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Abstract

The problem of determining a square integrable function from both its
modulus and the modulus of its Fourier transform is studied. It is shown
that for a large class of real functions the function is uniquely determined
from this data. We also construct fundamental subsets of functions that are
not uniquely determined. In quantum mechanical language, bound states are
uniquely determined by their position and momentum distributions but, in
general, scattering states are not.

1. Introduction
The Pauli problem

In a footnote to his Handbuch der Physik article on the general principles of wave
mechanics [4], Pauli raised the question of whether the wave function (g) was
uniquely determined by the probability densities | /() [? and [{/(p) |? in configuration
and momentum space. In this article we show that there are fundamental subsets
where the answer is no and there is a large and interesting class of functions
¢(g) e LA(R) for which the answer is yes.

The question was motivated by the fact that if the wave function was uniquely
determined by its position and momentum probability densities then we have, at
least in principle, a method of determining the wave function from experiment.
Nevertheless, we should point out that the mathematical problem is of interest in
other contexts, such as control theory and crystallography. We will comment
further on the physical meaning of this problem and our results in the final section.

The mathematical problem is that of determining the phase of a complex-valued
square integrable function given both the amplitude of the function and the
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amplitude of its Fourier transform. We are particularly interested in the uniqueness
of the solution to this problem. For example, assume that ¢(q)eL*(R) and let
$(p)€LX(R) be its Fourier transform, then given [$(g)| and |$(p)| we have that
$(q) = | $(g)| €@ is a square integrable function with modulus |$(g)] and with
| #(p)| the modulus of its Fourier transform. The real-valued function 8(g) is the
phase of ¢(g). Is there any other square integrable function $(q) with | (q)| = | $(¢)|
and |#(p)| = | $(p)|? This function ¢(g) will be of the form (g) = | #(g)| e™*@ for
some real-valued function a(g). If we concentrate on the phase function «(g) it is
clear that the set of permissible phase functions is given by the solutions of the
following non-linear integral equation

|$(P) > = 21—” [m dq [ i dq'K (g,q") e\ @~ ©
-0 ./ -

with K,(q,9") =|$(q)| | $(¢")| !¢~ where we have used the convention that

30 =45 [ emparaa.

It is clear from equation (0) that if a(g) = 8(q)+ B for any real constant 8 then
a(g) is a solution of this equation. In the following we will ignore this trivial
non-uniqueness and consider only the problem of non-uniqueness modulo an
arbitrary constant phase.

The problem of uniqueness of the phase ¢(q) depends strongly upon the given
function a(g) and it is not clear how general results can be obtained from the
equation (0). In fact we have had to forgo a direct attack on this non-linear integral
equation and have used elementary methods to construct examples in which the
Pauli data {|$(¢)|,]#(p)|} is sufficient to determine ¢(g) uniquely and examples in
which it is not sufficient to uniquely define the wave function ¢(g).

We adopt a terminology in which a square integrable function ¢(g) is said to
be Pauli unique if the Pauli data {|$(q)|,| #(»)|} obtained from it is only satisfied
by the ray of functions that are constant multiples of ¢(g) with constant multiplier
of modulus one. If a function ¢(g) is not Pauli unique we call any function y(q) that
satisfies the same Pauli data a Pauli partner of ¢(g). Furthermore, it is often useful
to think of the square summable function ¢(g) as a state, that is a normalized
positive linear functional over the vector space of operators spanned by the algebra
of operators a, and a, where a, is the commutative algebra of functions of ¢
and a,, is the commutative algebra of functions of p.

In Section 2 we give precise definitions of our terminology and obtain some
general characteristics of the problem. In Sections 3 and 4 we restrict attention to
the Hilbert space L*(R) and use elementary methods to construct examples of
unique states and of non-unique states. In Section 3 we construct a two parameter
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family of fundamental subsets of L%R) every member of which is Pauli non-unique.
In Section 4 we show that there is a large class of real states that are Pauli unique
and prove amongst other things that every bound state of any self-adjoint semi-
bounded Hamiltonian of the form p?+ V(g) is Pauli unique. In Section S the results
of the previous two Sections are generalized to Hilbert spaces L%[R™), and the
final Section discusses the physical significance of these results and their
generalization.

2. Notation and formulation of the problem

We will adopt the formulation of quantum mechanics in which to every physical
system there is associated a complex Hilbert space 5#. Every normalized vector ¢
of 27 represents a possible state of the system, and two vectors ¢ and ¢ define the
same state if they belong to the same ray, that is, if there exists a real number
such that ¢ = e¥?y. Furthermore, every physical quantity associated with the
system is represented by a self-adjoint operator A, usually unbounded.

Assume that the system is a collection of n scalar particles with masses m;,
i=1,...,n, that are interacting in some way. Let the n position coordinates be
gy, ...,q, and the » momenta be py,...,p,. Let us further assume that the system
is represented by the standard irreducible representation of the Heisenberg
commutation relations,

(9;,9;] = [p;, P;]<0
and (n
i[p; 9kl < hdyy.

The standard irreducible representation is, in fact, an equivalence class of repre-
sentations characterized by the fact that the Heisenberg commutation relations are
derived from an irreducible unitary representation of the Weyl group [5]. The two
realizations of this representation that interest us here both have 5# = L%(R**) and
in the first, the g-representation, the vectors in £ are equivalence classes of functions
#(q) = ¢$(qy5 ---»9,,) in L3(R3") while in the second, the p-representation the vectors
are equivalence classes of functions $(») = ¢(p,, ..., p,) belonging to LA(R®"). The
equivalence class alluded to above is given by the relation that two functions are
equivalent if they only differ on a set of Lebesgue measure zero. These g- and
p-realizations of the Heisenberg commutation relations are related by Fourier
transformations,

3(p) = F§ = (mysn [e+ivag(q)dg, @

where the argument ¢ stands for (q, -..,q,), dg = d3q, ... d®q, and pg = 32, p;*q;.
It is a well-known fact that, in the obvious notation, ¢(q) is the inverse Fourier
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transform of $(p):
Ha) = F = @nysm [e-i2e(5)dp. )

In the g-representation, the jth position operator q; is represented by multiplication
by g;, while the jth momentum operator p; is represented by (1/i) (d/dq;) on their
natural domains. The p-representation has the momentum p; represented by
multiplication by p; and the position g; represented by ~(1/i)(d/dp;). If ¢ is a
vector in L2(R) the ray to which it belongs will be denoted by &, and keeping in
mind the fact that vectors are equivalence classes of functions in L*(R3") we will
usually write a vector ¢ as a function ¢(g). Also it is profitable for our work to
denote a state of the system as a pair [¢p(q), d(p)] even though this notation involves
a redundancy.

In this notation the Pauli problem is the following: Does an exact determination
of both the probability distribution |$(g)[2 =| $(g)[? in the position coordinates
and the probability distribution |$(p)[2 = |P(p)|* in the momentum coordinate
define the state [¢p(g), d(p)] unequivocally ? Notice that the Pauli data involves a
pair of functions [|®(g)|,|#(p)|] from which we wish to determine the ray
[$(g), $(p)]. There is no loss of generality in determining a function [¢(g), $(p)]
in the equivalence class defined by the vector, and we will always look for a
functional representative of the state that is as smooth as possible. Also the term
wave function will be used to denote a Lebesgue square integrable function.

In this sense the Pauli data can be thought of as the pair of functions
[|¢@]| $(p)[ ]. However, there is another way of presenting the Pauli data that is
sometimes useful. Let u(g) and w(p) be any pair of complex-valued functions of
q and p respectively. u(g) and w(p) can then be considered as multiplicative operators
in the g- and p-representations respectively. Let us denote by Ex(A) the expectation
value of observable 4 in the state y,

E(4) = (x, 4x).

Then we have the following result:

PROPOSITION 1. The state [, y) satisfies the Pauli data [|$(q)],|$(p)|1 if and
only if both

E, () = f u(g)| $(a) P dg @
and

E,w) = |w(p)|$(p) |2 dp ©)

Sfor all functions u and w. The equations (4) and (5) are to be understood in the
extended sense that if the right side is undefined then so is the left side.
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Proor. The only if direction is obvious. The argument in the if direction follows
by taking u(q) to be the characteristic function of an arbitrary Borel set of R.
Then the measures | ¢(q)|2dq and |¢(q)[*dg assign the same measure to any Borel
set. Hence by possibly adjusting the values of i(g) on a set of measure zero, we
get | 4(g)| = | #(¢)]. The same argument works for [{(p)| = | $(»)|-

The result means that any state satisfying a given set of Pauli data must have the
same expectation values for any operators of the form au(q) + Sw(p) + 81, o, B and
8 are complex numbers, u(g) and w{p) are operator-valued functions of the seif-
adjoint operators ¢ and p.

This leads to the following characterization of non unique Pauli states.

PROPOSITION 2. The state [¢, $] is Pauli non-unique if and only if there exists a
pair of non-trivial self-adjoint operators F and G, with

(F)(g) =f(@)$(g), ¥ $eD(F) 6)
and
(G (p) = g()$(p), ¥V & D(G) ()
such that
(€ e 4)(q) = $(q), )
or equivalently
(@ ¢i9 $)"(p) = $(p). ©)

REMARKS. Equation (8) can be written in terms of rays
(€7 e’ d) (9) = $(g),

(6 €19 e $)(g) = e $(g)

but by absorbing the real constants A and p into either F or G we observe that we
have suffered no loss of generality in using vectors instead of rays.

The adjective non-trivial removes the possibility that both F and G are merely
constant multiples of the identity operator.

that is

PrOOF

Sufficiency: If = e=*F ¢ = €% $ then the expression of the Pauli data in equations
(4) and (5) can be used to show that [,] and [¢, $] satisfy the same Pauli data.

Necessity: If s and ¢ satisfy the same Pauli data then the pair [|¥(g),[¥(p)]]
equals the pair [|#(¢)|,|#(p)|]. Therefore there exist real functions f and g such

that
H(g) = e™'9 ¢(q) (10)

F(p) = €™ §(p) a1

and
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but

¥(q) = Ff(p)
= Fe9®) Fcl)(p)

= (9" ¢) (), 12)

where in the last expression p = (1/i)(d/dq). Thus e~¥'D ¢(q) = (e*? $)(g), or,
in abstract notation,

e ¢(q) = e'“ $(9),

where F and G are self-adjoint operators which are multiplicative in the g- and
p-representations respectively. This proposition has two immediate corollaries
that we will use in the construction of examples of non-unique Pauli states.

COROLLARY 1. If A is a self-adjoint operator such that ¢4 = e'¥ ¢'@, where F is
a self-adjoint operator function of q and G is a self-adjoint operator function of p,
then any eigenfunction of A is a Pauli non-unique state.

COROLLARY 2. Let A be a self-adjoint operator such that e*4 is unitarily equivalent
to the unitary operator e'F ¢C, with F and G given in Corollary 1, that is

Ueid U* = ¢iF ¢i@

Jor some unitary operator U. If ¢, is an eigenfunction of A, Ad, = Ad,, then
Y = U, is a Pauli non-unique state, [, i].

The central problem in constructing Pauli non-unique states is to sum the
Campbell-Baker-Hausdorff formula for e'F ¢i?, In the next section we will give
one example that uses the structure of the non-compact Lie group SL(2,R) to
sum this formula and one example that does not depend upon this formula.

The constructions developed in the next two sections will be restricted to the
case of one degree of freedom, namely 5# = L%R). We will take up the general
case again in Section 5.

One further consequence of our notation should be noted. We say that a state
[$(q), d(p)] is a real state or real-valued state, if there exists a representative of
[b(g), &(p)] as a vector pair [#(g), $(p)] in which either ¢(q) or $(p), or both, are
real-valued functions. If no such representative exists then the state is strictly
complex-valued or non-real valued. An analogous statement holds for parity and
the comple)i representative of that state in which $(—g) = +@(g) (and hence
$(=p) = +8(p)). ‘

In fact, whenever we assert that a state [¢(g),d(p)] has a certain functional
property we always mean that there is a representative of it that has this property.
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3. The construction of Pauli non-unique states

This section is concerned with the construction of examples of states that are
Pauli non-unique. We restrict ourselves to the Hilbert space L*(R); the extension
of these constructions to L%R?), n> 1, is immediate but will not be discussed here.

We present two sets of examples of non-unique states; these sets are not disjoint.
The first set contains states of definite parity that are not real-valued. For these
states the complex conjugate state is the Pauli partner state.

In the second set of examples we construct a two-parameter family of subsets
of Pauli non-unique states that are parameterized in the following way. Let
H(m,K) = (p*2m)+(Kq?/2) be the Hamiltonian for the one-dimensional
harmonic oscillator with mass m and constant K, that are both positive real numbers.
We define constants 8 = (Km)* and « = (K/m)* and assume that « = 27/b for some
integer 5>3. For any such integer 5>3 and integer ¢, 0<c<b—1, let 57, be
the subspace of L?(R) spanned by the states {i,5.,.>_, Where

¢’nb+c(q) = e’isq2/4 ¢‘nb+c(q)'

In this expression, s = 28(1 —cosa)/sina and ¢,;,.(¢) is the (nb+c)th harmonic
oscillator eigenfunction for the harmonic oscillator Hamiltonian H(m, K).

The closed subspaces 5% , will be shown to be subspaces of Pauli non-unique
states if 5> 3.

For fixed b>3, that is a fixed ratio K/m, there is a one parameter family of
harmonic oscillator Hamiltonians H(m, K) that can be used to develop the S .
Different choices of the Hamiltonian in this family give different values to a
parameter y in the eigenfunctions {¢,(¢)}. With o, B fixed and y = (8/2)}, the
nth eigenfunction of H(K, m) satisfying

HK,m)¢, =n+3ad,, n=0,1,2,...
is
(

40 = s @ ) (7) e (- 2747 (13

Furthermore, for each fixed pair m, K with

K _ (@n) < Q2n)?
m b 9’

the set theroretic union of the subspaces {5, .}, c =0, 1,...,b—1, is a fundamental
subset of L2(R). Hence we have a two-parameter family of fundamental subsets of
Pauli non-unique states.

On the other hand, although every state in L%(R) can be approximated arbitrarily
well by Pauli non-unique states, not every state is Pauli non-unique. For example,
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any eigenfunction ¢, (¢) can be obtained as the limit of a sum of non-unique states,
but this method gives ¢,(g) as its own Pauli partner.
We will now present these two sets of examples in more detail.

ExaMPLE 1. Any state of definite parity satisfies Pauli data that is also satisfied
by its complex conjugate. Therefore any state of definite parity that is not real-
valued is a Pauli non-unique state.

Let J be the conjugation operator; J: L3(R)—L3(R), (J¢)(q) = $(g) for all
#(g)e L2(R), and let F denote, as before, the Fourier transform map. Then ¢(g)
and (J¢)(g) satisfy the same Pauli data if

(FI$) (p) = = (JF$) (p)- (14)

This equation is satisfied if ¢(—g) = + ¢(g). Therefore if ¢(g) has definite parity

and &(g) is not real-valued, then the states [db(g), d(p)] and [P(q), d()] are
distinct states that satisfy the same Pauli data and are Pauli partner states.

ExAMPLE 2. In our earlier discussion of necessary conditions for the existence of
Pauli non-unique states, we observed, in Corollary 2, that if a state ¢€L?*R)
satisfies an eigenvalue equation A(p,q)¢ = A for some self-adjoint operator A4
and if there exists a unitary operator U such that

Uetd -1 = ¢iF eiG’
where F = F(g), G = G(p) are self-adjoint operators, then U¢ is Pauli non-unique.

We will use U = ¢tF/2 to obtain a class of non-unique states in this way.

For our purpose the self-adjoint operator A4 is the Hamiltonian for the harmonic
oscillator,

B 7 Kq?

H(m,K) = 2m+—2—.
There is a Hamiltonian H(m, K) for each pair of positive real numbers (m, K);
we will also need the real numbers « = (K/m)* and 8 = (Km)'. In Appendix 1
we prove that if « = (K/m)¥+ nw for any integer n then

exp (isq%/4) exp iH(m, K) exp (—isq*/4) = exp (isq?/2) exp (—itp*[2) (15)

with the real numbers s and ¢ given by

s =2B(1 —cosa)fsinc,

(16)

t = sin afa.

Therefore, taking U = exp (isq?/4) in the above equation, we have that the wave
functions
$n(q) = exp(isg?/4) $,(9), n=0,1,2,... (17)
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are representatives of Pauli non-unique states, because

exp (isq?(2) exp (= itp®/2) $,.(q) = exp (iA,) ¥..(9),

where A, is the nth eigenvalue of the operator H(m, K), A,, = (n+4) a. In fact the
Pauli partner state of i, has a representative

(q) = exp (—isg%/2) (q) = exp (—isq?/4) $,.(q) = ,.(@).

Since the {¢,}%_, are real states and have definite parity, this construction appears
to achieve nothing more than is obtained in Example 1, except that we have
explicitly displayed a two-parameter family of complete orthonormal bases for
L2(R) in which each member of each basis in the family is Pauli non-unique.

However, this construction can be extended to give L*R) as a direct sum of
subspaces of Pauli non-unique states in a countable infinity of ways. The non-
unique states in these subspaces are not necessarily of definite parity and do not, in
general, take their complex conjugate as a Pauli partner.

For any integer >3, and integer ¢, 0<c¢<b—1, let 5, be the subspace of
L2(R) spanned by the states {¢,,,.}2 . Again we use the notation of equation (17),

l/’nb+c(q) = €Xp (isqz/ 4) ¢nb+c(q )’ (18)

where the harmonic oscillator Hamiltonian H(K, m) has coefficients m and K such
that o = (K/m)* = 27/b. Then

s = dmm(l —cos (2n/b))/bsin 27/b) and t = bsin(2n/b)/2n 19)

are finite for integers b> 3. For fixed values of m and X satisfying « = 2x/b, the
subspaces 5%, and %, are orthogonal if c¢#c’, because i, is orthogonal to
iy if k# I, Furthermore, since the {¢,}2 , form a basis for L*R) we have the direct
sum decomposition,

b~1
I¥R) = & #,.

c=0

THEOREM 1. The subspaces 3, . defined above are subspaces of L*(R) all of whose
members are Pauli non-unique states provided that b> 3.

Proor. We will show that any state £ €, satisfies
exp (isq?/2) exp (—itp?2) &€ = exp ((2c+ 1) #/b) &,

where s and ¢ are given in equation (19) for b> 3. Then Corollary 2 of Section 2
proves that each § is Pauli non-unique.
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Any £(q)e A, , is of the form

£(q) = lim £5(9)s
N-wo

where £x(q) = X¥_oa, ¥np.(q) and the complex number a, = (§,¢,,..). But by
construction

exp (isq*/2) exp (—itp®/2) £x(q) = exp (i2c+ 1) 7/b) £x(q)
because the (nb+ c)th eigenvalue of H(K,m) with o = 2n/b is
Mpre = (Mb+c+2)2n/b = n2w+2c+ 1) /b (20)

and hence exp (iA,;,) is independent of n.
However, exp (isq%/2) exp (— itp%/2) is a unitary operator and hence by a standard
argument we can take the limit and get the desired result.

ReMaRKkS. It should be noted that when we change b, that is, we pass from one
family of subspaces {5, ;- to another with different integer b> 3, we change the
parameters m, K of the harmonic oscillator Hamiltonian H(K, m). Nevertheless,
for a fixed b, there is a one-parameter family of harmonic oscillator Hamiltonians,
namely, those with (K/m)t = 2x/b, that can be used to develop the 5} .. Different
choices of the Hamiltonian in this family will give different parameters y in the
harmonic oscillator eigenfunctions (13) and therefore for fixed b we have a one-
parameter, y or §, family of different subspaces 5%, of non-unique states.

Furthermore, for each fixed pair m, K with o =2#/b and B fixed, we have a
fundamental subset of Pauli non-unique states, namely the set theoretical union
of the subspaces 5%, c¢=0,...,b—1. Therefore we have constructed a two-
parameter family of fundamental subsets, D(« =2#n/b,B), of Pauli non-unique
states.

4. The construction of Pauli unique states

In the previous section all the Pauli non-unique states that we found were non-
real, so it is not surprising that our main results here involve real states. We have
not been able to prove that all real states are Pauli unique, but have found a large
class of real states that are unique. The limits of this class of unique states are
prescribed more by our methods of proof than by any natural conditions.

We begin by proving that a large class of real states are Pauli unique. This class
contains the bound states of time-reversal invariant Hamiltonian operators
P2m+ V(g). A different method is then used to obtain the result that any complex
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Gaussian wave function

_ 1 (g-pBIy .
Papy(g) = WCXP {‘T'HO“I}

is Pauli unique.

In order to obtain examples of Pauli unique states we formulate the Pauli data
in terms of expectation values of arbitrary functions of ¢ and of arbitrary functions
of p, that we call bits of Pauli data. Given a set of Pauli data [|é(a)}, |$(p)]] in
the form of a set of extended complex numbers {E¢(f), Ed(g)} for arbitrary
functions f(g) and g(p), it turns out to be useful to examine the relations between
the various bits. If a subset of the bits obeys relations amongst its members that can
only be satisfied by a single ray of vectors then that Pauli data uniquely defines a
state.

We will construct Pauli unique states using only a finite number of bits of Pauli
data. What we have in mind are collections of equations and inequalities of the

form
E¢(f) Ed(g) > Ep(h),
Ef(l) =1, #3))
Ef(f)=0a, Efp()=pB
or
Ed(f)+Ed(g) = Ed(h),
Eg(1) =1, (22)

EH(f) = o, Ep(h) =B,

where f, g and 4 are given functions of either p or ¢ alone or a sum of such functions
and « and 8 are fixed complex numbers. In general the inequalities are assumed to
hold for some class of states ¢. Examples of (21) include the uncertainty relations
and examples of (22) include the semi-boundedness of the energy. If it is known
that the inequalities in (21) become equalities for a single ray fixed by the other
equations, then the Pauli data that satisfies all the equations in (21) determines
that state uniquely. On the other hand, if it is known that the inequality in (22)
is satisfied by a particular state then it may be possible to show that the Pauli data
uniquely determines that state.

A typical system in the form of (22) is associated with operators A4 that are
semi-bounded and of the form

A=f(p)+2(9)

with f and g real measurable functions and / is the zero operator. In particular if
we take f(p) = p?, g(g) = 0 or f(p) = 0, g(g) = ¢* we get a large class of real states
that are Pauli unique.
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THEOREM 2. Let {$(q), ()} be a real state, then it is a Pauli unique if, either
(@) it has a real representative $(q) and E(p®) <o
or (b) it has a real representative $(p) and E (gD <.

ProOF. We will assume that the state {¢(g), b(p)} has a real representative $(q)
and E,(p?)<oo, that is case (a) holds, the other case can be handled in a like
manner.

Let {{s(q), J(p)} be a Pauli partner of the given state. It follows that | ()| = 4(@)|
almost everywhere in R, for any representative (g) of {Ys(g), \p(p)} Therefore
P(q) = €92 ¢(q) almost everywhere in R where g(g) is a real-valued function. On
the other hand, (¢, p?$) = (i, p? ) <co. A direct calculation of the real part of this
equation yields (¢, (g")? ¢) = 0, hence g(g) is constant almost everywhere and y(g)
is a representative of {p(g), d(p)}.

In physical terms this result says that for a spinless one-dimensional particle
every motion reversal invariant state with a finite mean kinetic energy is Pauli
unique. Mathematically, any real function in the domain of the self-adjoint
differential operator p = (1/i) (d/dq) is a Pauli unique.

This class of Pauli unique real states can be enlarged to include states that are
not in the domain of p by the following method.

THEOREM 3. Let A = p®+w(q) be a real operator. Then any real state {$p(q), d(p)}
with real representative $(q) is Pauli unique if E(A) <co.

REMARK. A similar theorem holds if 4 is of the form 4 = ¢*+u(p), and the
state has real representative $(p) with Ey(4) <co.

Proor. The proof follows the lines of the previous theorem, the main difference
is that £,(p®) need not be finite.

As before, let {d(g), d(p)} be a Pauli partner of the given state {¢(q),4>(p)}
Now we must have (¢, A$) = (i, A), for any representative y(q) of ({(g), Y(p)}-
A direct calculation yields, for i(g) = €99 ¢(q) a.e., that g'(g) = 0 a.e. and hence
(q) is a representative of {p(q), b(p)}.

While this theorem does extend the class of real states that are Pauli unique,
for example any continuous function with a piecewise continuous first derivative
is Pauli unique, it is not strong enough to encompass all real states. Its most
important consequence is that it shows that bound states in quantum mechanics
are Pauli unique.

CoROLLARY. If H = p*[2m+ V(q) is a motion-reversal invariant (real) Hamiltonian

operator, then every bound state of H is Pauli unique.
7
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PRrOOF. We have only to note that any bound state of H has a real representative
¢(g) and then use Theorem 3.

Systems of the form of equation (21) are typically of a form associated with the
Heisenberg uncertainty relations. Recall that for all ¢ € D(p)n D(g), the commu-
tation relation i[p,g]< I, implies that the uncertainty relations || p¢|[?[|g$ | >} | ¢ |I?
hold. Equality is attained in this expression for the unique normalized state
é(g) = (2m)~te~2"/2 which satisfies (p—ig)é = 0. The proof of this well-known
fact is given, for example, in [5] and [1]. We will need a slight generalization of this
which we will now prove.

PROPOSITION 3. Let A, B and C be real linear operators with non-trivial domains
D(A), D(B) and D(C), subsets of a separable Hilbert space ¥ and which are not
necessarily dense in 3¢, Let Q be a non-trivial subset of D(A) D(B) such that for
all $ €2 we have

(49, BS)— (Bp, A) = i($, C$) 23)
then for all $€Q,

4817 BSIF > 2, C) @4
Furthermore, | A$|*|| BS|? = H($, C)? <o with || B||#0, if and only if ¢ satisfies

Ap+ABp =0 (25)
where

A= —i(¢, C$)/2| BS|P.
Proor. We observe that (¢, C$) = 21m (Bo, A¢) for all €, and therefore

1|(4, CH)|<|(Bp, 49)|
<||Bg|| || 4¢]| by Schwarz’ inequality.

It follows from Schwarz’ inequality that equality is obtained only for those vectors
¢ that satisfy A¢+ ABp = 0 for some complex number A. Moreover, equality is
obtained in the first step if and only if Re (B¢, A¢) = 0. Therefore for equality to
hold we require Re A|| B$|]? = 0, and if B$>0, this means that Re A = 0. Putting
this together we get that [|Ad| || Bé|| = 4| ($, C)|, with || Bp||#0 if and only
if Ap = — AB$, where A = —i(p, C¢)/2|| B ||%.

This result will be useful when 4 and B are real operator-valued functions of p
or of ¢, and C is an operator-valued function of p and g of the form f(g)+g(p).
For example, if we take 4 =p—al, B=g—BI, where a and B are real numbers,
and C = I the identity operator, then for all ¢ € D(p)n D(g) we have that

I e—al) $|Pll (@—BD) $F >[I 6. (26)
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This becomes an equality for states ¢ that satisfy

l(q B[) ¢ 27
2y

where y = [|(g— B1) || If ¢ is assumed to be normalized, || || = 1, for fixed « and 8
we get a one-parameter family of states {¢,} that satisfy equation (27).

This argument leads to a class of Pauli unique states, the set of states {dg4,}
parameterized by the three real numbers o, 8,y, where

[@=BD bapylt = [ bug, =1 }
”(.p_o‘)‘ﬁaﬂyuz = 1/4)/.

For given o, B,y, $,4, has a representative

bupr(@) = Qmy)texp(—(g—BI)/4y +iag).

These states are Pauli unique because the equations (3) can be presented as
expectations. E¢,z.((g—BI)%) =y, for example, that make up part of the Pauli
data and that can only be satisfied by states that are solutions of equation (27).
In fact the function ¢,4,(q) has an even real part and an odd imaginary part and
therefore ¢,4,(q) is the inverse Fourier transform of a real function ¢aﬂy(p)
Therefore the states {¢,,(q), ¢aﬂy(p) are examples of real states that are Pauli
unique through the arguments of Theorem 2 because they all belong to the domain
of ¢%

There are still two questions to be answered. Are all real states Pauli unique?
Are the real states the only states that are Pauli unique ? The above work points to
an answer of yes for both these questions, but they do not seem capable of being
answered within the framework we have used.

(p—al)y =

and (28)

5. Extension to L2(R™), n> 1

The extension of the results of the two previous sections to Hilbert spaces
L2(R™) for n> 1 is achieved by writing L2R™) as a tensor product of the spaces L%(R),

L2(R1l) = ®%
F=1

where 5#; = L*(R) for each j=1,...,n. We shall use the notation that a vector
D(gy, --,95) = D1(gy) X ba(g2) X ... X b, (g,,) that belongs to L2(R™) will be written as

D(qy, --:95) = $1(9) $(22) .- $(q2)-

We will discuss the various examples of uniqueness and non-uniqueness in turn.
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Pauli non-unique states in L*(R™)

It is easier to construct non-unique states in L*(R") because if ¢,(g;) is non-
unique in L¥(R) with Pauli partner i(g;) then the state ¢,(q,) o(q2) .. $,(95) .- $,.(q,)
is non-unique in L*R™) with Pauli partner ¢,(q)) $2(q2) ... ¥4(qy) --- $n(gy). This is
true no matter what choice is made for ¢,(g,), i j. We now list the specific examples.

(i) If®(qy, ...,q,)isstrictly complex-valued and ®(—gy, ..., —¢,) = + O(gy, ---,9,)

then [®(gy---,9,), ®(D1s-...,0,)] and [®B(g;,...,q,), S(pl, ..»Pp)] are distinct

states that satisfy the same Pauli data.

(ii) Let b= (by,...,b,) and ¢ =(cy,...,c,) be multi-indices, and define for

b;23,0<¢;<b;—1,j=1,..,n, = ®;.‘=1.2?},7‘c_‘ where

'%ﬂb,,c, = {‘/’nb, +¢ ((] j)} ;ﬁ:o < L2(Rn)-

Here ‘t[’nbj+cj(qj) = €xp (iqu?/4) ¢nb,+c,(qj): ¢nb,+q,(qj) is the (nbj+cj)th eigen-
function of the harmonic oscillator Hamiltonian H(m;,, K;) with

o = (Kyfm)} = 2nb,

and s; = 2B,(1 —cos oy)/sin oy, where 8; = (m; K,)}. By the argument of Proposition
3 the subspaces 5%, , with b;> 3 for each j = 1, ..., n, are subspaces all of whose
members are Pauli non-unique. It also follows that we have thereby constructed
a 2n parameter family of fundamental subsets of Pauli non-unique states.

Pauli unigue states

In so far that it is easier to construct non-unique states it is more difficult to
construct unique states in L¥R®™). However, the construction in L%R) of Pauli
unique states has an immediate generalization to L2(R™). Moreover, this generali-
zation does not depend upon the tensor product decomposition of L%(R7).

THEOREM 6. Let {d(qy, ..., 4,), (D1, - .., Do)} be a real state, then it is Pauli unique
if, either

(a) it has a real representative ¢(q, ...,q,) and Ey(p?)< oo

or (b) it has a real representative $(p1, <5 Py) and Ey(q®) <co where p* = X%, p}
andg* =37, q7.

Proor. The proof follows exactly the same line as the proof of Theorem 2.
A direct calculation of (i, p%¢) = (¢, p? ¢) yields, for

, n (g \2
'/'(ql’ "'9qn) = exp{lgqb ‘--:qn)} (ﬁ((h, "'rqn)’ ?31 ‘37) = 0 a.e.,
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therefore g is a constant a.e. and {¢, &} is Pauli unique. In a similar manner we
can prove

THEOREM 7. Let A = p*+w(qy, ...,q,), P2 = X%, p?, be a real operator. Then any

real state {b(qy, .--,9,), &:(pl, «eesDp)} With real representative ¢(q,, ...,q,) is Pauli
unique if E,(A4)<oco.

Proor. The proof is the same as for Theorem 3. A similar theorem holds if
A =q¢*+u(p,, ...,p,), and the state has real representative $(p) with E(4) <.
Again we get the important corollary,

COROLLARY. If H = p*2m+- V(q) is a motion-reversal invariant (real) Hamiltonian
operator, then every bound state of H is Pauli unique.

PrROOF. We again note that any bound state of H has a real representative
¢(g) and use Theorem 7.
The complex Gaussian wave functions,

,EI1 @my)~texp{~—(g;— B; 1)*/4y; +ixsq;}

are Pauli unique. The proof of this needs the tensor product decomposition of

L2(Rn).

6. Conclusions and general remarks

A physical meaning for the Pauli problem is obtained if we accept that a quantum
mechanical state results from the application of a certain state preparation
procedure to a certain physical system [5], [2]. In the Pauli problem we try to
determine the particular state that was prepared by that procedure by determining
the momentum and position probability distributions of the prepared state. This
is possible if we assume that the preparation procedure can be repeated an unlimited
number of times so that we obtain the same state on each occasion and thereby
can select subsets of identically prepared states on which the different determinative
measurements can be carried out to any desired degree of accuracy.

With this interpretation our results show that in general it is not possible to
determine uniquely the prepared state by merely determining the momentum and
position probability distributions. In fact there are families of dense subsets of
states that are not Pauli unique and hence any state can be arbitrarily well
approximated, in norm, by a non-unique state. On the other hand, there are states
that are uniquely determined once the expectation values of a finite number of
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observables {f;(p)+g,(q)}¥, are known. In particular it is interesting that the
bound states of any semi-bounded Hamiltonian of the form (p*2m)+V(q) are
uniquely determined by the Pauli data. More specifically the energy eigenstates of
atomic systems are uniquely determined by their momentum and position distri-
butions, if we ignore any effects of spin. Of course this is somewhat artificial
because the eigenstates of an atomic system will not be uniquely determined, in
general, from their momentum and position probability distributions. This raises
a difficulty in those theories of non-relativistic scattering in which the in and out
scattering states are assumed to be determined by their energy and momentum
probability distributions (see, for example [5]).

If we take the state of a quantum mechanical system to be defined by the position
and momentum probability distributions, by analogy with the definition of state
in classical mechanics in which the state is determined by the position and momen-
tum of every particle in the classical system, then we have that the von Neumann
definition of pure state coincides with the classical definition of state for bound
states but not, in general, for scattering states. Expressed more precisely, if we
define a pure PQ-state as the family of rays which satisfy the Pauli data then the
pure PQ-state is equivalent to the pure von Neumann state for all bound states of a
quantum mechanical system but they are not necessarily equivalent for scattering
states.

If we enlarge the class of observables whose expectation values can be used to
determine the state, it is reasonable that the class of states that can be uniquely
determined will be enlarged. In many of the examples of non-uniqueness that we
have produced it is easy to construct functions of p and g that distinguish between
the Pauli partners. Moreover, there is a general method of determining the phase
of a wave function. Let p(q) Ag be the conditional expectation of the momentum p
given that g lies in [¢,g+ Ag), then it has been shown by Moyal [3] that

0= "52,

where ofg) is the phase of the wave function ¢(g). Therefore by carrying out a
sequence of single slit experiments in which the location of the centre of the slit is
varied, but everything else held fixed, we can in principle determine the phase
a(g) to within an additive constant, at least to any desired degree of approximation.
This interpretation of the Pauli problem leads to the following, more general,
analysis. Suppose that we have prepared a state of a given system in the way
described above and we now wish to determine the state by performing a series
of determinative measurements of certain physical observables. Then there are
two questions that naturally arise:
(1) What is the smallest collection of physical observables the determinative
measurement of which determines the experimentally prepared state uniquely ?
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(2) Given a subset of physical observables, which states are uniquely determined

by the determinative measurements of these subsets?

The answers to these questions depends upon what are taken to be physical
observables. In this work we have implicitly assumed that the physical observables
are the kinematical observables, position, momentum, angular momentum
including spin, as well as the energy and any superselected observables that may
appear in the description of the system. For the system of a single one-dimensional
particle the physical observables are p,q but there is no angular momentum. In
higher dimensions we would have to consider also angular momentum.

Finally, we have not discussed the multiplicity question; how many Pauli
partners can a state have ? In order to answer this question we would need to know
what ¢eL2(R) can be simultaneously an eigenfunction for two self-adjoint
operators A(p,q) and B(p,q) that are functionally independent. This question
requires more structure on the class of permissible self-adjoint operators than we
have given here, What we can say is that if ¢ is an eigenfunction of a semi-bounded
self-adjoint operator of the form A(p,q) = f(p)+g(g), then it cannot be an eigen-
function of a self-adjoint operator B(p,q) such that BP0 = ¢iF(p) giGiD) for
some pair of real measurable functions F and G. It should be noted that this is a
question specifically dependent on the fact that we are using differential operators,
as simple examples in finite matrices will easily show.
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Appendix

The results that are needed to construct the non-unique states of Example 2,
Section 3, can be readily obtained from a consideration of the faithful representation
of SL(2,R) as uni-modular 2 x 2 matrices. It is sufficient to give the representation
of the generators J,J_, J; of the Lie algebra of SL(2, R). These generators satisfy

[Jas J+] = J+’ [J3’ J-] =-J, [J+: J—] = 2"3

and all other commutators vanish. We take

01 00 1 0
(g o) =0 o) mao=(} °)
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For any real numbers g, b,c,d the following members of the group SL(2,R) are
singled out,

g(@) =expal,,
8:(b) = expbJ_, (AD)
gi(c-d) = exp(cJ, +dJ).

The following facts can be verified by direct calculations using the given faithful
representation.

LEMMA Al. For strictly positive real numbers K and m the equation

5020 = (K =) (A2

holds only when there exists an integer n such that K = 4n®*mn?, and in this case
s=t=0,

In other words, the equation (A2) only has the trivial solution in the group
SL(2,R), e.e = e, where e is the identity element of SL(2,R), because for all
integers n, gy(dn?mn?, — 1/m) = e.

Let K and m be strictly positive real numbers as before and consider the constants
a =)K/m)t, B = (Km)}; if a#nn for any integer n, we define

s = 28(1—cos o)/sin a,}

t = sin ofa. (A43)

By direct calculation we get

LEMMA A2. Let s,t be defined as in (A3), as nm, then the following identity holds
in SL(2,R),
1
818K~ ) £~ 19) = 5O, a9

As a consequence of these relations in SL(2,R) we have that for any faithful
representation 7 of SL(2,R),

(g eo(— 0% (oK 1)) (A3)

unless a = 0, b = 0 and K = 472 mn?, that is o = 27n, for some integer #; and

w(a(3)) (e(x —5) )= ~5)) - meDret-0) @9
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holds for arbitrary real positive K and m, with « = (K/m)t#n for any integer n,
and s and ¢ given by equations (A3).

In particular, consider the faithful unitary representation U(g) of SL(2,R) on
L2(R) in which the generators of the Lie algebra

Jy=%ig%, J_=-1%ip®, Jy=1ti(gp+pq)

are unbounded skew-adjoint operators with dense common domain S(R). The
equation (A6) takes the form
R :
et/ exp { i ( 2an +§ q2)= e—ist* 1 = gisd®/2 o—ilp?/2, (A7)
But (p?/2m) +(K/2)q* = H(m, K), the harmonic oscillator Hamiltonian for mass m
and constant K, and hence we have shown that for given K, m with (K.m)}+# nm,
and s and ¢ given by (A3)

SHIME) — oisg*/4 o~ilp?/2 eisq’/4’

that is
HIME) = o—isa’/4(is0%/2 p=ilD"/2) gisg®/4

and e*Z(mK) js unitarily equivalent to e*%@ ¢iG(P) with F(g) = sq%2, G(p) = — tp¥/2.
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