ € [H] and the linear functional

o | ox)dv(x)
iy

is continuous on [H].

We say that a generalized function ® € [H]' is induced by a Hida measure v if
for any ¢ € [H] we have

(@,0)) = | ¢(x)dv(z).
iy

The following theorem characterizes those generalized functions which are induced
by a Hida measure.

Theorem 5.2. Let ® € [H]'. Then the following are equivalent:

(1) For any nonnegative ¢ € [H], ((®,4)) > 0.
(2) The function T(®)(x) = ((®,e'~®))) is positive definite on H.
(3) @ is induced by a Hida measure.

A proof of this theorem can be found in [20] (page 320, Theorem 15.3).

Corollary 5.3. Let v be a finite measure on H' such that for any x € H

<<<I>,ei<"m>>> _ / AR dl/(y)

’

for some ® € [H]'. Then ® is induced by v.

Proof. Since ((®,e®))) = Lo ") duy(y) it is clear that ((®,e+®))) is positive
definite. So we can apply Theorem 5.2 to get a finite measure m which is induced
by ®. Hence for all ¢ € [H],

(®,0)) = | ¢dm.
H/
Letting ¢ = ¢*(-®) in the above equation, we see that the characteristic functions
for m and v are identical. Therefore m = v and we have that ® is induced by
V. (]
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5.2. Definition of the distribution Sa—i—V- We now prove that .4y is a Hida
measure and develop the corresponding distribution d,4y which we think of as
the delta function for the affine subspace a +V [4]. Observe the effect of p,4y on

the renormalized exponential e{?)~2 (%2}

| e ) = e [ g a)
— e—%(z,z>e(a,z>+%(zv,zv>
_ e(a,z}—%(va,zVL>.

Although Sa+v was originally developed for a € Hy we could also take a € HZ’,.
Let the function F(z) denote the result from the calculations above. That is,

F(Z) — 6<a72>*%<va’va> (52)

We show that F'(z) satisfies properties (1) and (2) of Theorem 4.3.
For property (1) consider F(az + w) where z,w € H. and o € C. Then notice
that

F(az + w) _ e(a,az+w>*%<azvl+wvl,azvl+wvl>
= expla(a, 2) + (a,w) — L(a*(zyr, zy1) + 2a(zyr, wyL) + (wyr, wyL))]
o Sty pal(an— (2 1wy 1)) a5 (w1 1)

which is an entire function of a € C.

Now for property (2) of Theorem 4.3 we write z as z = z + iy with z,y € H
and observe that

[F(2)] = fefes) 3 evval) (5:3)
S 6<a7m>6%‘ZVL Ig
< elal-rplzlp 31213

S e%‘aﬁp"’_%lz‘ze%‘z‘g

where in the last inequality we used that |z]op < |z|,. Therefore property (2) of
Theorem 4.3 is satisfied.

Therefore by Theorem 4.3 there exist some ® € [H]’ such that S(®)(z) = F(z).
We simply denote this @ by Sa+V~ Then by Corollary 5.3 we have that for a € Hy,
® is induced by 4y . This leads us to the following definition: [4]

Definition 5.4. Since (¢, ,,v)) = e/{@2)~2(zv:2v) ig positive definite in z € H
for a € H', 044y defines a Hida measure pq4yv by

» () dpasyv (x) = (($,0a+v))  for ¢ € [H].

5.3. Segal—Bargm~ann Transform of 5a+v- By the definition of 5a+v we have
the S-transform of §,4y given by

SBagv)(z) = @ 3Gvivi)  for zeM, acH. (5.4)
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Now we prove a convenient and perhaps expected property of convergence amongst
these delta functions on an affine subspace. This next result first appeared in [5].

Proposition 5.5. Let {z,} be a sequence in H' converging to x and suppose
{Sn} is a sequence of subspaces of Hy converging to a subspace S, in the sense
that for any v € Hy, we have the projections vg, converges to vg in Hy. Then the
generalized functions 0, s, converge strongly to 6,45 in [H]'.

Proof. First we note that if z, converges to z in H’, then xz,, converges to = in
some H,, (see page 50 in [11] and Fact 18 in [2] ). We now apply Theorem 4.4. To
see that the conditions of Theorem 4.4 are satisfied notice that for z € H/, we have

~ 1
lim S(§$1L+S7L)(z) = lim <<6$"+Sn7e(',Z>*§<Z,z>>>

n—o00 n—oo
= oA =3 s 7s ) by (5.4)
_ lmm—dzs i zen)

= 5(6u15)(2):

For the second condition of Theorem 4.4 by calculation similar to that in (5.3)
S(3s, 15, )(2) < edlanlpelzly,

Since x,, converges to = in H,, e2l721%5 is bounded. Thus the second condition of
Theorem 4.4 is satisfied. (|

5.4. Properties of the measure. We now prove some convenient and useful
properties of the measure pqyy. In the following, we make use of the Hilbert
space Hy and vectors eq, ez, ... as described in Section 4.1. The first result has to
do with finite dimensional affine subspaces.

Theorem 5.6. Let a € span{ey,...,e,} C Hy and S be a subspace of Hy with
S C span{e1,...,en}. Then if ¢ € L' (pars), we have

o) dhavste) = [ Bl ex)er + -+ (@ enlen) ditass(2)
e span{es,...,en }

Proof. Let Ps be the projection onto the subspace S. Observe that for any k& > n
we have that

/ eiték d#a+s _ ei(a,tewf%(tPsek,,tPSek) _ 60 _ / eits d60(8)

’ R

where dg is the delta measure with d9(0) = 1. Since the characteristic function of
a random variable uniquely specifies the distribution, it follows that the random
variable éj has a distribution dg, i.e. éj has the constant value 0 almost everywhere.
Thus the measure of the set é;'(0) = {z € #'; (z,e;) = 0} has full measure with
respect to pa1s. Therefore the set {é; # 0} = {x € H'; (x,ex) # 0} has pars

measure 0. Hence the set
oo

U {éx # 0}

k=n+1
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has j144+5 measure 0. Likewise the complement

( U {ék;«éo}) = () {&#0}= () {é =0} =span{er,...,en}

k=n-+1 k=n-+1 k=n-+1

has p14+s—measure 1. Therefore for any ¢ € L'(j1415) we have

o0) dtars(a) = [ O() dptas (@)
H’ span{eq,...,en }

= / ¢(<$,€1>61 +ooet <.Z‘,6n>6n) d,ua—i-S(x)
span{e; en}

.....

since x = (x,e1)e; + -+ + (x, e, )e, when z € span{ey,...e,}. O

The next result relates translation of the subspace (and corresponding measure)
to translation of the function.

Theorem 5.7. Let V be a closed subspace of Hy and a € VL, then for any
measurable ¢ we have

6(2) dptary (@) = | d(a+a)duy () (5.5)
H H!

where the equality here holds in the sense that if either side is defined so is the
other and the integrals are then equal.

Proof. First we take the special case where ¢(z) = e*®¢) for some ¢ € H. Then
we have for the left hand side

80 dpas (@) = [ 09 gy () = el ben )
H/

’

and for the right hand side

oz + a) dyuy (z) = / ) duy ()

’

_ ila) / T G (3) = il Ev )

H!

Thus we have that (5.5) agrees on the linear span of {e(+¢); ¢ € H}.

Consider a C* function f on RV having compact support. Then f is the
Fourier transform of a rapidly decreasing smooth function and so, in particular, it
is the Fourier transform of a complex Borel measure vy on RY:

fO = [ vy
RN
Then for any &1, ..., n € H, the function f(él, ...,éN) on H' can be expressed as

FGrs b)) = [ et ) 1 t)
B (5.6)
= /RN el ti&attinin) dvs(ty,....tn).
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The function
N
H x RN : (33, (t1, ...,tN)) — th<$,§j>
=1

is measurable with respect to the product of the Borel g-algebras on ' and RY.
So we can apply Fubini’s theorem to conclude that the identity (5.5) holds when
¢ is of the form f(fl, ...,éN).

Now the indicator function 1 of a compact cube C in RY is the pointwise
limit of a uniformly bounded sequence of C'*° functions of compact support on
R, and so the result holds also for f of the form 10(517 s fN), i.e. the indicator
function of (51, ...,éN)*l(C). Then, by the Dynkin 7-A theorem it holds for the
indicator functions of all sets in the o-algebra generated by the functions & with
z running over H’, i.e. all Borel sets. Then, taking linear combinations and
applying monotone convergence, the result holds for all non-negative measurable
¢ onH. a

In Section 4.2 we saw that with respect to the standard Gaussian measure p
the space Hj is of full measure. This also holds for the measures ji,v, as we see
in Proposition 5.8.

Proposition 5.8. Let V be a closed subspaces of Hy and a € V. With respect
to the measure pgyv, HY is of full measure.

Proof. The characteristic function of p,yy (see (5.1)) implies that the random

variable £ = (€,-) has Gaussian distribution with mean (a, &) and variance |y |2.
Therefore

Il (1) = 1@, O + [y 15 < (lalf + DIEE. (5.7)

Hence the map £ — f is continuous as a map H — L*(H’, jtarv) and extends to
a continuous linear map

Ho = L*(pta+v)
Y=y
where ¢ satisfies (5.1) and (5.7).
Thus
/ D N (@ ex) dpagy () < (Jaff +1) Y A2 < oo
k=1 k=1
Therefore Hj is of full measure with respect to g4y . O

Next we have a lemma that, while specific to a particular subspace, will become
useful as we delve into our main results.

Lemma 5.9. Let V,, = span{ey,...,e,} as a closed subspace of Hy. Then

%|I‘21 d < 2 )\i
Hle - /,LVTLL(Z‘)_H )\%_1<oo.
k=1
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Proof. In the following we use the independence of the {é;} with respect to the

measure py L. Observe
/ exp( Z)\ (z,ex) ) dpy 1 ()

-2 2 > dx
= H / e%)‘k r eiéx RN
R 2

k=n-+1

I ==\
< SRR

k=114/1— Ay LR A~ 1
To see that the product above is finite notice that

ooln ln A7) —In(A2 —1).
k=1 >\

Now for 0 < z < y we have that ln(y) —In(z) < L(y — &) by the mean value
theorem. Hence in the above we have

> () —In(Af —1) <
k=1

/ esll? dpy+ (z)

(oo}

O

Our last result for this section demonstrates a particular type of convergence of
certain measures on affine subspaces. While similar to Proposition 5.5, this result
applies to a broader class of functions. A slightly different version of this next
result for bounded functions on H{ appeared in [7].

Proposition 5.10. Let ¢ be a Borel function on H' satisfying |¢(x)| < Ke®*l-1
for some K,a > 0. If ¢ is sequentially continuous at a € H] C H', then

tin [ Gy v = 6(o)

n— o0
where V,, = span{ey,...,en} and a, = {(a,e1)er + - + {a,en)en.

Proof. Let € > 0. We first note that ¢ being sequentially continuous at a implies
that that ¢ is continuous at a in Hj. So there exists a § > 0 such that |[y—a|_; < §
implies that |¢(y) —¢(a)| < e. Note that applying (4.4) and using the orthongality
of the vectors {e;}72, we have

\afan|2_1:2)\;2<afan,ek Z A 2 a,er)?
k=1 k=n+1
Since a € Hj, the above goes to 0 as n approaches infinity and a,, converges to a
in H{. So there exists N such that for all n > N we have |a,, —a|_1 < /2. Let
R =146/2. Thenz € D_1(R) = {z € H{; |z|-1 < R} implies that |a,+z—a|_1 < ¢
for all n > N. Hence
[p(an + ) — ¢(a)| < e
for all z € D_1(R) and n > N.
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Observe that

Hy L (Dfl(R)C) = Hv L [Z A;Zzéi > R?

I =2 [
< —QZAkQ/e% dpy 1 (5.8)

=1

R2Z>‘ “Iex)v [ = Z A
k=1

k n+1

o

Since 352 A% converges, (5.8) above gives us

lim g1 (D_1(R)) = 0. (5.9)

n— oo

Taking n > N we observe
[ odha, e = 9(@)| < [ 16000+ ) = 9@l dis (o)
’H/ 7
- / 16(an +2) — 8(a)] dpy.s (z) + / 16(an +2) — 8(a)| dpy - (2)
D_1(R) D_1(R)°
< sw (oenta) 0@+ [ folan-+ o) - ofa)lduy (o)
D_1(R)c

ze€D_1(R)

The first term on the right is less than € by the way the choice of R above. For
the second term, observe that using the bound |¢(z)| < Ke®#l-1 we have that the
second term is less than or equal to

K/ eolztanl-1 4 palal dpy 1 (z) < KM 1D_1(R)c(e°‘|””|*1 + )dpy 1 ()
L(R)® ' M ’

where M is a bound for e®l%»l-1, Now the above is

< KM (/ 1D_1(R)°d,u\/nl (x)) </ (ea\ml—l + 1)2dl~tv,§ (x))
H/ !

1
1 2

< KM (v D@D ([ 412 o))
Note that the integral is bounded above using some simple calculations along with
Lemma 5.9. Also using (5.9) we have that the above can be made less than ¢ for
large enough n. (I

6. Gauss Radon Transform in Infinite Dimensions

Using the measure p,4y we can construct the Gauss—Radon transform in the
white noise framework. (Note that the Gauss-Radon transform was originally
constructed for a similar setting in [21].)
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6.1. Hyperplanes in Hj. In infinite dimensions we define a hyperplane as fol-
lows:

Definition 6.1. A hyperplane of an infinite dimensional Hilbert space Hy is given
by the set
av + vt ={av+x; x € Hy, {x,v)0 =0}

where « is a real number and v is a non-zero unit vector in Hy.

For such an affine subspace the measure fi,,,,+ has the following characteristic
equation and Segal-Bargmann Transform:

/ T dpp o (1) = ele(v ) =5 (Y, 1y, 1) yeH (6.1)

and
/ el®2)=3(22) At pr (T) = O L P (6.2)

Notice that the above is analogous to what we have observed in R™. Using this
mMeasure fi,,.,. we can now define the Gauss-Radon transform in the white noise
framework.

Definition 6.2. For a measurable function ¢ : H' — R satisfying |¢(z)| <
Kel?l-1 with K, o > 0 we define the Gauss-Radon transform to be the func-
tion on the hyperplanes of Hy given by

Gy (av + UL) = » () dpoy o+ ().

In [21] Mihai and Sengupta also demonstrated that this measure can be con-
structed using the Kolmogorov theorem and Gaussian measures p,, on R™ specified
by

fin (k) = eio(k,vn) =5 ([k|* = |(kvn)|?)
where v, = ({(v,e1),...,{v,e,)). Note that if |v,| = 1, then the above is the
Gaussian measure on the hyperplane {x € R"; (v,,7) = a} = av + vt.
Putting these ideas together we have the following theorem

Proposition 6.3. Let v € span{ey,...,e,} C Hy be a unit vector and ¥, =
((v,e1),...,{v,en)) € R™. Then for any ¢ of the form F({-,e1),...,{-,en)) where
F is a integrable function with respect to the measure pog, 451 on R™ we have

G¢(av +UJ_) - / ¢d:uow+vl :/ Fdlu'aﬁn"rﬁ-f[
H o

Tp+U;-
6.2. Disintegration. Here we demonstrate a Fubini like theorem for our Gauss-

Radon Transform. The theorem allows us to break up the integral into integrals
over finite and infinite dimensional (affine) subspaces.

Lemma 6.4. Let ¢ be a test function or a sequentially continuous function on H'
satisfying |o(z)| < Ke*l*I-1 for constants K, > 0. Let V;, = span{ey,...,e,}
and a € V,,. Then

/ 6 djtsas = / Bz +y) dpy - (8) ditas (o rv () (6.3)
M e
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Proof. We first show that the above holds for ¢(x) = e*(*€) where & € H. The left
hand side of (6.3) is simply the characteristic equation of 1 given by (5.1)

@) =3 (61 8,1) (6.4)

Now for the right hand side we have

// / ’ Z $+y&- d/’l'vj‘( )d/,[,a+ aLﬁV,L)( )
_/ 18 dpay s () / W dptg s 0t v, ()
H H

— ei<a7§>_%<gvrf_ 75‘/7{. >e_%<faLﬂVn’§aJ-ﬁVn>
— 08 =261 €1) hecause at = an' 2 (aJ‘ NV,)

So the above holds on the dense space given by the linear span of {*(+¢) ; ¢ € H}.
The rest of the argument is similar to that in the proof of Theorem 5.7. O

This leads us directly into the following relationship between the finite and
infinite dimensional Gauss-Radon transform.

Theorem 6.5. Let ¢ be a sequentially continuous function on H' satisfying the
bound |p(z)| < Ke®l#l=1 for constants K,a > 0. Let V;, = spanfei,ea, ... en}
and v € V,, be a unit vector in Hy. Then

Gglav +vr) = G, (ai + 77+)

where U= ((v,e1),...,(v,e,)) € R" and

Fo(z1,...,2,) = p(zrer + -+ wpen +y) duy 1 ().
’}_L/

Note that G is the infinite dimensional Gauss-Radon transform on H’ and Gp,
is the finite dimensional Gauss-Radon transform on R™.

Proof. We first use Lemma 6.4 to rewrite Gy (av +vt) as follows
Gy(av + vl) - / . oz +y) dpy . () dptaot(winv,)(T)-
Letting ¢*(z) = [;,, #(x +y) duy.1 (y) we obtain

Gylav +vt) = » ¢ (2) dpra+ (v v, (2)- (6.5)

Since v € V,, we can apply Theorem 5.6 to write the above as

» ¢* () dﬂav+(uimvn)(x) = ” o*((z,e1)er + -+ (x,en)en) d/lav_s_(vimvn)(%)

(6.6)
Also, ¢*((z,e1)er + -+ + (z,en)en) = F((-,e1),..., (-, en)) where

Fn(xlw-wxn): ¢($1€1++l‘n€n+y)dﬂv7}(y)
H/
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is a function on R™. Thus by Proposition 6.3 we obtain

¢*(<{E, 61)61 +eee <1’, €n>en) dﬂav—&-(vlﬁVn)(x) = / F, dﬂozﬁ+17L (67)

H av+u+

where ¥ = ((v,e1),...,(v,e,)) is the vector in R™ corresponding to v. When we
combine equations (6.5), (6.6), and (6.7) above we obtain the desired result. [

We now arrive at the main result of this paper. Here we demonstrate a limiting
result which returns the value of a function from the function’s Gauss-Radon
transform in the infinite dimensional setting.

Theorem 6.6. Let ¢ be a sequentially continuous function on H' satisfying the
bound |p(z)| < Ke**I-1 for constants K,a > 0. For any x € H, we have

é(z) = lim (QW)LE”e%/ / /%(avﬂﬂ
n—oo sn—1.J0 R
e 2miplamin E) =5 gt do dB do(U,)  (6.8)

where T, = ((x,€1),...,(x,e,)) € R™ and for v, = (v1,...,v,) € R", v = vie; +
st Upén.

In the above equation the v inside of Gy(av + v1) should be thought of as
a function of v, in the since that v is given by v = wvie; + -+ + vye, when
’L?n = (’Ul, ce ,’Un).

Proof. We begin by forming the function

Fo(oy,..2n) = / d(z1er + -+ wpen +y) duy s (y). (6.9)
Hl

We would like to apply Theorem 3.5 to the above function. The following lemma
shows that F), inherits the required conditions from ¢ and, thus, Theorem 3.5
applies. O

Lemma 6.7. The function

Fn(xla"'vxn): ¢(x161++xnen+y)dﬂ\/n¢(y)
’H/
is continuous and exponentially bounded.
Proof. The continuity is easy to check. Observe that if {#(*)} converges to Z in
R"™, then ) = xgk)el + -+ ;vglk)en converges to r = x1e1 + - -+ + xpe, with

respect to | - |o (in fact, with respect to any |- |, or |- |-, norm). Hence
: k . k
lim Fn(zg ), 2y = lim qﬁ(:z:g Yey + -+ e ®e, +y) duy o (y)
k—oo k—o0 Jqyr "

and using the assumed bound on ¢ in conjunction with Lemma 5.9 allows us to
apply the dominated convergence theorem to the above to get

= p(z1e1 + -+ znen +y) dﬂ'\/nL (y)
’H/

=Fo(z1,...,2n)
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and thus F,, is continuous on R™.
We now need to verify that F,, is exponentially bounded. To this end observe

|Fn<x1,...,zn>|s/ 16z + )] dpsy2 ()
<K [ elienduy (y)
’Hl

[

Now using that the integral in the above is finite by Lemma 5.9 and that |z|_; <
|z]o we have that F, is exponentially bounded as a function on R™. O

Hence applies Theorem 3.5 to F;, we obtain the following

Fy (%) = (2m) (HQI) 5 / / /an at, + Tr)
Sn— 1

7271'7,5 Ot Un ;1;")7*57’7/ lda dﬂdo’( ). (6.10)

Using Theorem 6.5 to substitute G (v + v*) for Gg, (a@, + ¥7-) we obtain

F, (l'n) = (27‘( (W21) ‘TM / / /G¢ OA)—F’U
Sn— 1

e~2miB(a=TnE) =% g1 4o 4B do(T,). (6.11)

We complete the proof by demonstrating that lim,_, . Fy, (%) = ¢(x). To this
end, note that

lim F,(Z,) = lim [ ¢((z,er)er +--- + (z,en)en +y) dpyi(y) by (6.9)

n— 00 n—00 Ja.

= lim qﬁ( ) b, +va (Y) by Theorem 5.7

n—oo

= ¢(x) by Proposition 5.10

where z,, is taken to be x,, = (x,e1)e1 + - + (z, en)en.

7. Concluding Remarks

Here we presented, in the infinite dimensional setting, a method of recovering a
function from the function’s Gauss-Radon transform. This method relied heavily
on the the common finite dimensional result involving the Fourier transform which
allows one to recover a function from its Radon transform. There are several
other known methods for recovering a function from its Radon transforms [14,
10, 24]. One fairly common example of this uses Laplace transforms. These were
extended to the finite dimensional Gauss-Radon setting in [6]. An avenue of future
study could potentially extend these inversion formulas to the infinite dimensional
setting.
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