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Chapter 1

Introduction

In this chapter, we sketch the contents of this dissertation. These contents will be mostly
concerned with the properties of Dirac kets, Lippmann-Schwinger kets, and Gamow vectors.

Jim looked at the trash, and then looked at me, and back at the
trash again. He had got the dream fixed so strong in his head that he
couldn’t seem to shake it loose and get the facts back into place
again, right away. But when he did get the things straightened around,
he looked at me steady, without ever smiling, and says:

“What do dey stan’ for? I’s gwyne to tell you. When I got all wore
out wid work, en wid de callin’ for you, en went to sleep, my heart
wuz mos’ broke bekase you wuz los’, en I didn’ k’yer no mo’ what
become er me en de raf’. En when I wake up en fine you back agin,
all safe en soun’, de tears come en I could a got down on my knees
en kiss’ yo’ foot I’s so thankful. En all you wuz thinkin ’bout wuz
how you could make a foul uv ole Jim wid a lie. Dat truck dah is
trash; en trash is what people is dat puts dirt on de head er dey fren’s
en makes ’em ashamed.”

Then he got up slow, and walked to the wigwam, and went in
there, without saying anything but that. But that was enough. It
made me feel so mean I could kissed his foot to get him to
take it back.

It was fifteen minutes before I could work myself up to go and
humble myself to a nigger—but I done it, and I warn’t ever sorry for
it afterwards, neither. I didn’t do him no more mean tricks, and I
wouldn’t done that one if I'd a knowed it would make him feel that
way.

Mark Twain, The adventures of Huckleberry Finn
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This dissertation is about the description of Dirac kets, Lippmann-Schwinger kets and
Gamow vectors in Rigged Hilbert Space language. The Dirac kets are the state vectors
associated to any element in the spectrum of an observable. The Lippmann-Schwinger kets
are the eigenkets of the Hamiltonian that are relevant in scattering theory. They correspond
to the monoenergetic “in” and “out” scattering states. The Gamow vectors are the kets
that represent the state vector of a resonance. Our main goal is to show that the Rigged
Hilbert Space is the most suitable formalism to describe these kets. Rather than working in
an abstract fashion, examples shall be used to illustrate this description. The two examples
we shall mainly use are the harmonic oscillator and the square barrier potential.

In this dissertation, no experimental data is discussed. We shall rather focus on the
methods, the ideas and principles in terms of which such data can be interpreted and un-
derstood. We shall use the Schrodinger equation subject to different boundary conditions as
a model for the description of the data. Different boundary conditions upon the Schrodinger
equation will yield Dirac kets, Lippmann-Schwinger kets or Gamow vectors. Although such
a model involves an idealization, this is probably the best way to understand what these
state vectors are.

We should note that the RHS is not an interpretation of Quantum Mechanics, but rather
the most natural, concise and logic language to formulate such heuristic physical concepts
as Dirac kets, Lippmann-Schwinger kets or Gamow vectors.

1.1 A Brief History of the Rigged Hilbert Space

In the late 1920’s, Dirac introduced a new mathematical model of Quantum Mechanics
based upon a uniquely smooth and elegant abstract algebra of linear operators defined on
an infinite dimensional complex vector space equipped with an inner product norm [1].
Dirac’s abstract algebraic model of bras and kets (from the bracket notation for the inner
product) proved to be of great heuristic value in the ensuing years, especially in dealing
with Hamiltonians whose spectrum is continuous. However, there were serious difficulties in
finding a version of linear algebra which could be employed for making the actual numerical
calculations.

The Hilbert space (HS) was the first mathematical idealization proposed for Quantum
Mechanics [2]. However, as von Neumann explains in the introduction to his book [2], the
HS theory and Dirac’s formalism are two different things. Although there were attempts to
realize the Dirac model in Hilbert space, there was a number of serious problems resulting
from the fact that this formalism cannot allocate such things as bras, kets or the Dirac
delta function or give a mathematical meaning to the Dirac basis vector expansion, which
are essential in any physical formulation of Quantum Mechanics that deals with continuous
spectrum. Indeed in his textual presentation [1] Dirac himself states that “the bra and ket
vectors that we now use form a more general space than a Hilbert space” (see [1], page 40).

In the late 1940’s, L. Schwartz gave a precise meaning to the Dirac delta function as a
functional over a space of test functions [3]. This led to the development of a new branch
of functional analysis, the theory of distributions [3].
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About the same time, von Neumann published the theory of direct integral decomposi-
tions of a Hilbert space induced by a self-adjoint operator [4] (also valid for more general
cases). This spectral theory was closer to classical Fourier analysis, and represented an
improvement over former von Neumann’s spectral theory [2].

[. Gelfand always thought that von Neumann’s spectral theory was not the whole story
of the theory of linear operators defined on infinite dimensional vector spaces. Prompted by
the theory of distributions, he and his school introduced the Rigged Hilbert Space (RHS).
Starting out with this RHS and von Neumann’s direct integral decomposition, they were
able to prove the so-called Nuclear Spectral Theorem [5] (also known as the Gelfand-Maurin
Theorem). This theorem provides a more thorough information on the spectral properties
of an operator and treats the continuous and the discrete spectrum on the same footing.

One of the aspects of Dirac’s formalism, the continuity of the elements of the algebra
of observables, was discussed in the early 1960’s in Refs. [6, 7]. If two operators of the
algebra of observables satisfy the canonical (Heisenberg) commutation relation, at least one
of them cannot be continuous (i.e., bounded) with respect to the Hilbert space topology. In
Refs. [6, 7], it is shown that there are subdomains of the Hilbert space that can be endowed
with topologies that make those operators continuous; the largest of these subdomains is
the Schwartz space.

In the 1960’s, some physicists [8, 9, 10] independently realized that the RHS provides a
rigorous mathematical rephrasing of all of the aspects of Dirac’s formalism. In particular,
the Nuclear Spectral Theorem restates Dirac basis vector expansion along with the Dirac
bras and kets within a mathematical theory. Later on, other authors came to the same
conclusion [11]. Nowadays the RHS is textbook material [12, 13, 14, 15, 16, 17, 18].

During the past few years, the RHS has emerged as the natural mathematical language
in the theory of scattering and decay (cf. Refs. [19, 20, 21, 22] and references therein). The
RHS has also proved to be very useful in other areas of theoretical physics such as in the
construction of generalized spectral decompositions of chaotic maps [23, 24]. In fact, it
seems that the RHS is the best known language to deal with scattering and decay in a
consistent way. This is the very reason why we are using it here.

The Schrodinger equation is the dynamical equation that governs the behavior of a
quantum system. Thus any attempt to show that the RHS contains the mathematical
methods needed by Quantum Mechanics should show that the natural framework for the
solutions of the Schrédinger equation is the RHS. We recall that none of Refs. [19, 20, 21, 22]
took the Schrodinger equation as the dynamical equation. The objective of this dissertation
is to obtain the Dirac, Lippmann-Schwinger, and Gamow kets as solutions of the Schrédinger
equation subject to different boundary conditions, and to show that these solutions fall in
the RHS rather than just in the HS [25, 26, 27].

In the end, the results of this dissertation will allow us to draw a very important con-
clusion: the RHS is the natural language to deal with scattering and decay.



1.2 Harmonic Oscillator 5

1.2 Harmonic Oscillator

If the spectrum of an observable is discrete, the mathematical methods of the Hilbert space
are sufficient for the purposes of Quantum Mechanics. However, if the spectrum of an
observable has a continuous part, the mathematical methods of the Hilbert space are not
sufficient, and an extension of these methods is needed.

Physicists use Dirac’s bra-ket formalism in order to handle continuous spectra. Four of
the most important features of this formalism are:

1. To each element A of the spectrum of an observable A, there corresponds a ket |A)
that is an eigenvector of A with eigenvalue A,

AlN) = AN . (1.2.1)
2. A wave function ¢ can be expanded by these eigenkets,’

- :/ A A\ ) (1.2.2)
Spectrum(A)

3. The eigenkets are normalized according to the following rule:
ANy =0(A =)\, (1.2.3)
where 0(A — X') is the Dirac delta function.

4. All algebraic operations such as the commutator of two observables A and B are

always well defined,
[A,B] = AB — BA. (1.2.4)

In Quantum Mechanics, observables are assumed to be represented by self-adjoint, linear
operators defined on a Hilbert space H. If the operator A associated to an observable is
unbounded (which is the most common case in Quantum Mechanics), then A is only defined
on a subdomain D(A) on which A is self-adjoint. In this case, the Hilbert space methods are
not sufficient to make sense of (1.2.1)-(1.2.4). The RHS formalism provides the mathematics
that are needed to make sense of them.
On the other hand, one of the key assumptions of Quantum Mechanics is that the
quantity
(¢, A¢) (1.25)

represents the expectation value of the measurement of the observable A in the state ¢, and
that

ApA = /(p, A20) — (¢, Ap)? (1.2.6)
represents the uncertainty of the measurement of the observable A in the state ¢ (we assume
the wave function ¢ to be normalized to 1). The expectation value (1.2.5) cannot be

'Eq. (1.2.2) is referred to as the Dirac basis vector expansion.
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computed for every element of the Hilbert space H, but only for those ¢ € H that also belong
to D(A). Similarly, the uncertainty (1.2.6) cannot be computed for every element of #, but
just for those ¢ € D(|A]) [28]. If we take as physical states those normalizable functions for
which physical quantities such as the expectation value (1.2.5) and the uncertainty (1.2.6)
can be computed, then it is clear that not every square normalizable function (i.e., every
element of #) can represent a physical state. As we shall see, the natural space of physical
wave functions is a subspace ® of H, because all physical quantities can be computed for
its elements. Further, ® has all the niceties of Dirac’s formalism.

For example, let us consider the harmonic oscillator. The algebra of the harmonic oscil-
lator contains the observables position () and momentum P. These observables are defined
as linear operators over the Hilbert space H, and they fulfill the Heisenberg commutation
relation:

[P,Q] = PQ — QP = —ihl. (1.2.7)
It is well known that Eq. (1.2.7) implies that either P or @) is an unbounded operator. This
implies that either P or () cannot be defined on the whole Hilbert space—they are, in fact,
defined on certain dense subdomains D(P) and D(Q) on which P and @ are self-adjoint.
Therefore, the expression P() — QP is not defined on the whole Hilbert space. Moreover,
since D(P) and D(Q) do not remain stable under the action of P and @), the expression
PQ — QP is only defined on those ¢ € H such that ¢ € D(Q), ¢ € D(P), Py € D(Q) and
Q¢ € D(P). Therefore, the Heisenberg commutation relation (1.2.7) is not defined on the
whole of #, but only on a subspace of it. We recall that Eq. (1.2.7) leads to the Heisenberg
uncertainty relation:

A,P ALQ > g (1.2.8)
Now, if we want the expectation values of H, P and (),
(v, Ap), A=H,PQ, (1.2.9)
the uncertainties of H, P and @,
A,A, A=H,PQ, (1.2.10)

and the Heisenberg uncertainty relation (1.2.8) to be well defined, then the square normal-
izable wave function ¢ must be not only in H, but also in D(P), D(Q), D(H), D(|P]),

D(|Ql), D(|H]).
Hence, a subdomain ® of H where all of the physical quantities (1.2.7)-(1.2.10) can be

computed is needed. Clearly, ® should be stable under the action of P, Q) and H. It seems
that the best candidate for ® is given by the intersection of the domains of all the powers

of P, Q) and H,
o= () DA). (1.2.11)
A:T%:,C%,H

The space in Eq. (1.2.11) is the maximal invariant subspace of the algebra of the harmonic
oscillator. On @, all physical quantities such as expectation values and uncertainties can be
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computed. Algebraic relations such as the Heisenberg commutation relation are well defined
on ®. In particular, the Heisenberg uncertainty principle is well defined on ®.

The spectrum of the Hamiltonian of the harmonic oscillator is discrete, and its eigen-
vectors are square normalizable (actually, they are elements of ®). This means that, as far
as the eigenvectors of H are concerned, there is no need to go beyond the Hilbert space
H. However, the spectrum of the position and momentum observables is continuous, and
coincides with the set of real numbers. Following the prescription (1.2.1), we associate an
eigenvector |p) to each of the elements p of the (continuous) spectrum of P,

Plp) =plp), —oo<p<+oo. (1.2.12)

According to (1.2.2), a wave function can be expanded by these eigenkets,

@ = /+oo dp |p){ple) - (1.2.13)

o0

Obviously, the kets |p) are not in the Hilbert space—a larger linear space is needed to
accommodate them. It happens that those |p) acquire meaning as antilinear functionals
over the space ®. That is, [p) € &, where ®* represents the set of antilinear functionals
over the space ®. Similar considerations hold for the position operator @,

Qlz)y =x|z), |z) e @, —o0o<z<+00. (1.2.14)

o= /+°° do |2)(z]p), e B. (1.2.15)

o0

In this way, the Gelfand triplet
D CHCP™ (1.2.16)

of the harmonic oscillator arises in a natural way. The Hilbert space H comes from the
requirement that the wave functions must be square normalizable. The subspace ® is the
set of physical wave functions, i.e., the wave functions on which any expectation value,
any uncertainty and any commutator can be computed. The dual space ®* contains the
eigenkets associated to the continuous spectrum of the observables of the algebra. These
eigenkets are defined as functionals over the space ®, and they can be used to expand any
¢ € ® asin Eq. (1.2.13) or Eq. (1.2.15).

These ideas will be elaborated in Chapter 3, where the Rigged Hilbert Space of the
harmonic oscillator is constructed.? The harmonic oscillator will be studied from a different
point of view to that used in textbooks on Quantum Mechanics. The standard approach
to the harmonic oscillator is to start out with the (position) Schrédinger realization of the
algebra of operators, i.e., one takes for granted the well-known differential expressions for
@, P and H. From these expressions one derives, for instance, the Heisenberg commutation

ZChapter 3 is a substantial improvement of and an extension to Ref. [29].
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relation. Omne can also derive that the Hamiltonian has a countable number of eigenval-
ues whose corresponding eigenvectors are given by the Hermite polynomials. The above
prescriptions of Dirac’s formalism are also assumed, although it is not mentioned that the
Hilbert space mathematics cannot incorporate them. In this dissertation, we shall not take
for granted the position realization of the algebra of the harmonic oscillator, but rather
derive this realization from algebraic assumptions. We shall just assume some algebraic
relations to be fulfilled by the operators P, () and H, namely the Heisenberg commutation
relation

[P,Q] = PQ — QP = —ihl, (1.2.17)

and the expression of H in terms of P and (),

He lpry 0

1.2.18
2 5 (1.2.18)

We shall make an additional essential assumption: the existence of an eigenvector ¢, of the
energy operator,
Hopo=1/2 hw ¢y . (1.2.19)

From this algebraic starting point, we shall derive first that H possesses a countable number
of eigenvalues hw(n + 1/2), n = 0,1,2,..., corresponding to some eigenvectors ¢,. The
linear space spanned by the ¢, will be called W. This linear space will be equipped with
two different topologies: the usual Hilbert space topology, which generates the Hilbert space
‘H from ¥, and a stronger, nuclear topology, which generates the space ® from W. This
nuclear topology will make the elements of the algebra continuous operators. Once ® is
constructed, we shall construct ®* and therewith the Rigged Hilbert Space of the harmonic
oscillator:

PCHCP”. (1.2.20)

The eigenkets |p) and |z) will be continuous antilinear functionals over ®, i.e., they will be
elements of ®*. The eigenket equations Q|z) = z|z), P|p) = p|p) will find their mathemat-
ical setting as functional equations over ®. The statement of the Gelfand-Maurin Theorem
will be given, which will guarantee the existence of a complete set of generalized eigenvec-
tors of the position and momentum operators. It will be shown that this theorem is the
mathematical statement that justifies the heuristic Dirac basis vector expansions (1.2.13)
and (1.2.15). We shall derive the Schriodinger representation of the harmonic oscillator. In
this representation, the standard expressions for P, () and H in terms of differential oper-
ators will be obtained. The position realization of the RHS (1.2.20) by spaces of functions
and distributions will be also obtained. The space ® will be realized by the Schwartz space
S(R), and ®* will be realized by the space of tempered distributions S(R)*. Thus the
position realization of the RHS (1.2.20) will read

S(R) Cc L*(R) C S(R)* . (1.2.21)

The eigenvectors ¢,, of H will be realized by the Hermite polynomials.
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Therefore, we shall give a proper mathematical framework for the operations that the
physics of the harmonic oscillator seems to need, and we will throw light onto the problem
of how the Schrodinger realization of the algebra of operators of the harmonic oscillator can
be singled out. The important point is that this realization, which is introduced ad hoc in
the literature, can be derived from proper algebraic assumptions within the RHS formalism.

1.3 A Rigged Hilbert Space of the Square Barrier Po-
tential

The fundamental equation of Quantum Mechanics is the Schrodinger equation. Thus, show-

ing that the RHS contains the mathematical methods needed by Quantum Mechanics is tan-

tamount to showing that the natural framework for the solutions of the Schrodinger equation

is the RHS. To show this, we shall use the example of the square barrier potential [25, 26].
The time dependent Schrodinger equation reads as

0
ih—(t) = Hp(t), (1.3.1)
ot
where H denotes the Hamiltonian, and ¢(¢) denotes the value of the wave function ¢ at
time t. Dirac’s formalism solves this equation formally as follows: for each energy E in the
spectrum Sp(H) of the Hamiltonian, there exists a ket |E) that is an eigenvector of H,

H|E) = E|E), E € Sp(H). (1.3.2)

These eigenkets form a complete basis system that expands any wave function ¢ as

o= /dE|E><E|g0> - /dEgo(E)|E>. (1.3.3)

The time dependent solution of Eq. (1.3.1) is obtained by Fourier-transforming the time
independent solution of Eq. (1.3.3),

o(t) = / dE e "B/ p(E). (1.3.4)

If the spectrum of the Hamiltonian has a continuous part, and if the energy E belongs
to this continuous part of the spectrum, then the corresponding eigenket |E) that solves
Eq. (1.3.2) is not square integrable, i.e., |E) is not an element of the Hilbert space. As in
the case of the harmonic oscillator, the Hilbert space cannot handle these non-normalizable
kets, whereas the RHS formalism can.

The main shortcoming of the RHS formalism is that it does not provide a prescription
to construct the spaces ®, ®*, or the eigenkets |E). The general statement of the Nuclear
Spectral Theorem [5] just assures the existence of the eigenkets |E), and assumes the spaces
®, &~ to be given beforehand. Therefore, a systematic procedure to construct the RHS
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of Schrodinger Hamiltonians is needed. The fourth chapter of this dissertation provides
this systematic procedure [25, 26]. In order to make things clear, we shall illustrate this
procedure through the square barrier potential, although the same method can be applied
to a large class of potentials.

The procedure to construct the RHS of the square barrier potential is as follows. First, we
write down the time independent Schrodinger equation in the radial position representation:

(r|H|E) = h{r|E) = B(r|E) (1.3.5)

where h is the following Schrodinger differential operator:

h=———+V(r), (1.3.6)

and

V(ir)y=< W a<r<b (1.3.7)
0 b<r<oo

is the square barrier potential. By applying the Sturm-Liouville theory (Weyl theory) [30]
to the time independent Schrodinger equation (1.3.5), we obtain a domain D(H) on which
the differential operator A is self-adjoint. This domain induces the self-adjoint Hamiltonian
H. The next step is to compute the Green functions (i.e., the resolvent) of H, the spectrum
of H (which in our example is [0, 00)), and the unitary operator U that diagonalizes H. The
operator U allows us to obtain the energy representation of the Hilbert space and the direct
integral decomposition induced by the Hamiltonian. The direct integral decomposition is
not enough for the purposes of Quantum Mechanics. The reasons why the direct integral
decomposition (i.e., the Hilbert space methods) is not enough for the purposes of Quantum
Mechanics are the same as in the case of the harmonic oscillator:

(7) The expectation values and the uncertainties of the Hamiltonian in any physical wave
function should be well defined.

(77) Algebraic operations should be well defined. Since D(H) is not stable under the
action of H, the powers of H are not well defined on all of the elements of 7. Hence, a
subdomain @ included in D(H) that remains stable under the action of H and all of its
powers is needed,

H :®+—&, n=012,... (1.3.8)

(Obviously, if Eq. (1.3.8) holds, then the expectation values and the uncertainties of H in
any ¢ of ® are well defined.)

(#ii) For each E € Sp(H), there is a Dirac ket |E) such that the eigenequation (1.3.2)
and the Dirac basis vector expansion (1.3.3) hold. The kets |E) are defined in terms of the
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eigenfunctions (r|E) of (1.3.5) as
|E): ® — C

© —> (p|E):= /Omm<r|E>dr. (1.3.9)

After realizing that the Hilbert space is not sufficient to account for (i)-(ii), we construct
the RHS
dCHCP (1.3.10)

of the square barrier potential. This RHS accounts for (7)-(7ii), because of the following
reasons:

(1) The space ® is stable under the action of H (this will give (1.3.8)). On the space
®, all algebraic operations involving the Hamiltonian H are well defined. In particular, the
expectation values of the Hamiltonian in any element of ® are well defined. The elements
of ® are represented by well-behaved functions, in contrast to the elements of the Hilbert
space, which are represented by sets of equivalent functions that can vary arbitrarily on any
set of zero Lebesgue measure. As in the example of the harmonic oscillator, we conclude that
not every element of the Hilbert space can be a physically acceptable wave function—only
the elements of ® fulfill all the conditions to be a wave function.

(2) The ket |E), as defined by (1.3.9), is a well-defined antilinear functional on @, i.e.,
|E) € ®*. In the energy representation, |E) acts as the antilinear Schwartz delta functional.
Moreover, |E) is an eigenvector of H as in Eq. (1.3.2). To see this, we have to recall that in
RHS language, Eq. (1.3.2) means that

(HplE) = E{p|E), Voc®. (1.3.11)
The action of H can be extended to the kets |E) in ®* as follows:
(p|H*|E) = (Hp|E), Vo€ @. (1.3.12)

Because H is continuous on ®, the operator H* is a uniquely defined extension of H. Using
the definition (1.3.12), we rewrite Eq. (1.3.11) as

(p|H*|E) = E(p|E), VpeP. (1.3.13)
Omitting the arbitrary ¢ in this equation leads to
H*|E) = E|E), (1.3.14)

which is the same as Eq. (1.3.2). (Note that in Eq. (1.3.14) we have denoted the action of
the Hamiltonian on the ket |E) by H* and not just by H. We shall use this notation in
order to stress that the Hamiltonian is acting on vectors that lie outside the Hilbert space.)

(3) Any element of ® can be expanded in terms of the eigenkets |E) as in Eq. (1.3.3).

From (1)-(3) it follows that, when continuous spectrum is present, the natural framework
for the solutions of the Schrodinger equation is the Rigged Hilbert Space rather than just
the Hilbert space.
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1.4 Scattering off the Square Barrier Potential

The above procedure to construct RHSs of Schrodinger Hamiltonians also shows that the
RHS can incorporate boundary conditions imposed upon the Schrodinger equation:

Schrodinger equation
+ — ®CHCP".
boundary conditions

The Hilbert space H is needed to incorporate the requirement that the wave functions are
square integrable. Moreover, H singles out the scalar product used to compute probability
amplitudes. The space ®* is needed to incorporate the Dirac kets associated with the
eigenfunctions of the time independent Schrodinger equation subject to boundary conditions.
The space ® is needed to incorporate the wave functions on which the Dirac kets act as
continuous antilinear functionals and for which all the algebraic operations and all the
expectation values are well defined.

We are now going to see that the RHS formalism is also able to incorporate the boundary
conditions of a scattering system. In essence, the RHS can accommodate the Lippmann-
Schwinger equation.® To illustrate this, we shall use the example of scattering off the square
barrier potential.

Loosely speaking, we send a beam of prepared initial in-states ¢ towards the square
barrier potential. After the collision takes place, ™ becomes ¢°“*. We then measure the
probability to find a final out-state ¢)°“!. The amplitude of this probability is given by

(wout7 (pout) — ('ll)OUt, S(,Om) 7 (141)

where S is the S-matrix. The canonical understanding is that the initial in-state ¢ and
the final out-state 1°“ are asymptotic forms of the so-called in-state ' and out-state 1)~
in the remote past and in the distant future, respectively. In terms of these, the probability
amplitude (1.4.1) reads

W, e"). (1.4.2)

The asymptotic states ¢ and °“! are related to the “exact” states ¢t and 1~ by the
Mpgller operators,

Q" =t (1.4.3a)
Qo =, (1.4.3b)
It is customary to split up the (total) Hamiltonian H into the free Hamiltonian Hy and the

potential V,
H=H,+V. (1.4.4)

3For a mathematical approach to the Lippmann-Schwinger equation in terms of RHSs of Hardy functions
see Ref. [31].
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The potential V' is interpreted as the interaction between the components of the initial
prepared states, for instance, the interaction between the in-going beam and the target.
The initial in-state ¢ and the final out-state 1)°* evolve under the influence of the free
Hamiltonian Hy, whereas the in-state ¢ and the out-state ¢~ evolve under the influence
of the (total) Hamiltonian H.

Therefore, the dynamics of a scattering system is governed by the Schrodinger equation
subject to certain boundary conditions. These boundary conditions specify what is “in”
and what is “out.” The Lippmann-Schwinger equation for the in- and out-kets |E*) has
those “in” and “out” boundary conditions built into it,*

1

Ef)y=|E)4+ ———
| >|>+E—mik

V|E*). (1.4.5)

Eq. (1.4.5) is an integral equation, and is equivalent to the Schrédinger equation
H*|E*) = B|E*) (1.4.6)

subject to certain boundary conditions. The most important of these boundary conditions
is built into the “infinitesimal imaginary parts” 4ie, which characterize what is “in” (4i¢)
and what is “out” (—ic). We then say that the |E*) are eigenvectors of the Hamiltonian
whose corresponding eigenvalues have an “infinitesimal imaginary part.”

Needless to say, the Lippmann-Schwinger kets |E*) are, mathematically speaking, de-
fined as antilinear functionals. The in-ket |E1) acts on the in-states ¢*, while the out-ket
|E~) acts on the out-states 1)~. Since the eigenvalues of the kets |[E*) have an “infinitesimal
imaginary part,” the wave functions (p*|E™*) and (1)~ |E~) should have meaning not only
for real energies, but also for energies with an “infinitesimal imaginary part.” Mathemat-
ically this means that the wave functions (p*|E™) and (¢)"|E~) should be the boundary
values of analytic functions of the (complex) variable E. The analytical properties satisfied
by the in-ket |E™) (or, equivalently, by the wave function (¢*|E™)) are different to those
satisfied by the out-ket |E~) (or, equivalently, by the wave function (¢)~|E~)). In incorpo-
rating these two different types of boundary conditions into the RHS framework, we will
end up constructing two different RHSs. One RHS corresponds to the in-states pt,

® CHC®, (1.4.7)
while the other RHS corresponds to the out-states 1,

&, CHC®]. (1.4.8)
The Lippmann-Schwinger kets belong to the dual spaces of these RHSs,

|E*) € ®%. (1.4.9)

‘In Eq. (1.4.5), the symbol |E) denotes an eigenket of the free Hamiltonian Hp, not the eigenket of the
total Hamiltonian of Eq. (1.3.9).
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The wave functions ¢* are usually called in-states, whereas the wave functions ¢~
are called out-states. Occasionally, we shall call the 1)~ observables (or out-observables),
because they are determined by the registration apparatus. In order to grasp the meaning
of this terminology, let us consider the matrix element (¢~, ™). This scalar product is the
amplitude of the probability to observe the out-state ¢~ in the in-state o,

Potp- = |0, )2 (1.4.10)

Since ¢~ is determined by the property that we want to measure, it stands to reason that
we call it observable and denote it by a specific symbol. In order to stress the distinction
between states and observables, the probability (1.4.10) may be written as

Pt p- = Tr(Py-W,), (1.4.11)

where Tr stands for trace and
W+ = o)™, (1.4.12)
Py = o). (1.4.13)

The Lippmann-Schwinger equation will be studied in Chapter 5 within the example of the
square barrier potential. We shall first write Eq. (1.4.5) in the radial position representation,

1

(r|E*) = (r|E) + Wm

V|EF). (1.4.14)
Next, we shall obtain the Lippmann-Schwinger eigenfunctions (r|E*). The continuation of
these eigenfunctions to complex values of the energy, that we denote by (r|(E & ie)*), will
be used to define the action of the Lippmann-Schwinger kets:

(pT|ET) = li—%/ooo dr{etIr)(r|(E+ie)*), ¢ted | (1.4.15a)
(| E-) = g%/ooo dr (|| (B — i)™), o € B, . (1.4.15D)

This definition needs a comment. The action of the Lippmann-Schwinger kets is defined
as the limits in Eq. (1.4.15) in order to keep track of the +ie boundary conditions. The
+ie boundary conditions just mean that we are approaching the cut (i.e., the spectrum of
H) either from above (+i€) or from below (—ie). Therefore, the action of the Lippmann-
Schwinger kets |E*) should be viewed as the limit of the integrals in Eq. (1.4.15) when ¢
tends to 0.

The conditions under which the ket (1.4.15a) is well defined are in general different to
those under which (1.4.15b) is well defined. Since these conditions determine the space of
wave functions on which the kets act, the space ®_ on which the in-ket |ET) acts is different
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from the space ®, on which the out-ket |E~) acts. Although the precise form of the spaces
®_. will not be given, we shall provide a list of necessary conditions that must be satisfied
by the elements of ®.. For the sake of definiteness, we shall assume sometimes that those
spaces are, in the energy representation, subspaces of spaces of Hardy class (see also [31]).

Once the Lippmann-Schwinger kets are constructed, the complex basis vector expansions
of the states ¢ and of the observables 1)~ follow:

pt = /OOO dE |ET)(TElp™), (1.4.16a)
Y= /OOO dE|E~)Y("Ejp). (1.4.16b)

We will also construct the Moller operators and the S-matrix, and express the matrix element
(1.4.2) in terms of the in- and out-Lippmann-Schwinger kets,

(") = / "B (| EVS(E) (" Elet). (1.4.17)

This expression will be used later to derive the complex basis vector expansion generated
by the Gamow vectors.

We remark that the RHS (1.3.10) was called ¢ RHS of the square barrier potential and
not the RHS of the square barrier potential, because different boundary conditions upon
the Schrodinger equation yield different RHSs for the same potential. The space ® of
Eq. (1.3.10) is neither @, nor ®_, because ® incorporates neither the “in” nor the “out”
boundary conditions of the scattering off the square barrier potential [32].

1.5 The Gamow Vectors of the Square Barrier Poten-
tial Resonances

The Gamow vectors are the state vectors of resonances. They are defined as eigenvectors
of the Hamiltonian with a complex eigenvalue. The description of the Gamow vectors, im-
possible in the Hilbert space, can be accomplished within the RHS formulation of Quantum
Mechanics.

Experimentally, resonances often appear as peaks in the cross section whose shape resem-
ble the well-known Breit-Wigner distribution. The Breit-Wigner distribution has two char-
acteristic parameters: the energy Egr at which the distribution reaches its maximum, and
its width 'y at half-maximum. The inverse of I is the lifetime of the decaying state [33].
The peak of the cross section with Breit-Wigner shape is related to a first-order pole of the
S-matrix in the energy representation S(FE) at the complex number zgr = Er —il'g/2. The
theoretical expression of the cross section in terms of S(F) fits the shape of the experimental
cross section in the neighborhood of Eg. This is why the first-order pole of the S-matrix is
often taken as the theoretical definition of a resonance.
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Although a resonance has a finite lifetime, it is otherwise assigned all the properties
that are also attributed to stable particles, like angular momentum, charge, spin, parity and
other particle labels. For example, consider [34] the bombardment of stable Pb?°® nuclei by
a beam of « particles whose energy is peaked around 5.4 MeV. The cross section for a+Pb?%
scattering has an incredibly sharp resonance whose width is of the order of 107! eV. For
times (after the a+Pb?® scattering has taken place) much less than 138 days, there will
be nuclei in the target that have all the chemical and physical properties associated with
the atomic numbers Z = 84, A = 210, and we call these nuclei Po?'°. The probability
to find Po?! is not stationary, however, but decreases exponentially with a characteristic
decay time of 138 days. For times short compared to 138 days, Po?'? is to all intends an
atomic nucleus. In fact, we include it (and the rest of unstable nuclei) in the periodic table
of elements along with the stable nuclei.

In particle physics the situation is the same (cf. for instance [35]). Unstable particles are
listed along with the stable ones in the Particle Data Table [36] and attributed values for the
mass, the spin and the width (or lifetime). Thus, stable particles differ from the unstable
ones by the value of their width, which is zero in the case of stable particles and different from
zero in the case of unstable ones. Hence, phenomenologically, unstable particles are not less
fundamental than the stable ones, which are, according to current experimental evidence,
only the proton, the electron, the photon, the neutrinos and possibly the graviton.

Theoretically, stable and unstable particles are usually treated on a different footing.
The reason is that an unstable particle, unlike a stable one, cannot be described within the
Hilbert space formalism. However, there are some theoretical models that treat stable and
unstable particles on the same footing. For instance, in the eightfold way of Gell-Mann and
Ne’eman [37] many multiplets contain both stable and unstable particles—no fundamental
distinction between stable and unstable particles is made.

Because resonances are particles with a finite lifetime—not just peaks in the cross
section—a state vector description for resonances is needed. The Gamow vectors are the
natural state vectors of resonances [27]. The description of resonances by Gamow vectors
allows us to interpret them as autonomous experimentally decaying physical systems.

The energy eigenfunction with complex eigenvalue was originally introduced by Gamow
in his paper on a-decay of atomic nuclei [38], and used thereafter by a number of authors
(see for example, Refs. [39, 40, 41, 42, 43| and references therein). The real part of the
complex eigenvalue is associated with the energy of the resonance, and the imaginary part is
associated with the inverse of the lifetime. The Gamow eigenfunctions have an exponentially
decaying time evolution, in accordance with the exponential law observed in a decay of
radioactive nuclei [44, 45, 46, 47]. The Gamow eigenfunctions are obtained as solutions of
the Schrodinger equation subject to the purely outgoing boundary condition. This condition
was introduced by Siegert [48].

Gamow’s treatment is merely heuristic though, and it cannot be made rigorous in the
Hilbert space theory, because self-adjoint operators on a Hilbert space can only have real
eigenvalues. Recall however that Dirac’s bra-ket formulation of Quantum Mechanics was
also heuristic and without mathematical justification until the RHS formulation of Quantum
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Mechanics was suggested [8, 9, 10]. During the past few years, it has become clear that
the RHS mathematics also asserts the legitimacy of Gamow’s proposition (cf. Refs. [19, 20,
21, 22] and references therein). In RHS language, the Gamow vectors are eigenvectors of
the dual extension of the self-adjoint Hamiltonian. This extension can surely have complex
eigenvalues.®

A complementary approach to resonances started with Breit and Wigner, who described
a resonance by means of the Breit-Wigner distribution [50]. (Curiously enough, this distri-
bution had been independently introduced five years earlier by Fock [51].) Now, if a vector
is to obey the exponential decay law and also to correspond to the Breit-Wigner distribu-
tion, then this distribution must be nonzero over the full energy real line (see Ref. [52] and
references therein). Because the spectrum of the Hamiltonian is bounded from below, say
[0,00), the Breit-Wigner distribution then has to be defined also at energies that do not
belong to the physical spectrum [52]. This seems to imply that the exponential decay law
is incompatible with the Breit-Wigner distribution, because the Breit-Wigner distribution
leads to the exponential law only when is defined over the full energy real line (—oo,c0)
rather than just over the physical spectrum [0, 00). However, it has been shown that even
though the spectrum of the Hamiltonian is [0, 00), the Breit-Wigner distribution can be
defined on the full energy real line by means of RHSs of Hardy functions [20], and hence the
Breit-Wigner distribution yields the exponential law. The essential ingredient to do so is the
so-called van Winter’s theorem [53]. This theorem allows us to piece together the physical
spectrum, which coincides with [0,00), and the support of the Breit-Wigner distribution,
which coincides with (—o0, c0).

Thus, there are two ways of describing a resonance: the Gamow vectors, which are
eigensolutions of the Schrodinger equation subject to a purely outgoing boundary condition,
and the Breit-Wigner distribution, which arises from the resonance pole of the S-matrix. It
is the major goal of this dissertation to show that the energy representation of the Gamow
vectors is given by the Breit-Wigner distribution. The square barrier potential will be used
to illustrate this point.

The Gamow vectors of the square barrier potential will be constructed in Chapter 6.
The Gamow eigenkets will be defined as the solutions of a homogeneous integral equation
of the Lippmann-Schwinger type. If we denote the Gamow ket associated to the complex
energy zr = Er —il'r/2 by |zy), then |z) satisfies the following integral equation:

1

—V|zp). 1.5.1
T H 0 (1.5.1)

2r) =

This equation was introduced (in a different language) by A. Mondragén® et al. in Ref. [40].
It is well known that the poles of a scattering system come in pairs, i.e., if zp = Ep —il'g/2

SEigenvectors of the dual extension of self-adjoint operators with complex eigenvalues in the RHS were
systematically studied for the first time in the reduction of SO(2,1) with respect to its noncompact sub-
group [49].

T am indebted to Prof. Alfonso Mondragén for his careful and patient explanations on Eq. (1.5.1).
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is a pole of the S-matrix, then zj, = Er +il'g/2 is also a pole of the S-matrix. The Gamow
vector associated to the pole z} is denoted by |z},7), and satisfies the following integral
equation: X
*t\ x4

|25") = o Hy = i0V|ZR ). (1.5.2)
In Chapter 6, we will solve the integral equations (1.5.1) and (1.5.2) in the radial position
representation. In this representation, these integral equations are equivalent to the time
independent Schrodinger equation subject to a purely outgoing boundary condition. The
resonance spectrum is then singled out by this purely outgoing boundary condition. As
we shall see, this is the same resonance spectrum as that defined by the poles of the S-
matrix [27]. The Gamow kets will be shown to be generalized eigenvectors of the Hamiltonian

with complex eigenvalues:

H*|zp) = zrl2g) |zg) € @1, (1.5.3a)
H*|zpty = 25250, |2n") € . (1.5.3b)

Next, we shall compute the energy representation of these Gamow vectors. We shall consider
two energy representations. One energy representation will be associated to the physical
spectrum, which is [0, c0) in our example. The other energy representation will be associated
to the support of the Breit-Wigner distribution, which is (—o0, 00). We will show that the
[0, 00)-energy representation of the Gamow vectors is the complex delta function, and that
its (—o0, 00)-energy representation is given by the Breit-Wigner distribution.

Once the Gamow kets are constructed, we shall see that their time evolution is governed
by a semigroup [20]. More precisely, we shall see that the time evolution of |z3) can be
defined only for positive values of time, whereas the time evolution of |25™) can be defined
only for negative values of time:

e TR o) = eTiERR| 1) = e T ERIBe=TRL/2N) |10 for ¢ > 0 only, (1.5.4a)
+

e U R g Y = eI g2 t) = eTiER/RETRI/CR) | 2 FY  for t < 0 only. (1.5.4b)

Therefore, the Gamow vectors that we shall construct have all the properties that are
demanded from a resonance state:

1. They are eigenvectors of the (dual extension of the self-adjoint) Hamiltonian with
complex eigenvalues. These eigenvalues are also poles of the S-matrix.

2. They correspond to the Breit-Wigner amplitude in the (—oo, +00)-energy representa-
tion.

3. Their time evolution is governed by a semigroup, and obeys the exponential decay
law.

The Gamow vectors will be used also as basis vectors. The expansion generated by
the Gamow vectors will be called the complex basis vector expansion. We shall see that
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the Gamow vectors do not form a complete basis system. An additional set of Dirac kets
corresponding to the energies that lie in the negative real axis of the second sheet of the
Riemann surface will be added to complete them. As we shall see, the expansion of an
in-state o™ € ®_ reads
—0 00
ot = / |E7)YS(E){(TE|pt)dE — 27ri2rn|z7;>(+zn|g0+> , (1.5.5)
0 n=0
where 2, = E,, —il',,/2 represents the n-th resonance energy of the square barrier potential,
and 7, represents the residue of the S-matrix S(E) at z,. In Eq. (1.5.5), the infinite sum
contains the resonances contribution, whereas the integral is associated to the background.
As we said above, the Gamow vectors have a semigroup time evolution. This semigroup
time evolution expresses the time asymmetry built into a decaying process. Some authors
such as Fonda et al. [52], Cohen-Tannoudji et al. [54], or Goldberger and Watson [55] have
called this time asymmetry the irreversibility of a decaying process. In recent years, many
authors using various languages have claimed that time asymmetry is a feature of the time
evolution of any closed quantum systems (not just of a resonance process). For instance,
Gell-Mann and Hartle have introduced the time asymmetry of closed quantum systems in
terms of decoherence histories [56]. Haag uses the concept of event [57]. Bohm, Antoniou,
and Kielanowski use the preparation-registration arrow of time [58]. Although we shall not
discuss time asymmetry in this dissertation, we would like to mention that, for this author,
the time asymmetry of a closed quantum system is built into the propagators (for more on
this see Ref. [32], where the arrow of time of Quantum Electrodynamics is discussed).

1.6 Time Reversal

We shall also study how the time asymmetry of the resonances behaves under the action of
the time reversal operator [59]. In order to do it, we shall apply the time reversal operator
to the Gamow vectors. Essentially, we will show in Chapter 7 that the so-called “growing”
Gamow vector is really the time reversed of the so-called “decaying” Gamow vector [60].
We shall also study more exotic possibilities, which are based on the work by Wigner.

When constructing projective representations of the Poincaré group extended by time re-
versal and parity, Wigner [61, 62] found that there are four possibilities. Three of these possi-
bilities imply a doubling of the space supporting the representation. Later on, J. F. Carinena
and M. Santander” studied the projective representations of the Galilei group extended by
time inversion and parity [63]. They also found four possibilities for the case with mass.
As in the relativistic case, the standard case does not yield a doubling of the space that
supports the representation, whereas the other three possibilities do yield a doubling.

Based on the work by Wigner [61, 62], Bohm has tried to find a meaning to the doubling
of spaces [64]. In Chapter 7, we shall construct this doubling explicitly for one of the
non-standard time reversal operators in the nonrelativistic domain.

I thank Professor M. Santander for making me aware of his paper with Professor J. F. Carifiena and
for his explanations on it.
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1.7 Synopsis

The organization of this dissertation is as follows:

In Chapter 2, we review the mathematical methods of the Rigged Hilbert Space. The
algebraic structures (linear spaces), the topological structures (topological spaces), and their
combinations (linear topological spaces) are introduced in a pedestrian way. The countably
Hilbert spaces, which are the class of linear topological spaces almost exclusively used in
Quantum Mechanics, are studied in more detail. At the end of Chapter 2, the Hilbert space
mathematical methods used in this dissertation are presented.

In Chapter 3, we construct the RHS of the harmonic oscillator.® This system is stud-
ied from a different point of view to that used in Quantum Mechanics textbooks. Instead
of assuming that the position and momentum operators are given by the multiplication
and derivative operators, we shall make three simple algebraic assumptions: the Heisen-
berg commutation relation, the expression of the Hamiltonian in terms of the position
and momentum operators, and the existence of an eigenvector of the Hamiltonian. From
these algebraic assumptions, we shall construct the RHS of the harmonic oscillator and the
Schrodinger representation of the algebra of the harmonic oscillator.

In Chapter 4, we construct a RHS of the square barrier Hamiltonian by means of the
Sturm-Liouville theory. This theory provides the direct integral decomposition of the Hilbert
space. From this direct integral decomposition, we shall construct the RHS.

In Chapter 5, we turn to the description of the Lippmann-Schwinger equation within the
RHS formalism. First, the Lippmann-Schwinger eigenfunctions will be computed. We shall
define the Lippmann-Schwinger eigenkets in terms of the Lippmann-Schwinger eigenfunc-
tions and see that they are defined on different spaces of wave functions. The Lippmann-
Schwinger kets will be used as basis vectors to expand the wave functions. As well, the
Moller operators and the S-matrix are explicitly constructed.

In Chapter 6, we construct the Gamow vectors of the square barrier resonances. First,
we compute the resonance energies as poles of the S-matrix. The integral equation of
A. Mondragon et al. for the Gamow vectors will be translated into the RHS language. The
Gamow eigenfunctions in the position representation are obtained as the solutions of the
time independent Schrodinger equation subject to the purely outgoing boundary condition.
These eigensolutions will be associated to certain eigenfunctionals (Gamow kets). The
[0, 00)-energy representation of the Gamow eigenfunction will be related to the complex
delta function, and the (—o0,00)-energy representation of the Gamow eigenfunction will
be related to the Breit-Wigner amplitude. The semigroup time evolution of the Gamow
vectors will also be computed. The Gamow vectors will be used as basis vectors. We
shall see that the Gamow vectors do not form a complete basis—an additional set of kets
needs to be added in order to obtain a complete basis. The time asymmetry of the purely
outgoing boundary condition will be disclosed. To finish the chapter, we shall elaborate on
the exponential decay law of the Gamow vectors.

In Chapter 7, we study the behavior of resonances under the time reversal operation. We

8This chapter is a substantial improvement of and an extension to Ref. [29].
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shall study the standard time reversal operator and also a non-standard one, which yields
a doubling of the RHS.






Chapter 2

Mathematical Framework of
Quantum Mechanics

In this chapter, we review the mathematical methods of the Rigged Hilbert Space. The
algebraic structures (linear spaces), the topological structures (topological spaces), and their
combinations (linear topological spaces) are introduced in a pedestrian way. The countably
Hilbert spaces, which are the class of linear topological spaces almost exclusively used in
Quantum Mechanics, are studied in more detail. At the end of this chapter, the Hilbert
space mathematical methods used in this dissertation are presented.

They rushed down the street together, digging every-

thing in the early way they had, which later became so much
sadder and perceptive and blank. But then they danced down
the streets like dingledodies, and I shambled after as I’ve been
doing all my life after people who interest me, because the
only people for me are the mad ones, the ones who are mad to
live, mad to talk, mad to be saved, desirous of everything at
the same time, the ones who never yawn or say a commonplace
thing, but burn, burn, burn like fabulous yellow roman can-
dles exploding like spiders across the stars and in the middle
you see the blue centerlight pop and everybody goes
“Awww!”.

Jack Kerouac, On the road
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2.1 Linear Spaces

2.1.1 Introduction

There are some major principles in Quantum Mechanics that seem to come from experi-
mental data. Among them, there are the linear superposition principle and the probabilistic
nature of Quantum Mechanics. These two principles suggest that the mathematical ideal-
ization of Quantum Mechanics should include a linear space ¥ with a scalar product (-, -)
defined on it. Then (¥, (-, -)) will be our primary mathematical object.

2.1.2 Linear Spaces and Scalar Product

A linear space ® is a set of elements ¢, 1, ¢, ... which is assigned an algebraic structure that
is a generalization of certain aspects of the three-dimensional real space R®. The elements,
also called wvectors, are defined to obey rules which are well-known properties of vectors in
R%. The vector spaces which we use are in general not three-dimensional, but can have any
dimension N, often infinite, and are defined, in general, over the complex numbers C rather
than over the real numbers R. There are two algebraic operations, the addition of vectors
and the multiplication of a vector by a scalar. The rules for these operations that define the
vector space are similar to those in R?.

Definition A linear space (also called vector space) ® over the complex numbers C is a
set of elements ¢, ¥, ¢,... for which the sum ¢ + ¢ of any two elements ¢, and the
multiplication by a complex number A € C, A\, are defined and are elements of ®, and
have the following properties

(VS1) o+ =v+e, Yo ihec@; (
(@+)+o=0+ W +p), Vo, p€P; (
There exists a 0 € ® such that 0+ p =, Vo€ ®; (
V¢ € ® there exists 1) € ® such that ¢ + ¢ =0 (we write p = —p); (2.1.4
(M) = Alpp), VA ueC, Vo e ®; (
A+we=rp+up, YApueC, Vo€ @; (
Me+0) = Ao+ M), VAEC, Vo, € ®; (
(VS8) lp=¢p, Vped. (2.1.8

)
)
)
)
)
)

From these, it follows that the zero element is unique and that, for each ¢ in ®, the
element —¢ is unique; moreover, 0p = 0 and (—1)p = —¢p for all ¢ in @ and A0 = 0 for all
A in C. A linear space over the field of real numbers can be described in exactly the same
way with the word “real” substituted for the word “complex.” The spaces that we shall use
in Quantum Mechanics will have additional properties besides (2.1.1)-(2.1.8).

A subset S in a linear space ® is called a subspace of ® if S is a linear space under
the same definitions of the operations of addition and multiplication by a number inherited
from @, i.e., if it follows from ¢, 9 € S and o € C that ap € S and p+ ¢ € S.
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An expression of the form A\ + Ao + -+ + A\, where the X's are in C and the ¢’s
in ®, is called a linear combination of the vectors ¢, s, ..., ¢,. The vectors ©1, o, ..., P,
are said to be linearly dependent if there exist numbers ay, as, . . ., ay,, not all zero, for which
a1y + s + - - - + i, = 0. If the equation ay o) + asps + - - - + a0, = 0 holds only for
ap = ay = --- = a, = 0, then the vectors @1, vs,..., ¢, are called linearly independent. A
space ® is said to be finite dimensional or, more precisely, n-dimensional if there are n and
not more than n linearly independent vectors in ®. If the number of linearly independent
vectors in ® is arbitrarily large, then @ is said to be infinite-dimensional. Every system of
n linearly independent vectors in an n-dimensional space ® is called a basis for ®.

If p1,09,..., 0, is a basis for an n-dimensional space ® and ¢ is an arbitrary vector in
@, then ¢, 1, ©q,...,p, are linearly dependent, so that

ap + a1 + agps + -+ app, =0, (2.1.9)

for some a, ay, as, ..., a, not all zero. Then a # 0, for otherwise we should have
apr + e+ oppn =0, (2.1.10)
where oy, aq, ..., q, are not all zero, which contradicts the supposition that the vectors

©1, ..., pp are linearly independent. But, if a # 0, it follows from (2.1.9) that

p=&p1+&p2t+ -+ Ean, (2.1.11)

where §; = —«; /. This representation of the element ¢ is unique. Thus, every vector ¢ in an
n-dimensional space ® can be uniquely represented in the form (2.1.11), where ¢y, ..., @, is
a basis for ®. The numbers &, ..., &, are called the coordinates of the vector ¢ relative to the
basis ¢1, ..., p,. Notice that when the vectors are added, their corresponding coordinates
relative to a fixed basis are added and, when a vector is multiplied by any number, all the
coordinates are multiplied by that number.

Clearly the vectors d, [_)’, ... in the three-dimensional space R? fulfill the relations (2.1.1)-
(2.1.8). The set of complex infinitely differentiable continuous functions which vanish rapidly
at infinity (called the Schwartz space) also fulfills these relations. One often says that the
abstract vector space structure defined by the above rules is realized by other mathematical
objects, if these objects appear to us more “real” than the “abstract” vectors. Thus if
one feels more familiar with functions one may prefer the “realization” of ® by a space of
functions over the space ® itself.

In physics, the abstract mathematical objects are realized by objects with a physical
interpretation. Thus, a physicist’s realization of a linear space is not by other more familiar
or more interesting mathematical objects, but by physical objects. In particular, in quantum
physics, the elements of the space ® will be the mathematical images of pure physical states
which will be called state vectors. Thus, a vector structure is “realized” by a concrete space
whose elements are interpreted as the physical states of a quantum system.

For the purposes of Quantum Mechanics, a linear space is a set with very little math-
ematical structure. We will equip it with another structure by defining a scalar product.
This notion is again a generalization of the dot product in R?.
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Definition A linear space is called a scalar product space (or Euclidean space or pre-Hilbert
space) if for each pair of vectors ¢, 1 € ® we can define a complex number (¢, ) satisfying
the following properties:

(SP1) (p,9) = (¥, ) Yo, € @ (the overline denotes complex conjugation), (2.1.12)

(SP2) (@, anpy + B) = alp, ) + Ble,v2), Vo, U1, € @, Va,B€C, (2.1.13)
(SP3) (¢,¢) >0, and (p,9) =01iff p =0. (2.1.14)

This function is called a scalar product and (p,1) is called the scalar product of the
elements ¢ and .

The usual scalar product in R?, (@, b) = @-b clearly fulfills the conditions (2.1.12)-(2.1.14)
with all numbers being real instead of complex.

As in R, one calls two vectors ¢ and 1 orthogonal if

(p,1) =0. (2.1.15)

With the scalar product defined by (2.1.12)-(2.1.14) one defines the norm ||¢|| of a vector
p by

loll = +v/ (@, ). (2.1.16)
The norm of a vector is an extension of the notion of length of a vector in R*. For any
vector 1 different from the zero vector one can always define a vector ¢ = /|||, which
has the property ||¢|| = 1 and which is called a normalized vector.

Sometimes one needs in a vector space a more general notion than the scalar product,
the bilinear Hermitian form.

Definition A complex-valued function h(p, 1)) of two vector arguments is a Hermitian form
if it satisfies

h(p, ) = h(y, ), (2.1.17)
hp,ap) = ah(p,¥), (2.1.18)
her +@2.0) = h(en,¥) + h(pz, ) (2.1.19)
If in addition A satisfies
h(g, ) >0 (2.1.20)

for every vector ¢, then h is said to be a positive Hermitian form. A positive Hermitian form
is called positive definite if from h(p, @) = 0 it follows that ¢ = 0. Thus a Hermitian form
fulfills (2.1.12) and (2.1.13), but not the condition (2.1.14) for a scalar product. However, a
positive definite Hermitian form is a scalar product.

Positive Hermitian forms, which are not necessarily scalar products, satisty the Cauchy-
Schwartz- Bunyakouvski inequality:

|h(p, ) [> < hlg, ©)h(1h, ). (2.1.21)



28 2 Mathematical Framework of Quantum Mechanics

If h is positive definite, equality holds iff ¢ = a) for some a € C.
Sometimes we have different realizations of the same algebraic structure. In these cases,
the spaces are, from an algebraic point of view, the same.

Definition An isomorphism between two algebraic structures A and B is a one-to-one
correspondence between the sets A and B (i.e., to every a € A there corresponds exactly
one b € B and vice versa: a <> b), which preserves the algebraic operations.

For example, two linear scalar product spaces ® and ¥ are isomorphic if there exists a
mapping f : & — ¥ which is one-to-one and onto and that fulfills

flap+py) = af(p)+Bf(Y), Va,BeC, Vp,vc®, (2.1.22)
@ ¥)e = (fl),fW)e, YV,p,0e@, (2.1.23)

i.e., f preserves the sum, the multiplication and the scalar product. Isomorphic scalar
product spaces (and in particular Hilbert spaces) are also called isometric. It often happens
that two scalar product spaces are isomorphic as vector spaces, i.e., there is a one-to-one
correspondence which fulfills (2.1.22), but are not isomorphic as scalar product spaces, i.e.,
the correspondence does not fulfill (2.1.23).

2.1.3 Linear Operators

Vectors in R?® can be transformed into each other. One example is the rotation R of a vector
@ into a vector b = Rd. In analogy to this, one defines transformations or linear operators
on a vector space ®. A function A, A: P — &, that maps each vector ¢ in a vector space
® into a vector ¢ € ®, Ap = 1), is called a linear operator if for all o, € ® and o € C it
fulfills the conditions

Alp+v) = Ap+ Ay, (2.1.24)
Alap) = aAyp. (2.1.25)

An operator is called antilinear if it fulfills
Alayp) = aAyp (2.1.26)

instead of (2.1.25), where @ is the complex conjugate of «.

For two operators defined on the whole space ®, the operations of addition A + B,
multiplication by a complex number azA, and multiplication AB, are defined in the following
way:

(A+ B)p := Ap+ By, (aA)p = a(Ayp), (AB)yp := A(Byp), (2.1.27)

for all ¢ € ®. It is easily verified that A + B, «A and AB are linear operators defined on
the whole space ® if A and B are linear operators defined on the whole space ®. In finite
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dimensional spaces with a topology (linear topological spaces defined in Section 2.3) there is
a large class of operators that can be defined on the whole space, the continuous operators.
In general this is not the case and the definition of A+ B and AB is more complicated and
involves questions on the domains and on the ranges of the operators.

For every linear operator A defined on the whole space ®, one can define an operator
A" on the elements 1 in @ for which

(Afeh, @) := (1, Ap), Vo€ ®. (2.1.28)

The operator A' is called the adjoint operator of A. An operator for which A" = A is called
self-adjoint or Hermitian.*

In the general case, an operator A need not to be defined on the whole space ® but only
on certain subset D(A) of ®.

Definition Let ®, ¥ be two linear spaces and let D(A) be a subspace of ®. A mapping
A:D(A) C & — W is called a linear operator if

Alog + By) = adp + BAY, Ya,f € Cand Ve, € D(A), (2.1.29)
and is called an antilinear operator if

Alop + By) =aAp + A, Ya,f€Cand Ve, € D(A). (2.1.30)
D(A) is the domain of A and R(A) = {Ap| ¢ € D(A)} C ¥ is the range of A.

Let A;: ® D D(A;) - ¥ (i = 1,2) be two linear operators with domains D(A;). Then
Aj + A, is a linear operator with domain D(A;) N D(Ay) defined as

(A1 + A2) () := Arp + Azp (2.1.31)
for every ¢ in D(A;) N D(Ay). In the same way, aA; is the operator defined on D(A4;) as
(@di)(¢) = adip (2.1.32)
for each ¢ € D(A;). The product of A; and A, is defined as
(A142) () = A1 (A29) (2.1.33)

for the vectors ¢ in ® such that ¢ is in D(As) and Ay is in D(A;). With these operations
of addition and multiplication by scalars, the set of all linear operators mapping ® into ¥
form a vector space.

'We will usually use the term Hermitian if we do not want to distinguish between the mathematically
precisely defined notions self-adjoint, essentially self-adjoint, and symmetric. We will present all these
concepts in Section 2.5 along with the precise definition of the adjoint operator.
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Of special interest are the zero operator, denoted 0, and the unit operator or identity
operator, denoted I, which are defined by

0p =0, I =, (2.1.34)

for every ¢ € ®. Note that 0 on the left side of the first equation is the zero operator, while
0 on the right is the zero vector in (2.1.3).

The definition of linear operators was inspired by the properties of transformations on
the three-dimensional space. Linear operators on a vector space ® may be thought of
as analogous to transformations on the three-dimensional Euclidean space, but they can
also have other physical interpretations. In particular, in quantum physics they represent
physical observables.

Very important notion for quantum physics is that of an eigenvalue and an eigenvector
of an operator in a vector space.

Definition A nonzero vector 1) € ® is called an éigenvector of the linear operator A if
Ay =\ with AeC (2.1.35)

A is called the eigenvalue of A corresponding to the eigenvector .

For a given operator A, there may be many (perhaps infinitely many) different eigen-
vectors with different eigenvalues. There may also be n (finite or infinite) many different
eigenvectors with the same eigenvalue A. In this case, A is called n-fold degenerate. In a
finite dimensional space every linear operator (matrices) has at least one eigenvector. In
an infinite dimensional space this is in general not fulfilled. For instance, the operator
differentiation —i% defined on the Hilbert space L?(R) has no eigenvector belonging to
L*(R).

If A is a Hermitian operator defined on a scalar product space, then eigenvectors and
eigenvalues have the following properties:

1. All eigenvalues are real.

2. If ¢y and @9 are eigenvectors of A with eigenvalues A; and \s, respectively, and if
A1 # Ay, then ¢ and @, are orthogonal to each other, i.e., (¢1, p2) = 0.

In quantum physics, an operator represents an observable of a physical system. Its eigen-
values then represent the numbers which are obtained in a measurement of this observable.

In the finite dimensional case (and in some special infinite dimensional cases), the eigen-
vectors of a Hermitian operator can be used to expand any state (wave function) in terms of
them. In the infinite dimensional case, this expansion will need the concept of a generalized
eigenvector and a generalized eigenvalue (see Section 3.5).

Definition An operator B is called the inverse of an operator A if BA = AB = I. The
operator B is denoted by A~!.
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A linear operator U is called a unitary operator if UTU = UUT = I.

Because of the definition of the inverse operator, one can define a unitary operator also
by the condition UT = U~!. It is worthwhile noting that not every operator has an inverse.
Another important notion is that of the commutator of two operators.

Definition Let A and B be two operators defined on ®. The commutator of A and B is
defined by

[A,B]= AB—BA or [A Blp=ABp— ABp, Vpec®. (2.1.36)
A and B are said to commute if

[A,B|=AB—-BA=0 or ABp—ABp=0, Vpec®. (2.1.37)

The collection of linear operators defined on the whole linear space forms a new algebraic
structure, where the algebraic operations of sum of two operators, product of a number with
an operator and product of two operators are defined by (2.1.27). This algebraic structure is
called an associative algebra. An associative algebra can also be defined abstractly without
any reference to linear operators by the following definition:

Definition A set A is an (associative) algebra with unit element iff
(A1) A is a vector space.
(A2) For every pair A, B € A, a product AB € A is defined such that

(AB)C = A(BC), (2.1.38)
AB+(C) = AB+ AC, (2.1.39)
(A+ B)C = AC + BC, (2.1.40)

(2.1.41)

(0¢A)B = A(aB)=aAB.
(A3) There exists an element I € A such that

JA=AI=A, VAeA. (2.1.42)

A subset A; of an algebra A is called a subalgebra of A if A; is an algebra with the same
definitions of the operations of addition, multiplication by a number, and multiplication as
inherited from A. That is, if from A, B € A; and o € C, it follows that A + B € A;,
aA € A, and AB € A,.

(A4) An algebra A is called a x-algebra if we have on the algebra a f-operation (involu-
tion), A — AT, that has the following defining properties:

(aA+ BB)' = @A’ + 3BT, (2.1.43)
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(AB)! = BTAT, (2.1.44)
(ANt = A4, (2.1.45)
I' =1, (2.1.46)

where A, B € A and «, 3 € C.

From the definition (2.1.27) of the sum and the product of two operators and the product
of an operator with a number, and from the definition (2.1.28) of the adjoint operator, one
can see that the set of linear operators fulfills all the axioms (Al)-(A4) of a x-algebra.
Thus the set of linear operators defined on the whole vector space ® forms a x-algebra.
A subalgebra of this algebra is called an operator x-algebra. It can be shown that in a
certain sense every x-algebra can be realized as an operator x-algebra in a scalar-product
space (generalization of the Gelfand-Naimark-Segal reconstruction theorem). In Quantum
Mechanics, physical systems are assumed to be described by operator algebras.

A set X, Xy, ..., X, of elements of A is called a set of generators, and A is said to be
generated by the X; (i =1,2,...,n) iff each element of A can be written as

A=cl+) X+ ) XX+, (2.1.47)
=1

i.j=1

where ¢, ¢, ¢, ... € C.
Defining algebraic relations are relations among the generators

P(X;) =0, (2.1.48)

where P(X;) is a polynomial with complex coefficients of the n variables X;. An element
Be A,

B=bI+> VX;+ ) WX;X;+..., (2.1.49)

where b,b,... € C, is equal to the element A in (2.1.47) iff (2.1.49) can be brought into
the form (2.1.47) with the same coefficients ¢, ¢!, ¢, ... by the use of the defining relations
(2.1.48).

2.1.4 Antilinear Functionals

In the previous section, we have introduced the concept of an eigenvector of an operator in
a vector space. In Quantum Mechanics, some of the eigenvectors that we need are antilinear
mappings from a space of states into the complex numbers. In this section, we define them
and explain some of their basic properties.

Definition Let ® be a complex linear space. A functional (or a function) on ® is a mapping
F from the space ® into the complex numbers C, F' : & — C. (If @ is a real space then the
mapping is into the real numbers R.)
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If F' satisfies
F(ap + B) =aF () + BE(W), Vo, € ®, Va,B€C, (2.1.50)
then F'is called an antilinear functional. If F satisfies
F(agp + Bb) = aF () + BF(Y), Vo, € ®, Va,B€C, (2.1.51)

then F' is called a linear functional. (If @ is a real space there is no distinction between
linear and antilinear functionals.) A linear or antilinear functional is thus a special case of
a linear or antilinear operator between two linear spaces (see (2.1.29) and (2.1.30)) if the
space W is the space of complex numbers C.

A functional is also the analog of a complex-valued function F'(z) of a real variable z
varying on R, F': R — C, only now the variable is not a real number x € R but a vector
¢ € ®. We will consider here antilinear functionals rather than linear functionals (in the
mathematical literature one usually considers linear functionals).

An example of an antilinear functional on a scalar product space is given by

F,z/,i‘I’ — C
o — Fylp) = (p,0), (2.1.52)

where 1 is a fized element in ® and (¢, ) is the scalar product of ¢ with ¢, where ¢ varies
over ®. Because of this example and because in the general case we want to consider a
functional to be a generalization of the scalar product, one uses for the antilinear functional
F(¢) the Dirac’s bra-ket symbol (see reference [1])

F(p) = (ol F). (2.1.53)

We shall use the two notations concurrently. Dirac kets will be given a mathematical
meaning as antilinear functionals (which in addition are continuous, notion that will be
defined in Section 2.2).

Any two antilinear functionals F} and F5 on a linear space ® may be added and multiplied
by numbers according to

(b1 + BE)(p) = aFi(p) + BFa(p), «,B€C, (2.1.54)

or, using the notation (2.1.53),

(plaFy + BFy) = alp|F1) + B{p|Fy) . (2.1.55)

The functional aF) + SF, defined by (2.1.54) is again an antilinear functional over ®. Thus,
the set of antilinear functionals on a vector space ® is a linear space itself. This space
is called the conjugate space or dual space (more precisely, the algebraic dual or algebraic

conjugate space) of the space ® and is denoted by @, .
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2.2 Topological Spaces

2.2.1 Introduction

When we defined the vector space we took a set @ of elements (which we called ¢, 1), ...)
and endowed this set with an algebraic structure by defining two operations, addition of two
elements and multiplication of ¢ € ® by an o« € C. We demanded that these operations
fulfilled certain rules (see Section 2.1.2). The resulting structured set was called a linear
space. (We thereafter defined another algebraic operation on @, the scalar product—see
Section 2.1.2—and called ® a scalar product space). Now we take a set, which we call again
® (but which is not yet a vector space), and endow it with another structure, a topological
structure. The resulting structured set will be called a topological space.

The topology on a space provides us with a way of phrasing such concepts of nearness,
continuity, convergence, completion, etc that we are familiar with for the space of real
numbers. We shall start with the concept of “open set,” which is a generalization of the
notion of open set in R. However, there are several equivalent ways of defining a topology
(via open sets, or closed sets, or neighborhoods,...) and for more restricted cases one can
define the topology in more specific ways, e.g. by convergence of sequences. We want to start
in the most general setting and then to specialize the concepts without much discussions in
order to arrive rapidly at the particular spaces that we need in Quantum Mechanics.

2.2.2 Open Sets and Neighborhoods

Definition Let ® be a set and let P(®) = {S| S C ®} be the collection of all subsets of
®. A subset 75 of P(®) is called a topology of @ if the following conditions are fulfilled:

(O1) 0 € 79 and @ € 7o (0 is the empty set). (2.2.1)
(O2) The union of arbitrarily many elements of 7 is an element of 74 . (2.2.2)

(O3) The intersection of a finite number of elements of 74 is in 74 . (2.2.3)
The pair (®,7s) is called a topological space and the elements of 75 are called open sets.

With the given definition of topology we can define the convergence of sequences of
elements (points) ¢1, P, ..., ¥n, ... = {@n}re, of the set ®, which is a generalization of the
notion of convergence for real numbers.

Definition A sequence of points 1, o, ..., @n,... € ® is said to converge to p € ® if for
every open set O with ¢ € O there exists a positive integer N = N(O) such that ¢, € O
for all n > N(O).

This definition means that beginning from a large enough N the elements of the sequence
are as close to ¢ as we desire.
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Example Let @ be the set of real numbers R. The meaning of the convergence of the
sequence {y,}, written as lim, ,.,y, = « (or y, — x), is the following: the open sets O
containing x in the previous definition are given by

U(z)={yeR| |z —y|<e, e >0}. (2.2.4)

Then, according to the definition of convergence, for every U, (z) there exists an N, such that
foralln > N, y, € Uc(z), i.e., |[x —y,| < €. This is the well-known definition of convergence
of a sequence of real numbers. The open sets Uc(z) in (2.2.4) are called neighborhoods of x.
The generalization of the concept of a neighborhood to a topological space is the following:

Definition If ® is a topological space and ¢ € ®, a neighborhood (hereafter abbreviated
nhood) of ¢ is a set U which contains an open set O containing ¢ (that is, ¢ € O C U).
The collection U, of all nhoods of ¢ is the nhood system at ¢. Nhoods need not be open
but we shall only use systems of open nhoods, i.e., U € U, which also are in 7.

One can easily see that a sequence {¢,}>2, converges to an element ¢ iff each nhood
of ¢ contains every point of the sequence whose index is larger than some positive integer
depending on the given nhood. Thus, it is a generalization of the notion of convergence for
real numbers.

Definition A subset S C @ is said to be a topological subspace of ® if S is given the
topology
TS:{SQO|O€T{>}. (225)

To describe a given topology, we do not need to know the whole collection of open sets:
it is enough to know a proper subcollection.

Definition A base B of a topology 7 on ® is a subcollection of 7 such that every open
set O is a union of some open sets in B, i.e., each O € 74 can be given as

O=|JB., B.€B (2.2.6)

Thus, given a base B we generate all the open sets (and therefore we describe the
topology completely) taking all possible unions of sets in B. In much the same way that a
base describes the whole collection of open sets, a nhood system can be completely described
by a nhood base.

Definition A nhood base (or a system of basic nhoods) at ¢ in the topological space ® is a
subcollection B, taken from the nhood system U, having the property that each U € U,
contains some V' € B,. Once a nhood base at ¢ has been chosen (there are many to choose
from, all producing the same nhood system at ¢) its elements are called basic nhoods.
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Obviously, the nhood system at ¢ is itself a nhood base at ¢. In the topological space
of the real numbers R, the open set (2.2.4) is a nhood of z and {Uc(z), € > 0} is a system
of basic nhoods at z. But also

By = {Upm(z)| m=1,2,..} (2.2.7)

is a system of basic nhoods at the point € R which consists of a countable number of
nhoods. For the real numbers we know that a sequence {y,} is already convergent to a
point x, y, — x, iff for every m € N, |z — y,,| < % for all positive integers n greater than a
certain natural number N = N(m) depending on m. Thus, the countable system of nhoods
(2.2.7) defines already the convergence in R and defines the topology completely.

In general, a topological space does not need to have a countable system of (basic)
nhoods at each of its points. But there are many spaces which have this property.

Definition A space ® is said to satisfy the first aziom of countability if it has a countable
system of basic nhoods at each of its points. We also called these spaces first countable.

Most of the spaces in which we are interested satisfy the first axiom of countability.
The most important feature of this kind of topologies is that we can describe them com-
pletely using convergence on sequences (that is, specifying which sequences converge to
which points).

Using the above definitions one can prove that in a topological space ® a system of
nhoods U, at a point ¢ has the properties:

(N1) IfUeU,, thenp e U, (2.2.8)

(N2) IfU,VeU,, thenUNV el,, (2.2.9)

(N3) If U € U,, then there is a V € U, such that U € U, for each v € V', (2.2.10)

(Nd) IfUeU,, and U CV then V € lU,, (2.2.11)
and furthermore,

(N5) O C ® is open iff O contains a nhood of each of its points. (2.2.12)

Conversely, if in a set @ a collection U, of subsets of ® is assigned to each ¢ € ® so as
to satisfy (2.2.8)-(2.2.11) and if we define “open” using (2.2.12), the result is a topology on
® (i.e., a collection of subsets of ® satisfying (2.2.1)-(2.2.3)) in which ¢, is a nhood system
at ¢, for each ¢ € ®. Therefore, whenever nhoods have been assigned to each point in a set,
satisfying the properties (2.2.8)-(2.2.11), the topology is completely specified. This means
that we can equivalently describe a topology (that is, to describe the concepts of nearness,
continuity, convergence,...) using as starting point the open sets or the nhood systems at
each point. Obviously, one can also describe the topology completely assigning a system of
basic nhoods to each point.

A given set ® can be equipped with various topologies. Different topologies on the
same set lead to different meanings of nearness, continuity, convergence,... If ® is equipped
with two different topologies, say with 7 and 7, and if 7y C 75, then 7, is called coarser
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than 7 and the convergence with respect to 7 weaker than the convergence with respect
to 1. Correspondingly, 7 is called finer than 7, and the convergence with respect to 7 is
called stronger than with respect to 7. Since every U € 7 is also in 7, it follows from the
definition of convergence that every strongly convergent sequence is also weakly convergent.

One can arrive at the same topology in a space (i.e., the same system of open sets)
starting from two different systems of nhoods. For example, in defining the natural topology
on the real line we can, on the one hand, take as nhoods the open intervals (2.2.4) with
real €’s and, on the other hand, take the nhoods (2.2.7) with rational €¢’'s. As mentioned
above, both systems of nhoods describe the same topology. In general, we will call two
different systems of nhoods equivalent, if they lead to the same topology. The following
simple condition is both necessary and sufficient for the equivalence of two given nhood
systems {U} and {V'}: every nhood U contains a nhood V, and every nhood V' contains a
nhood U.

A topology can also be described in terms of closed sets. To introduce this notion, we
first need the following definition:

Definition Let (®,7s) be a topological space and let S C ®. p € ® is called an adherence
point of S if for every U € U, then U N S # 0.

In particular, every point of the set S is an adherence point. There are two possibilities
for the adherence points of a set S:

1. There exists a nhood of ¢ (the adherence point) which contains only a finite number
of points of S. We are not interested in this case.

2. Every nhood of the adherence point ¢ contains an infinite number of distinct points
of S. Then ¢ is called a limit point of S.

A limit point ¢ of S may or may not belong to S. A set S is said to be closed if it contains
all of its adherence points. If a set S is not closed one obtains the closure S of S by adjoining
to S those of its adherence points which do not already belong to it. Thus the closure S of
S is the collection of all adherence points of S. The closure of any set S is closed, and S is
closed iff S = S. The concepts of open and closed set are dual to each other. In fact, a set
M C @ is closed (i.e., M = M) iff its complement & — M is open.

Definition A set D in a topological space ® is called dense in ® if D = ®. A topological
space ® is separable iff ® has a countable dense subset.

The real line is separable, since the rational numbers are dense in R, and most of the
spaces used in Quantum Mechanics are separable.

2.2.3 Separation Axioms

The above definition of a topology is still too general. The topologies that are of importance
in physics satisfy more requirements. These topologies all fulfill strong conditions for the
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meaning of separation of two points ¢ and v in ®. These conditions will allow us to
“distinguish” between two different points of the space using only the topology.

Definition A topological space ® is a Ty-space (or, the topology on ® is Ty) if whenever
© and 1) are distinct points in ®, there is an open set containing one and not the other.

A topological space ® is a T;-space if whenever ¢ and v are distinct points in ®, there
is a nhood of each not containing the other.

® is said to be a Ty-space (also called Hausdorff) if whenever ¢ and 1 are distinct points
of ®, there are disjoint open sets U and V' in ® with ¢ € U and ¢ € V.

Every Ts-space is Ty, and every T;-space is Ty. In a T;-space, every finite set is closed.
In a Ty-space, every convergent sequence has exactly one (unique) limit point. For this
reason, the minimum that we will require of our topologies is that they be Hausdorff spaces.
But often we will make even stronger separation demands on our spaces.

Definition A topological space ® is said to be regular if whenever S is closed and ¢ is not
in S, then there are disjoint open sets U and V with ¢ € U and S C V.

We define a Ts-space to be a regular T,-space.

A topological space ® is normal if whenever S and P are disjoint closed sets in ® , there
are disjoint open sets U and V with S C U and P C V.

A normal T4-space will be called Tj.

Roughly speaking, in T3- and Ty-spaces we can “distinguish” (or “separate”) points
from sets and sets from sets, respectively. Every Ty-space is T3, and every Ts-space is Ts.
Most spaces we shall consider will be T,. The class of T4-spaces include all metrizable
and therefore all locally convex spaces whose topology is given by a countable number
of seminorms. These include countable normed spaces, countable Hilbert spaces, and, in
particular, normed and scalar product spaces. The definition of these kinds of spaces will be
given is Section 2.4.1. All the spaces that we shall use in Quantum Mechanics for the space
® of a rigged Hilbert space ® C ‘H C ®* will be countable Hilbert spaces and therefore T}.

2.2.4 Continuity and Homeomorphic Spaces

An important notion that depends upon the topology is the notion of a continuous mapping.
Intuitively, a map f is continuous at a given point ¢ if the images of the points close to
¢ are close to f(y). Thus the concept of continuity is derived from that of nearness, and
therefore is given by the topology.

Definition Let (®,74) and (¥, 7¢) be two topological spaces and f : ® — ®. Then f is
continuous at ¢ € ® iff for each nhood V' of f(p) in g, there is a nhood U of ¢ in 74 such
that f(U) C V. We say f is continuous on ® iff f is continuous at each ¢ € ®.

One can use the open sets to describe continuous maps on the whole space. A map
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f: ® — Wis continuous on P iff the inverse image of every open set of ¥ is an open set of
b, ie,0€rg = f1HO) € 7.

In the case of spaces that satisfy the first axiom of countability, we can use the sequences
(that determine completely the topology) to describe the continuity of a function at a given
point. A map f : & — ¥, where ® and ¥ satisfy the first axiom of countability, is
continuous at a point ¢ iff whenever ¢, — ¢ with respect to 7, then f(¢,) — f(v) with
respect to 7.

A map is called a topological map (or homeomorphism) if it is one-to-one, onto and
continuous and f ! is also continuous. In this case, we say that ® and ¥ are homeomorphic.
Homeomorphic spaces are, from a topological point of view, the same. That is, there is no
topological property that allows us to distinguish them. Moreover, a topological property is
anything that is conserved under homeomorphisms.

In order to convey the meaning of the combination of an algebraic structure with a topo-
logical structure, as is needed for the definition of a linear topological space in Section 2.3,
we have to define the direct product of two topological spaces.

Definition Let (®,71) and (@5, 72) be topological spaces. Then the topology on the direct
product space ®; x ®, is generated by the base

B = {01 X 02| 01 S T1,02 € 7'2}, (2213)

i.e., the (topological) product space is (®; X @5, 7), where 7 is the collection of arbitrary
unions of the sets that belong to B in (2.2.13).

2.3 Linear Topological Spaces

2.3.1 Introduction

A linear topological space (also called a topological vector space) is a combination of a linear
structure (see Section 2.1.2) and a topological structure (see Section 2.2), both introduced
on one and the same set ®. However, these structures are not independent of each other.
The linear operations, which are mappings on ®, are required to be continuous in order
that these two structures match each other. The general procedure to construct topological
algebraic structures (topological algebras, topological groups, topological vector spaces) is:

1. One endows a given set ® with an algebraic structure.
2. One endows the same set ® with a topological structure.
3. One demands that the algebraic operations on ® be continuous mappings.

The reason why one constructs these mathematical structures is that there exist realiza-
tions of such structures (with some additional properties) that are very useful in mathematics
and in physics. For instance, linear topological spaces are realized in mathematics by classes
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of functions (e.g., the Schwartz space). In physics, these abstract mathematical entities are
used to describe some structures in nature. For example, topological groups (in particular
parameter or Lie groups) are the mathematical image of symmetry transformations of the
registration apparatuses (detector) relative to the preparation apparatuses (accelerator).
Linear topological spaces and their algebras of linear operators provide the mathematical
framework to describe the states and the observables of quantum physics, respectively.

For the combination of a topological structure with the algebraic structure, the following
definition is an example of the general procedure described above.

Definition A set ® is called a linear topological space (l.t.s.) or a topological vector space
(t.v.s.) if

(LT1) @ is a linear space. (2.3.1)
(LT2) @ is a topological space. (2.3.2)
(LT3) The algebraic operations are continuous. (2.3.3)

Assumption (2.3.3) means that the mapping

Cx®d — @
(a,0) — ap (2.3.4)
and the mapping
X — P
(o) = o+ (2.3.5)

are continuous. The continuity of these operations gives a precise meaning to intuitive
notions such as an “infinite linear combination” of vectors or the limit of an infinite sequence
of vectors. A lt.s. is often denoted by (®,7s,+,-) in order to specify the linear and the
topological structures. We shall just denote a l.t.s. by ® if no confusion is possible.

From the continuity of the algebraic operations it follows that if U(0) is a nhood of the
zero element, then V' = ¢ 4+ U(0) (i.e., the set obtained by adding ¢ to all the elements of
U(0), also called the translate of U(0) by ¢) is a nhood of ¢. In other words, the nhood
system at ¢ is just the family of translates by ¢ of members of the nhood system at 0.
Therefore, the topology of a l.t.s. can be completely specified by the system of nhoods at
the zero element.

If Uy is a base of nhoods at the zero element in the l.t.s. ®, then ® is T if and only
if Nyey, U = {0}, i.e., iff the intersection of the nhoods of zero is precisely zero. We shall
always assume that the topology of a l.t.s. is Ty. Moreover, we shall consider mostly T,
spaces. In particular, for all the spaces ® in the Rigged Hilbert Space ® C ‘H C ®* we
shall choose exclusively T, spaces.

The simplest example of a l.t.s. is the real line R when endowed with the usual addition
and multiplication (which provide the linear algebraic structure) and with the topology of
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the absolute value defined in Section 2.2.2. In a similar manner, the complex numbers C
can be also considered as a l.t.s.

A useful concept in R is that of a bounded set. A set S C R is bounded if there exists an
M > 0 such that |z| < M for all x € S. The generalization of this notion to an arbitrary
l.t.s. is:

Definition A subset B of a L.t.s. ® is said to be bounded if for every nhood of zero U(0)
there exists a A > 0 such that B C AU(0). AU(0) = {A\¢| ¢ € U(0)}, the set obtained by
multiplying each element of U(0) by A, is called a multiple of U(0).

Roughly speaking, a set is bounded if every nhood of zero has a multiple that swallows
it up. By using the nhoods of R in Section 2.2.2, one can show that this definition agrees
with the above definition of boundedness of S C R.

It is easy to see that if 7 and 75 are two topologies on a l.t.s. ® and if 7, C 7, then
every set B which is bounded with respect to the finer topology 7, is also bounded with
respect to the coarser topology 7.

2.3.2 Cauchy Sequences

In the topological vector space of real numbers R, a sequence {y,}>, is called Cauchy if
for every € > 0 there is a positive integer N = N(e) (depending only on ¢) such that for
all n,m > N we have |y, — y,,| < €. This means that a sequence is Cauchy if beginning
from a large enough N the elements of the sequence are more and more close to each
other. We can reformulate this definition in terms of nhoods of the zero element in R: a
system of nhoods at # = 0 is the collection (see Section 2.2.2) Uy = {U(0) | € > 0} where
Ucl(0) = {y € R| |y| < €}. Then a sequence {y,}>2, of real numbers is Cauchy iff for
every nhood U,(0) of 0, there is a positive integer N (U,) such that y, — y,,, € U(0) for all
n,m > N. We shall generalize this concept to an arbitrary l.t.s.

Definition A sequence {p,}°°, of elements in a l.t.s. ® is called Cauchy if for every nhood
U of the zero element there exists a natural number N = N(U), depending only on U, such
that ¢, — ¢, € U for all n,m > N.

Every convergent sequence is Cauchy, but the converse is not always true, i.e., a Cauchy
sequence need not converge to a point in the space. In the L.t.s. of the real numbers R, a
sequence is Cauchy iff it is convergent to some (unique) real number. In the l.t.s. of rational
numbers Q this is not the case, since there are Cauchy sequences of rational numbers which
do not converge to any rational number (for example, any sequence of rational numbers
converging to ).

Definition A l.t.s. @ is called complete (more precisely, sequentially complete) if every
Cauchy sequence has a limit in ®.
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This definition means that in a sequentially complete space we always get to a point in
the space whenever we follow a sequence of elements that become more and more close to
each other. When the same set is endowed with two different topologies we usually say that
the space is T-complete, if we want to emphasize which topology we are considering.

In general, we seek spaces that are complete. This is why if a l.t.s. is not complete
we complete it by adjoining all the limit elements of Cauchy sequences to it. Then, the
incomplete space can be viewed as a dense subspace of its completion.

Definition A complete 1.t.s. ®€ is said to be the completion of an incomplete 1.t.s. ® if there
is a map i : ® — ®° which is one-to-one, linear and continuous with continuous inverse i~*
such that i(®) is dense in ®°.

Note that the function i (usually called an embedding) is not onto (if so, ® would already
be a complete space). The completion of a space @ is unique up to a linear homeomorphism
which leaves @ pointwise fixed. As an example, R is a completion of Q.

Completeness is a very important requirement in mathematics. Without it one can-
not prove existence theorems nor define derivatives or integrals. In physics, completeness
cannot be established directly from physical observation because completeness involves an
infinite number of entities (Cauchy sequences) and all physical observations involve only a
finite number of states. Thus, it cannot be “deduced” directly from experiments and only
the overall success of a mathematical theory can show which completion—more precisely,
completion with respect to which topology—is preferable for quantum physics.

We have given above only the definition of sequential completeness, which is sufficient
when the topology is fully described in terms of the convergence of sequences (that is, when
the topology satisfies the first axiom of countability). If the space is not first countable,
its completion cannot be defined in terms of Cauchy sequences. It has to be defined in
terms of nets, which we do not want to introduce here. With this more general definition of
completion, every L.t.s. can be completed in the sense of the above definition, the completion
is unique (up to a linear homeomorphism) and the space can be considered as a dense
subspace of its completion. The space ® of the Rigged Hilbert Space ® C H C ®* will
always be chosen to satisfy the first axiom of countability. Therefore, it can be completed
using Cauchy sequences. The space ®* will in general not be first countable, and its
completion must be constructed using the general definition.

Since any metrizable space (a class that includes scalar product spaces, normed spaces
and countably normed spaces) is first countable (see Section 2.3.3), we can complete it by
using Cauchy sequences. Vaguely speaking, the completion is accomplished in the follow-
ing way: two Cauchy sequences (¢1, 9, s,...) and (¢1,1,1s,...) in ® are considered
equivalent if beginning from a large enough term their elements are more and more close
to each other. More precisely, (@1, @2, @3,...) ~ (1,9, 1s3,...) iff for every U € Uy there
is a positive integer N(U) such that ¢, — ¢, € U for all n,m > N. We denote by
(o1, 92, -+, @n,-..)] the set of sequences which are equivalent to (@1, ¢2,...,¥n,...). On
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this space of equivalence sequences, one defines an algebraic addition

(01,025 s ns - N+ (01, o, oo, )] o= [(01 + 1, @24 Vs e o o, P+ 1, .. )] (2.3.6)

and a multiplication by scalars

Al 02,5 @ns - ) = [Alens 2, -, 0ms - )] (2.3.7)

We define the metric on this space as
A*([oneo). [ io) = lim dlpn, ) (23.8)

where d is the metric on the incomplete space and d° will be the metric on the complete
space. Finally, we define the map i : & — ®° as i(p) = [(p, ¢,...,p,...)], i.e.,, the elements
¢ of the incomplete l.t.s. @ are represented in ®¢ by the infinite rows (¢, p,¢,...). In
the end, i is a 1:1, linear, continuous mapping and i(®) is dense in ®¢. Moreover, we can
extend other algebraic operations on ® to ®¢ in the same way we extended the sum and
the products by scalars. For example, we can extend a scalar product on ® to ®° via the
definition

(o), [niol)e = Jim (g, ) (23.9)

where (-, -). is the scalar product on ®° and (-, -) is the scalar product on ®.

2.3.3 Normed, Scalar Product and Metric Spaces

In a linear space ®, we can introduce algebraic operations that have in principle nothing
to do with a topology, but that can be used to define one. For instance, in Section 2.1.2
we introduced a scalar product on a vector space. The resulting structure, called scalar
product space, has significance even without any topological considerations. However, this
scalar product can be used to define several topologies on the scalar product space (a Hilbert
space topology, a nuclear topology,...). Another example of an algebraic operation that can
give rise to a topology is the norm.

Definition Let @ be a linear space. A norm || - || on ® is a function which associates to
each ¢ € @ a finite real number ||¢|| fulfilling

(ND) e+ 2l < llell + 10, Ve, e®. (2.3.10)
(N2) ]l = laf flell, Vo€ @, VaeC. (2.3.11)
(N3) llpll = 0, and [l¢[] = 0 only if ¢ = 0. (2.3.12)
A linear space ® equipped with a norm || - || is usually denoted by (®, || - ||), and it is

called a normed space. From (2.3.10) and (2.3.11), it follows that ||0|| = 0.
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With the use of the norm we can specify a system of nhoods at 0 to define a topology,
called the norm topology. We define the nhoods of the zero element by

U0) ={elllell <€}, €>0. (2.3.13)
Then the nhoods of any ¢ are defined by

Ue(¥) =&+ Uc(0) = {e| lp — ¥l <€} (2.3.14)

The system of nhoods at zero
Uy ={U(0) ] e > 0} (2.3.15)

provides a topology for the normed space (@, || - ||). Equipped with this topology, (®, || - ||)
is a L.t.s. In place of (2.3.15), one can choose a countable system of nhoods at zero

Wo = {Upjm(0) | m =1,2,...}. (2.3.16)

One can show that the systems of nhoods (2.3.15) and (2.3.16) are equivalent, i.e., they
yield the same topology. In particular, this means that every normed space satisfies the first
axiom of countability.

In the L.t.s. (®,]| - ||) , we can give a meaning to the topological notions we have discussed
above (convergence of sequences, completeness,...). For example, according to the general
definition given in Section 2.3.2, a sequence {¢, }5°, is Cauchy if for every U.(0) in (2.3.13)
there exists an N = N(U,) such that for all n,m > N, ¢, — ¢, € U, (0). This means
that for every € > 0 there exists a natural number N = N(e) such that for all n,m > N,
lon — ©m|| < €. This is the definition of Cauchy sequences that one usually finds in tracts
on normed spaces. As in the general case, a normed space ® is called complete if every
Cauchy sequence converges to an element in ®. If a normed space (®, || - ||) is not complete
then it can be completed. A complete normed space is called a Banach space.

Now, given a scalar product (-, -) on a linear space @ we can define the norm provided

by the scalar product as
o]l =+ (p,0), Ype@. (2.3.17)

It is easy to see that (2.3.17) is a well defined norm that satisfies the requirements (2.3.10)-
(2.3.12) if the scalar product satisfies (2.1.12)-(2.1.14). Therefore, we can make a scalar
product space ® a l.t.s. by using the system of nhoods at zero (2.3.15) or (2.3.16) with || - ||
defined by (2.3.17). Although a scalar product always describes a norm (through (2.3.17)),
the converse is not always true. Therefore a scalar product space is always a normed space
but the converse does not necessarily hold.

Definition A scalar product space is called a Hilbert space if it is complete with respect to
the topology generated by the norm given by the scalar product as in (2.3.17). We shall
usually denote a Hilbert space by .

Thus a Hilbert space is the completion of the scalar product space of Section 2.1.2 with
respect to the topology given by the system of nhoods (2.3.15) or (2.3.16) . Since the Hilbert
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space has been so important in mathematics and physics, a scalar product space (in which
one does not introduce any topology) is often called a pre-Hilbert space. Every pre-Hilbert
space becomes a Hilbert space when we complete it with respect to the topology given by
(2.3.15) with (2.3.17). It is worthwhile noting that the Hilbert space topology is not the
only topology for which one can complete a scalar product space ®. In Section 2.4 we will
discuss other different topologies that can be introduced on ®.

Definition A real-valued function d, defined for each pair of elements ¢, ¢ of a set ®, is
called a metric if it satisfies

(M1)  d(p+1) <d(p, ¢) +d(¢, ), Ve, d,9p€®. (2.3.18)
(M2)  dp,¢) =d(¥,p), Ve, peP. (2.3.19)
(M3)  d(e,v) >0, d(p,¢) =0, and d(p,v) > 01if @ # 1. (2.3.20)

A set ® provided with a metric is called a metric space and d(p, 1)) is called the distance
between ¢ and .

Let V (¢, €) be the set of all elements 1) € ® such that d(p,1)) < e. Then, the collection
U, ={V(p,€) | e >0} (2.3.21)

is a system of basic nhoods at ¢ that generate a topology on ®. Endowed with this topology,
a metric space is a l.t.s. A topological space is called metrizable if its topology can be defined
by a metric d. Every metrizable space is first countable, since the system of nhoods

{V(p,1/n)|n=1,2,...} (2.3.22)

is equivalent to (2.3.21). A metrizable space is also Tj.
The real numbers and the complex numbers are both metrizable spaces, the metric being
given by
d(z,y) =z —y|, =zyeR(eC). (2.3.23)

If we are given a norm || - || defined on a linear space, we can define a metric associated to
it by d(p, 1) = || — 1||. Therefore, normed and scalar product spaces are metrizable, and
their topology as metrizable spaces coincides with the topology defined by the norm or by
the scalar product.

2.3.4 Continuous Linear Operators and Continuous Antilinear
Functionals

Linear operators and antilinear functionals were defined in Sections 2.1.3 and 2.1.4. In
quantum physics, the operators (representing quantum mechanical observables and quantum
mechanical states) are linear and the functionals (representing kets or generalized states)
are antilinear. Therefore, we shall use here linear operators and antilinear functionals;
corresponding mathematical statements hold for antilinear operators and linear functionals.
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Definition Let ® and ¥ be two L.t.s. A map A: D(A) C & — W is called a continuous
linear mapping or just a continuous operator iff

1. A is linear (cf. Section 2.1.3),

2. A is continuous (cf. Section 2.2.4).

The notion of continuity of an operator on a l.t.s. can be localized at zero, in the same
way that the topology can be localized at zero. More precisely, a linear mapping A from a
l.t.s. @ into another l.t.s. ¥ is continuous on the whole space @ iff it is continuous at the
zero element. Therefore, a linear mapping A : ® — ¥ is continuous iff for every nhood U of
0 € W there exists a nhood V' of 0 € ® such that A(V) C U. When the l.t.s. ® and ¥ are
first countable (that is, the topology can be described in terms of convergence of sequences),
then the sequential criterion for continuity (see Section 2.2.4) can also be localized at zero:
an operator A : ® — ¥ is continuous iff whenever ¢, — 0 in ®, then A(p,) — 0in P.

The notion of boundedness is related to the continuity of an operator:

Definition A linear operator A : & — W is called bounded iff it transforms every 7g-
bounded set B C @ into a 7g-bounded set A(B) C ¥ (cf. Section 2.3.1 for the definition of
a bounded set).

One can show that every continuous operator defined on a l.t.s. is bounded. Moreover,
if the l.t.s. ® and W satisfy the first axiom of countability, an operator A : ® — ¥ is
continuous if and only if it is bounded. Therefore, in all normed, countably normed and
metrizable spaces (which are first countable) one can use the words continuous operator and
bounded operators interchangeably.

Continuous operators as compared to non-continuous operators have nicer properties
and are easier to handle because they can always be defined on the whole space ®. Even if
initially they are only defined on a dense subspace D(A), their definition can be extended
to the whole space in a continuous manner. As an example of this extension, consider two
first countable 1.t.s. @ and ¥ such that ¥ is complete. Let A : D(A) C ® — ¥ be a densely
defined continuous operator. Then A can be uniquely extended to the whole space ® in a
continuous way as follows: if ¢ € ® but ¢ is not in D(A) we can always find a sequence
{¢n} in D(A) such that ¢, — ¢ with respect to 7. Since {p,} is 7e-Cauchy, {Ap,} is
Tg-Cauchy, and {Ay,} has a well defined limit ¢ in ¥. We can define the action of A on
© to be this limit 1)

Ap = nlg{)l(3 App, Yped. (2.3.24)

The operator defined in (2.3.24) is well defined on the whole space ®, extends the action of A
on D(A) and is continuous. For the spaces ® of the RHS & C ‘H C ®* and for the operators
defined on them this extension will always be possible. In fact, we shall always assume that
every continuous linear (as well as antilinear) operator has already been extended to the
whole space ®.
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If A: ® — Wis a continuous linear operator then (aA), « € C, is also a continuous linear
operator. If A, B are continuous linear operators then A+ B and A - B are also continuous
linear operators. Thus if the generators X; of an algebra A are given by continuous operators
then the whole algebra is an algebra of continuous operators and every A € A given by
(2.1.47) with a finite numbers of terms are defined on the whole space ®. (The question of
the convergence of infinite sums of the form (2.1.47) can only be addressed after a topology
has been introduced on A). If one wants to do calculations it is of great importance to
have an algebra of continuous operators which are defined on the whole space, because then
one does not have to worry about domain questions, i.e., one does not have to answer the
question whether By is in the domain D(A) of an operator A to calculate ABy. Also one will
not have to deal with the absurd situation that the expectation value (¢, Ap), representing
average value of a quantum mechanical observable A measured in quantum mechanical state
@, is “infinite” when ¢ is not in D(A). It would, therefore, be desirable that all quantum
mechanical observables were given by continuous operators on a suitable l.t.s. This means
that the mathematical image of all quantum mechanical observables should be a set (perhaps
an algebra) of continuous operators on some l.t.s. Only vectors ¢ of such L.t.s. can represent
physical states. The non-continuous operators should be forbidden because they may lead
to nonphysical infinite predictions.

Much of the trouble of the Hilbert Space formalism comes from domain questions. Al-
ready the simplest operators of Quantum Mechanics, the operators momentum P and po-
sition (), which fulfill the algebraic relation PQ) — QP = —il (Heisenberg commutation
relation), cannot be represented by continuous operators in the Hilbert space 7. Thus the
Hilbert space contains some “non-physical states” in which these operators are not defined.
This is one of the reasons why we have to introduce a countably norm topology 7 in ad-
dition to the algebraic structure of a scalar product space. The completion with respect
to this topology generates a space ®. This space, which is as subspace of H, allows for a
representation by 7g-continuous operators that satisfy the Heisenberg commutation relation
or similar algebraic relations (e.g., the commutation relations of non-compact groups of im-
portance in physics). Our task is thus to find a topology 7 such that the phenomenological
commutation relations of Quantum Mechanics are represented by continuous operators on
some space ®. For the Heisenberg commutation relations and many other algebraic re-
lations (including the commutation relations of all Lie groups) a countably Hilbert space
(cf. Section 2.4) will do the job.

The concept and properties of a continuous antilinear functional F' : & — C follows
from the case of a continuous linear mapping just changing linearity for antilinearity and
considering the space C as a l.t.s.

Definition A map F': ® — C is called a continuous antilinear functional if
1. F is antilinear (cf. Section 2.1.3),

2. F is continuous (cf. Section 2.2.4).
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Dirac kets, Lippmann-Schwinger kets and Gamow vectors will be represented by contin-
uous antilinear functionals.
The collection ®* of continuous antilinear functionals on a l.t.s. ®, i.e., the set

®* ={F :® — C| F is antilinear and 7g—continuous}, (2.3.25)

is called the conjugate of ®, the topological dual of ®, or the adjoint of ®. The conjugate
space depends, as all topological notions do, on the particular topology that has been
chosen. The conjugate space is a linear space under the usual sum of two functionals
and multiplication of a functional by a complex number. Since the elements of ®* must
be continuous, the topological dual is always a subspace of the algebraic dual defined in
Section 2.1.4. A topology can also be assigned to ®* to make it a L.t.s.

Example If (®, || - ||) is a Banach space, an antilinear functional F' on @ is continuous iff
the quantity

F
|Fll@x :== sup o) (2.3.26)
v, o0 |||l

is a finite real number. ||F||gx is called the norm of the antilinear functional F. One can
prove that (2.3.26) is indeed a well defined norm that satisfies (2.3.10)-(2.3.12). Moreover,
the adjoint space ®* of a Banach space ® is a Banach space itself when we define the norm
of a functional by (2.3.26). An antilinear functional F' over a Banach space is bounded iff
there exists a positive constant K such that

F(p) < Kligll, Veed. (2.3.27)

Since a Banach space is first countable, F' is continuous iff F' is bounded. In fact, ||F||gx in
(2.3.26) is the minimum of the real numbers K that satisfy (2.3.27).

The adjoint H* of a Hilbert space H, that in particular is a Banach space, can be
constructed in a similar fashion and can be endowed with the norm topology generated by
(2.3.26). Once this is done, the following important theorem holds:

Theorem (Riesz-Frechet) For every 73-continuous antilinear functional F' on a Hilbert
space H there exists a unique vector fr € H such that

Flg)=(9,fr), VgeH, (2.3.28)

and such that || fr|lz = ||F||2x-

The Riesz-Frechet theorem provides a one-to-one continuous linear mapping of H* onto
H,

HY — H
F = fr, (2.3.29)
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that preserves the norms of the spaces. Therefore, a Hilbert space and its adjoint are
isometric spaces (cf. Section 2.1.2). This is usually abbreviated as

H o~ H (2.3.30)

In general, two l.t.s. ® and ¥ are called isomorphic if there exists a one-to-one mapping
h of ® onto ¥ which is linear and continuous and such that its inverse is continuous. The
mapping h is called an isomorphism.? Thus an isomorphism is a mapping that preserves
the linear topological structure of the spaces. Two isomorphic spaces are, from a linear
topological point of view, the same, and are usually identified,

®~ . (2.3.31)

When ® and ¥ are normed spaces, a linear mapping h of ® onto ¥ is an isomorphism iff
there are positive constants K; and K, with

Killoll < [[(o)ll < Kallell - (2.3.32)

Two isomorphic metric spaces are usually called isometric.

A continuous linear operator A defined on the whole of a 1.t.s. ®,
A:®— P, (2.3.33)
can be extended into ®* by
(p|A*F) = (Ap|F), pe®, Fecd”. (2.3.34)
The dual extension A* defined by (2.3.34) is a well defined linear operator on ®*

LR L L (2.3.35)

2.4 Countably Hilbert Spaces

2.4.1 Introduction

In Section 2.3 we studied how to combine a linear and a topological structure. The resulting
1.t.s. structure is still too general for the purposes of Quantum Mechanics. We now distin-
guish a class of 1.t.s. that is of service in Quantum Mechanics: countably Hilbert spaces. A
countably Hilbert space is a linear space on which a countable number of scalar products is
defined, i.e., for every ¢, € ® there exist

(goad))la (%¢)2;---a(%¢)pw~a (241)

2Since algebraic isomorphisms were also designated as isomorphisms in Section 2.1.2, the terms topological
tsomorphism and topologically isomorphic may be used to avoid misunderstanding.
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which fulfill the defining conditions (2.1.12)-(2.1.14) of the scalar product. From these scalar
products one can define the norms

lelly =/ (0, 0)p, P=12,... (2.4.2)

One can also define a countably set of arbitrary norms ||¢||, not necessarily given by scalar
products. In this case, the space is called countably normed. The scalar products (norms)
in a countably Hilbert (normed) space must be related to each other. This relation makes
these norms match each other in the sense given by the following definitions:

Definition Let || - ||; and || - ||2 be two norms defined on the same linear space ®. These
two norms are called comparable if for every ¢ € ® there exists a constant C' > 0 such that

lelli <Cllellz, Vee@. (2.4.3)

The norm || - ||; is called weaker than the norm || - || and || - ||2 is called stronger than
| - |]1. Two norms are equivalent if there exist two constants C' and D such that

el < Cliellz, el < Dllell, (2.4.4)

for every ¢ € ®.

Every sequence that is Cauchy with respect to the stronger norm is also Cauchy with
respect to the weaker norm. If two norms are equivalent, a sequence is Cauchy with respect
to one of the norms iff it is Cauchy with respect to the other norm.

Definition Two norms are called compatible iff every sequence {p,}>°, C @ which is
Cauchy with respect to both norms and which converges to 0 with respect to one of them,
also converges to 0 with respect to the other norm.

Let || - ||; and || - || be two comparable and compatible norms on a linear space ® such
that || - ||; is weaker than || - ||;. We can complete ® with respect to the norm || - ||; to
obtain a complete normed space ®;. Similarly, we can complete ® with respect to the norm
| - ||2 to obtain ®,. We then have

¢, O>P, D P. (2.4.5)
If || - ||y and || - ||2 are equivalent, then both completions yield the same space,
® =P,0d. (2.4.6)

Definition A space ® is a countably Hilbert space (or a countably scalar product space) if
an increasing denumerable number of scalar products

(0,01 < (@90)2 <+ < () <o (2.4.7)
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are defined on ® such that the norms

lelly ==/ (0, 90)p, P=0,1,2,... (2.4.8)

are comparable and compatible. The nhoods of zero that generate the topology are given
by

Upe(0) ={e| llell, <€}, e>0,p=12,... (2.4.9)
The topology generated by (2.4.9) make ® a linear topological space, i.e., the algebraic

operations are continuous.

Instead of (2.4.9), one can also choose the countable number of nhoods

1
Upm(0) = {e] [loll, < E}’ p,m =12 .. (2.4.10)

It is not hard to see that the systems of nhoods (2.4.9) and (2.4.10) are equivalent. Therefore,
in a countably scalar product space the first axiom of countability holds, and its topology 7
is completely specified by the definition of convergence of sequences. As it is easily seen, a
sequence {p,}°°, of elements in a countably Hilbert space @ converges to zero with respect

to this topology iff it converges to zero with respect to every norm || - ||,, p=0,1,2,... In
symbols,
On —20 iff |||, ——0,  forevery p=1,2,3,... (2.4.11)
n— o0 n— o0
and
gonn:—ioﬂp iff  |en — @llp ;%0, for every p=1,2,3,... (2.4.12)

Since a countably Hilbert space is first countable, the continuity of the linear combina-
tions ayp + [ can be equivalently stated in terms of sequences as:

1. if ¢, —== ¢ then also ay, —2= ay for every a € C,
n—oo n—oo

2. if a, —= o then also a0 —2— ap for every p € B,

n—o0 n—0o0

3. if o, — ¢ and 1, —= 1 then @, + Y, —— @ + 1.
n—00 n— 00 n— 00

If a given system of countable scalar products (-, ), does not fulfill the inequalities
(2.4.7), it can be replaced by a new equivalent system of scalar products that has this
property. We just need to define a new increasing sequence of scalar products as

p

(. 0)y = (2,9)i, p=1,2,3,... (2.4.13)

=1

The systems of scalar products (-, -);, and (-, -), yield the same topology. Therefore, the
condition (2.4.7) does not restrict the class of spaces considered.

When the sequence of norms in (2.4.8) cannot be defined in terms of scalar products, we
call the space countably normed. A countably Hilbert space is always countably normed,
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but not vice versa. At first glance, it may appear that the class of countably Hilbert spaces
constitutes a narrow class of countably normed spaces, because the norms ||¢||, = v/(¢, ¢),
are only special cases of general countable collections of norms. However, due to the fact that
we are considering denumerable collections of norms, the difference is much less pronounced
than for the case of one norm (Banach space) and one scalar product (Hilbert space). Under
very mild assumptions any initial system of norms ||¢||;, on a given countably normed space
can be replaced by another system of norms ||¢l|, = \/m defined by some scalar

products without altering the topology on the space. We will always consider that this is
the case.

Example An important example of countably Hilbert space is the Schwartz space—also
called the space of test functions. We consider the set S(R) of functions ¢(-) : R — C which
are infinitely differentiable and the derivatives 9 (x)/dz" of which tend to 0 as z — oo
faster than any power of 1/|z|, for K = 0,1,2,... The norms that define the topology are

()
ox?

llly = sup |2 , p=0,12,... (2.4.14)

k,q<p

As mentioned before, we usually can find a sequence of scalar products that generate the
same topology as the sequence of norms do. In the case of S(R), these scalar products are
defined by

(o, )y = /_OO (1 4a2yz § L@ D) (o (2.4.15)

ox1 ox1
o0 0<q<p

The norms (2.4.14) and the scalar products (2.4.15) lead to equivalent topologies on S(R).
Therefore, S(R) is a countably Hilbert space.

Example The linear space K(a) of all infinitely differentiable functions ¢(z) that vanish
whenever |z| > a can be made a countably normed space by defining the norms

d* ()
dxk

lellp == sup , p=0,1,2,... (2.4.16)

k=0,1,....,p

A countably Hilbert space is always metrizable, i.e., we can define a metric on it that
yields the original topology. In terms of the norms (2.4.8), this metric is given by

o0

L e =
d((p, Tﬂ) = Z on m . (2.4.17)

n=1

The function defined in (2.4.17) meets the conditions (2.3.18)-(2.3.20) for a metric. Thus
one can apply all the results for the well studied metric spaces to the countably Hilbert
spaces.



2.4 Countably Hilbert Spaces 53

A countably Hilbert (normed) space is called Frechet or an F-space if it is complete with
respect to the topology generated by the sequence of scalar products (norms). To find a
necessary and sufficient condition for a countably Hilbert space ® to be complete, we denote
by @, the completion of ® relative to the norm ||¢||, = \/(¢,¥),. Then ®,, is a Hilbert
space. Since

ol < flella < - or < lolln < -+, (2.4.18)

we have (cf. Eq. (2.4.5))
P, OP,D..0P,D...P. (2.4.19)

One can prove that ® is complete with respect to the topology given by the nhoods (2.4.9)
iff

=), (2.4.20)
n=1

We shall always assume that our countably Hilbert space is Frechet, i.e., it fulfills (2.4.20).
In Section 2.2.2 we saw that different systems of nhoods in a topological space can lead
to equivalent topologies. The question arises whether the topology in a countably normed
space is really not equivalent to the topology given by one single norm. On the one hand,
every normed space (®, || -||) is a countably normed space: one has just to choose a countable
system of norms || - [|,, p=1,2,..., such that || - ||, is equivalent to || - || for every p. On
the other hand, given a countably normed space ®, whose topology is given by the infinite
sequence of norms
Pl < <

: (2.4.21)

its topology is equivalent to the topology given by a single norm || - || iff there is only a finite
number of non-equivalent norms in the sequence (2.4.21). Therefore, the essential difference
between a normed space and a countably normed space is that in the latter the topology is
given by an infinite number of non-equivalent norms.

2.4.2 Dual Space of a Countably Hilbert Space

The dual space ®* (cf. Section 2.3.4) of a countably Hilbert space ® is the collection of
antilinear functionals on ® that are continuous with respect to the topology generated by
the norms (2.4.8). If we denote the adjoint of the Hilbert spaces ®,, in (2.4.19) by ®, then
these spaces form an increasing chain

®CP®C...CP;C...CP”, (2.4.22)

as opposed to the decreasing chain (2.4.19). Since a countably Hilbert space is first count-
able, a linear functional F' on ® is continuous iff it is bounded (see Section 2.3.4). One can
also see that F' is bounded iff there exist a positive constant & and a norm || - ||, in the
sequence (2.4.8) such that

F(p) < Kllellq (2.4.23)
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holds for every ¢ € ®. This means that an antilinear functional is continuous (bounded)
with respect to the sequence of norms (2.4.8) iff it is continuous (bounded) with respect to
one norm in this sequence. Therefore, the dual space of a countably Hilbert space can be
written as (compare to Eq. (2.4.20))

o =] @ (2.4.24)
n=1

One can introduce a topology in the linear space ®* in various ways. For instance, one
can take as the nhoods of zero in ®* the sets

Uw (@15 925+, pni €) = {F € @7 | [Flpp)| <€, 1<k <nj. (2.4.25)

Here @1, o, ..., @, are elements of ®, and ¢ is an arbitrary positive number. The topology
generated by these nhoods is called the weak topology on the space ®* and is denoted by
Tw. Along with the weak topology one can construct the strong topology, whose nhoods of
zero are defined by

Us(B;e) = {F € ®*| sup|F(p)| < 6} : (2.4.26)

peEB

where B is any bounded set in ® (cf. Section 2.3.1), and € > 0. We denote the strong
topology by 7¢. As the names indicate, the strong topology is actually stronger than the
weak topology, i.e., Ty C Ts.

We consider, finally, the adjoint space ®** of ®*. In this space also, one can define
different topologies. We shall only consider a topology built from the strongly bounded sets
in ®* (that is, bounded with respect to 75). With each 7¢-bounded set B and each number
e > 0 we associate the set

U(B,e) = {QZ Sl }S?lé% |o(F)| < e} : (2.4.27)

We take the collection of all sets U(B;¢) for a system of nhoods at zero in ®**. With this
topology the second adjoint ®** is isomorphic to the original countably normed space ®,
ie, ® ~P** Alt.s. & for which & ~ &** is called reflerive. Thus any countably Hilbert
space is reflexive. In particular, every Hilbert space is also reflexive (cf. Eq. (2.3.30)).

2.4.3 Countably Hilbert Spaces in Quantum Mechanics

The primary structure that physicists work with is a linear space ¥ with a (primary) scalar
product (¢, ) defined on it and an algebra of linear operators A. The (primary) scalar
product constitutes one of the most fundamental entities: |(¢, )| represents the probability
to find the property ¢ in the state ¢, which are the quantities that are to be compared with
the experimental data. The linear operators A € A represent the observables measured
in the quantum system upon consideration. This algebraic structure has, in principle, no
topology attached to it. But in Quantum Mechanics we need a topological structure so
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that the elements of the algebra of observables are continuous operators and all algebraic
operations are allowed. This is the reason why we need a sequence of scalar products.

Therefore, we consider the case of a linear space ¥ in which, in addition to a sequence
of scalar products (2.4.7), there is also another scalar product

(+,-):¥x¥ +— C
vxp — (Y,9) (2.4.28)

defined on it. In principle the scalar product (2.4.28) is unrelated to the other scalar
products (2.4.7) that generate a countably Hilbert space topology 7. To make the scalar
product (2.4.28) and the sequence (2.4.7) match each other, we assume that (2.4.28) is a
Te-continuous mapping. Thus, in addition to (2.1.12)-(2.1.14), we demand that

pon——¢ implies (¢n, ) —=(p,¢), Ve V. (2.4.29)
n—00 n—00

We are now going to show that whenever a primary scalar product (2.4.28) is continuous
with respect to the topology generated by a denumerable sequence of scalar products, we
can include this scalar product as the first element of that sequence without altering the
topology:

From (2.4.29) we can see that the linear functional

C
Fy(p) = (¢, ) (2.4.30)

F¢ U
p
and the antilinear functional

F,/,:‘If — C

o — Fy(p) = (p,9) (2.4.31)
are Tg-continuous. Since any continuous functional on a countably Hilbert space is
bounded, there is a norm || - ||, and a constant C' > 0 such that

1Ey ()| < Cllellg,  [Fu(@)l < Cligllgs 14,0 < Cllpllg llollq- (2.4.32)

We now define the sequence of scalar products

(9o = (%), (2.4.33)
((707 Qﬁ);’ = C(()Oa ";b)p-i-q—l ) p= 17 23 s (2434)

The new sequence of scalar products contains the original scalar product as the zeroth
element, satisfies

(2, 0) = (0, 0)0 < (9, 0)1 <o < (@, 0)p <00y (2.4.35)

and generates the same topology as the original scalar products (¢, ¢), do.
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Therefore, we can always assume that the scalar product (2.4.28) is already the zeroth
scalar product of the sequence

(0, 0)0 < (P, @)1 < -+ < (p,0)p < -+ (2.4.36)

of scalar products that will define the topologies on ¥. We are mostly interested in two
topologies induced by the scalar products (2.4.36) on W. The first topology is generated by
the nhoods of zero given by

1
Un(0) = 1ol llello < —}, m=12,... (2.4.37)

This is the Hilbert space topology (cf. Section 2.3.3) and is denoted by 73. The second
topology is the countably Hilbert space topology 74, whose nhoods of zero are given by

1
Upm(©) ={ol el < —}, p=0,1,2,...,m=12,... (2.4.38)

If we complete the linear space ¥ with respect to these two topologies, we obtain the chain
of spaces
VCPCH. (2.4.39)

‘H is obtained by adjoining to ¥ the limit elements of 75,-Cauchy sequences whereas @ is
obtained by adjoining to ¥ the limit elements of 7-Cauchy sequences. The algebraic space
U is 7g-dense in @ and 7y-dense in H, and the complete countably Hilbert space ® is
my-dense in H. The second inclusion in (2.4.39) comes from the fact that every 7-Cauchy
sequence is also 7y-Cauchy because {U,,(0)} C {U,,,(0)} (and then 75, D 7¢), but not vice
versa.

In applications to physics, the scalar products (2.4.36) are introduced in order to obtain
a topology so that all the elements of the algebra of observables are continuous. They
are defined in terms of the (primary) scalar product and the algebra of observables. For
example, the countable number of scalar products can be defined as

(0, 0)p = (0, APY), p=0,1,2,..., A€ A, (2.4.40)

where (-, -) is the (primary) scalar product that describes the probabilities. The quantities
(@, ¥)p] = [(p, APY)| = |(p, x)| have also an interpretation, namely the probability to
find the property represented by ¢ in the transformed state y = AP¢y. Therefore, the
scalar products (¢, ),, and therewith the topology 7¢ and the space ®, depend upon the
particular system under study.

2.5 Linear Operators on Hilbert Spaces

2.5.1 Introduction

In Quantum Mechanics, the observables are represented by a linear operators defined on
some linear scalar product space (¥, (-, -)). The completion of this space with respect to



2.5 Linear Operators on Hilbert Spaces 57

the Hilbert space topology leads to the Hilbert space H (see Section 2.4.3). Therefore, any
observable can be viewed as an operator defined on the domain ¥ of the Hilbert space H.
This will allow us to apply the Hilbert space methods to these operators. Some of these
methods will be very useful in the Rigged Hilbert Space theory.

2.5.2 Bounded Operators on a Hilbert Space

Certain classes of bounded operators play an essential role in Quantum Mechanics: nuclear
operators are needed in the construction of the nuclear Rigged Hilbert Space (see Section 2.6)
and operators with finite trace (which are defined below) are to represent mixed states.
Before introducing the concept of bounded operator, we need some preliminary definitions.

Definition Let H be a Hilbert space and M be a closed subspace of H. The orthogonal
complement M~ of M is the set of elements in H which are orthogonal to every element of
M,

Mt ={feH|(fg)=0, Vg€ M}. (2.5.1)

If M is a closed subspace of a Hilbert space H, then every f € H can be uniquely written
as f = g+ g1, where g € M and g, € M*. We usually say that H is the direct sum of the
spaces M and M=, and denote

H=MeoM". (2.5.2)

Definition A set {e,}5°, C H is an orthonormal basis for H if:
1. The elements of the basis are orthonormal to each other,
(€nym) =Onm, n,m=12 ..., (2.5.3)
where §,,,, is the Kronecker delta.

2. Every f € H can be expanded in terms of this basis as a series of the form

= (en flen, (2.5.4)

which converges in the sense of the norm of H.

In a general Hilbert space, an orthonormal basis need not be countable. It can be proven
though, that a Hilbert space is separable iff it has a countable orthonormal basis. We shall
only consider separable Hilbert spaces.

Example Define I, to be the set of sequences {z,,}>°; of complex numbers which satisfy
>0 |zn]? < oo with the scalar product

(o} }i) = 3 T v (2.5.5)
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[y is a separable Hilbert space and the set

{(1,0,0,...,0,...),(0,1,0,...,0,...),(0,0,1,...,0,...),...,(0,0,0,...,1,...),...}
(2.5.6)
is an orthonormal basis for [,.

Example The space L?(R,dz) is the set of complex-valued functions on R which satisfy
J22 1 f(2)]Pde < co. L*(R,dz) is a Hilbert space under the scalar product

vo- [ " @) o) de (2.5.7)

The Hermite polynomials form an orthonormal basis for L*(R, dz).

We now list some definitions and results concerning bounded linear operators defined on
a Hilbert space H. Corresponding statements hold for operators of a Hilbert space H; into
another Hilbert space Hs.

Definition A linear operator A defined on a Hilbert space H is called bounded if there exists

a positive number K such that
IAfIl < K| £l (2.5.8)

holds for every f € H. This definition of bounded operator is equivalent to the definition
given in Section 2.3.4.

The collection of all bounded operators on H is denoted by £(#). The space L(H) is a
linear space under the usual sum of two operators and multiplication of an operator by a
number. The norm of a bounded operator is defined by

Al = sup 1]

. (2.5.9)
rerrzo |If]]

One can prove that (2.5.9) is a well defined norm that satisfies the conditions (2.3.10)-
(2.3.12). The space L(H) becomes a Banach space when the norm of its elements is defined
by (2.5.9).

In Section 2.1.2 we gave a preliminary definition of the adjoint of an operator. Now we
give a more thorough definition.

Definition Let A be a bounded operator on a Hilbert space #. The adjoint operator Af
of A is defined on the elements g for which there exists a z € H fulfilling

(Af 9) = (f,2) (2.5.10)
for every f € H. The adjoint is then defined by Afg = 2. Thus (2.5.10) can be restated as

(Af,g) = (f,Alg), VYfeH, VgeDA). (2.5.11)
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A bounded operator A is called Hermitian or self-adjoint if A = Af, i.e., if
(Af,9)=(f,Ag), VfgeH. (2.5.12)
An important class of operators on Hilbert spaces is that of projections.

Definition If P € £(H) and P2 = P, then P is called a projection. If in addition P = PT,
then P is called an orthogonal projection.

The range R(P) of a projection P is always a closed subspace on which P acts like the
identity. If in addition P is orthogonal, then P acts like the zero operator on (R (P))*.
Conversely, given a closed subspace M of ‘H, we can define a projection operator Py, onto
M as follows: since M induces on H a decomposition of the form (2.5.2), any f € H can
be written as f = g+ ¢, where g € M and g, € M*. We define Py f = Py(g+g.) :==g.
The operator Py, is a well defined orthogonal projection. Therefore, there is a one to one
correspondence between orthogonal projections and closed subspaces.

Definition An operator U on H is called unitary if ||U f|| = || f|| for every f € H. A unitary

operator satisfies the relations
UlU=UU"=1. (2.5.13)

Given a closed subspace M C H, an operator U € L(H) is called a partial isometry on M
if U is unitary when restricted to M, i.e., if

U'U = Py, (2.5.14)
where Py, is the projection onto M.

Evidently, any unitary operator is a partial isometry on the whole of H. A unitary
operator U is always bounded and [|U|| = 1.

If A is a matrix on C", then the eigenvalues of A are the complex numbers A such that
the determinant of \I — A is equal to zero. The set of such A is called the spectrum of A.
[t can consist of at most n points since det(A] — A) is a polynomial of degree n. If A is not
an eigenvalue, then (A — A) has an inverse since det(A] — A) # 0. In this case, A is in the
resolvent set of A. These notions can be extended to the case of a linear transformation on
a Hilbert space.

Definition Let A € L(H). A complex number A is said to be in the resolvent set, Re(A),
of A if A\l — A is a bijection with a bounded inverse. If A ¢ Re(A), then A is said to be in
the spectrum, Sp(A), of A. We distinguish two subsets of the spectrum:

1. An f € H which satisfies Af = \f for some A € C is called an eigenvector of A; A is
called the corresponding eigenvalue. If )\ is an eigenvalue, then A is in the spectrum
of A. The set of all eigenvalues is called the discrete spectrum of A.
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2. If X\ is not an eigenvalue and if A is not in Re(A), then A is said to be in the continuous
spectrum of A.

A very important class of bounded operators is that of compact operators.

Definition An operator A € £(H) is called compact (or completely continuous) if for every
bounded sequence {f,} C H, {Af,} has a subsequence convergent in H.

Example The simplest example of compact operator is an operator A of the form
Af == Me, f)h, (2.5.15)

where e and h are fixed vectors of unit length, and A is a fixed number. This operator maps
all of ‘H onto the one-dimensional subspace spanned by h, and is called a one-rank operator.
We can also define a linear operator A as

N
Af =Y Nilei f) b (2.5.16)
=1

for some fixed collections of vectors {e;}Y, and {h;}}¥, in H. The range of this operator is
the finite dimensional subspace spanned by the vectors {h;}¥,. The operator A in (2.5.16)
is called a finite rank operator. Every finite rank operator is compact.

The spectrum Sp(A) of a compact operator A is a discrete set having no limit points
excepts perhaps A = 0. Further, any nonzero A € Sp(A) is an eigenvalue of finite multiplicity
(i.e., the corresponding space of eigenvectors is finite dimensional).

A self adjoint compact operator, i.e., a compact operator A such that (Af, g) = (f, Ag)
for every f, g € H, has a particularly simple structure. If A is a compact self adjoint operator,
then one can choose an orthonormal basis ey, ey, ... in H which consists of eigenvectors of
A, Ae, = \,e,. The eigenvalues A1, Ay, ... corresponding to the eigenvectors ey, ey, ... are
real and converge to zero as n — oo, i.e., lim, ,,, A, = 0. Conversely, every operator A
which is defined in terms of some orthonormal basis ey, es,..., by Ae, = \,e,, where the
A, are real numbers and lim,_,, A, = 0, is self adjoint and compact.

An operator A is positive-definite if (Af, f) > 0 for every vector f € H. The eigenvalues
of a positive-definite operator are either positive or equal to zero. A compact operator differs

from a positive-definite operator only by an isometric factor, i.e., the following theorem
holds:

Theorem Let A be a compact operator on a Hilbert space 2. Then A has the form
A=U|4|, (2.5.17)

where |A] is a positive-definite compact operator, and U is a partial isometry on the range
of |A].
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Any compact operator can be approximated by a sum of one-rank operators (2.5.15).
Specifically, a compact operator A can be represented as the sum of a series

Af = A (en, f) hn. (2.5.18)
n=1

The e, are the eigenvectors of the operator |A| in the decomposition (2.5.17) corresponding
to the eigenvalues A, i.e., |Ale, = A\ne,. The h,, are given by h,, = Ue,,. (In particular, the
e, and the h,, are the elements of two orthonormal basis in H, and Aq, Ay, ... are positive
numbers that tend to zero as n — 00). Conversely, every series of the form (2.5.18), in
which e,, h,, A, have the aforementioned properties, defines a compact operator.

The requirement that the eigenvalues A, (of the operator |A| appearing in the decom-
position A = U|A| of a compact operator A) tend to zero is too weak. We now consider
operators that satisfy more stringent conditions.

Definition A compact operator A = U|A| is called Hilbert-Schmidt if "2 | A2 < oo, where
the A, are the eigenvalues of the operator |A|.

Therefore, an operator is of Hilbert-Schmidt type iff admits a decomposition of the form
(2.5.18) such that the series Y >- | A2 converges. One can also see that in order an operator
A be of Hilbert-Schmidt type, it is necessary and sufficient that the series > || Ae,|?
converge for at least one orthonormal basis ey, es,... in H.

An even more restrictive requirement that the operator A be Hilbert-Schmidt is that it
be a nuclear operator.

Definition A compact operator is called nuclear (or trace class) if Y >° | A\, < oo, where
the A, are the eigenvalues of the operator |A| appearing in the decomposition A = U|A|.
Since the convergence of the series > °° | A2 follows from the convergence of > °° | ), every
nuclear operator is of Hilbert-Schmidt type.

It is clear that an operator A is nuclear iff it admits a decomposition of the form (2.5.18)
such that the series Y >° | A, converges. The nuclear operators will serve in the definition of
nuclear spaces (cf. Section 2.6), which are the most important class of 1.t.s. used in Quantum
Mechanics.

The trace of an operator is a generalization of the usual notion of the sum of the diagonal
elements of a matrix. For any positive operator A € L(H) we define

o0

Tr(A) =) (en, Aen), (2.5.19)

n=1

where {e,} is an orthonormal basis of 7. The number Tr(A) is called the trace of A and
is independent of the orthonormal basis chosen. When Tr(A) is finite, then A is called an
operator with finite trace. If A is a positive-definite compact operator, then A is nuclear iff
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A has a finite trace. In this case,

Tr(A) = i(en, Ae,) = i)\n. (2.5.20)

In Quantum Mechanics, a general (mixed) state is assumed to be described by a positive
operator W with finite trace. W is usually chosen such that Tr(W) = 1 (if Tr(W) # 1,
we just define the equivalent normalized state W/ = W/Tr(W)). If A is a linear operator
representing a physical observable, then the quantity Tr(AW) is to represent the probability
to observe A in the state W.

2.5.3 Unbounded Operators on a Hilbert Space

Most important observables that occur in Quantum Mechanics are represented by linear
operators that are unbounded with respect to the Hilbert space topology. In this section
we will introduce some of the basic definitions and theorems necessary for dealing with this
type of operators.

An operator A is unbounded if the quantity (2.5.9) is not finite. Unbounded operators
are usually defined on some subdomain of the Hilbert space. We will always suppose that
this domain is dense.

In order to compare operators that are not defined on the whole of H, we introduce the
following definition:

Definition Let A and B be two operators defined on H. Let D(A) be the domain of A and
D(B) the domain of B. A is said to be an eztension of B if D(B) C D(A) and Af = Bf
for every f € D(B). In this case we shall write B C A. One may also call B the restriction
of A to D(B).

For some operators A there is a natural way of defining an extension A. One takes a
Cauchy sequence {f,} in D(A). If the sequence {Af,} is also Cauchy, and if one denotes
by f and ¢ the limits of {f,} and {Af,} respectively, it is natural to define Af = g. Since
f is not necessarily in D(A), one may define an extension A of A by applying the above
procedure to all Cauchy sequences {f,} in D(A) which are such that {Af,,} is also Cauchy.
However, this construction makes sense only if the element ¢ is independent of the choice of
a particular Cauchy sequence {f,} converging to f, i.e., if whenever {f,} and {f}} are two
Cauchy sequences in D(A) converging to the same limit f and {Af,} and {Af} are also
Cauchy, then lim, ,,, Af, = lim, ,,, Af,. An operator A verifying this condition is said
to be closable, and the extension A is called the closure of A. An operator A is said to be
closed if A = A.

Closedness is a weaker condition than continuity since, if an operator A on H is contin-
uous, then

lim fo=f, fa€D(A), (2.5.21)
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implies that the sequence {Af,} converges, while if it is only closed, then the convergence
of the sequence {f,} C D(A) does not imply the convergence of the sequence {Af,}.

The spectral notions for a bounded operator can be generalized to the unbounded case
when the operator is closed.

Definition Let A be a closed operator on a Hilbert space H. A complex number A is in the
resolvent set, Re(A), of A if A\I — A is a bijection from D(A) onto H with a bounded inverse.
The definitions of spectrum, discrete spectrum and continuous spectrum are the same for
unbounded operators as they are for bounded operators. We will sometimes refer to the
spectrum of nonclosed, but closable operators. In this case we always mean the spectrum
of the closure.

The adjoint of an unbounded operator A can be defined in a similar way to the bounded
case whenever the domain of A is dense in H.

Definition Let A : %X — H be a linear operator (not necessarily bounded) on a Hilbert
space H whose domain D(A) is a dense linear subspace of H. The domain D(AT) of the
adjoint operator A is the set of all vectors f € H for which there exists a z € H fulfilling

(f, Ag) = (2,9) (2.5.22)

for every g € D(A). Then, by definition, ATf = z. Since D(A) is dense, the vector z is
uniquely determined and AT is well defined. We then write (2.5.22) as

(ATf,9) = (f, Ag), Vg€ D(A),VfcDA. (2.5.23)

The adjoint operator is always closed. The relation between an unbounded operator A
and its adjoint AT can be more complicated than for the bounded case:

Definition An operator A on H is called symmetric if D(A) is dense in H and (Af, g) =
(f, Ag) for every f, g € D(A). This means that a densely defined operator is symmetric iff
A C AT, Ais called self-adjoint if D(A) is dense in H and A = A, A is called essentially
self adjoint (e.s.a.) if A is self adjoint.

If A is a symmetric operator, then A is closable and A = A'f. An e.s.a. operator has
a unique self adjoint extension that coincides with its adjoint. Physical observables are
assumed to be represented by e.s.a. operators.

Evidently, any self adjoint operator is e.s.a., and any e.s.a. operator is symmetric. In
fact, an operator A (not necessarily bounded) is

symmetric iff AC A=Al C AT, (2.5.24)
esa. iff AcCA=AlT=Al (2.5.25)
self adjoint iff A=A= AT = AT, (2.5.26)
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The spectrum of a self-adjoint operator is always a closed subset of the real axis.

In Quantum Mechanics, the elements A of the algebra of observables A are defined on
some linear scalar product space (U, (-, -)), and are required to fulfill (Ap, ) = (@, Ay)
for every ¢, 1 € ¥ (i.e., they are required to be symmetric). These operators are usually
unbounded. When this is the case, they cannot be extended to the whole Hilbert space
H (which is the completion of ¥ with respect to the Hilbert space topology) due to the
following theorem:

Theorem (Hellinger-Toeplitz) Let A be an everywhere defined linear operator on a Hilbert
space H with (f, Ag) = (Af, g) for all f and g in ‘H. Then A is bounded.

The Hellinger-Toeplitz theorem tells us that symmetric unbounded operators cannot be
defined on the whole of H. Thus such operators can be only extended at most into certain
dense subspaces of H. Given two unbounded densely defined operators A and B in A, the
definition of A+ B or AB may be difficult: A+ B is a priori only defined on D(A) N D(B),
and AB is only defined on the elements ¢ € D(B) such that By € D(A). However, if there
exists a common invariant subdomain ® for the algebra of operators A, i.e., a subspace ®
such that ® C D(A) and A : ® — @ for every A € A, then all algebraic operations are
allowed and domain questions do not arise. The need for this domain, that is not provided
by the Hilbert space theory, is one of the reasons why we need to go beyond the Hilbert
space to the Rigged Hilbert Space.

As an example, let L?(R, dz) be the Hilbert space of square integrable functions on the
real line. Then the multiplication (position) operator

Q: flz) > xf(x) (2.5.27)

and the differentiation (momentum) operator

1 df (z)
P - 2.5.28
fla) == (25.29)
are not bounded on L?(R, dx). Therefore, the commutation relation
Q,P]=QP — PQ =il (2.5.29)

is not defined for every element in the Hilbert space. However, the actions of P and @
can be restricted to the Schwartz space S(R), that is included in the domains of P and Q.
On this subdomain both P and @) are bounded (continuous) with respect to the topology
generated by the scalar products (2.4.15). On S(R), the commutation relation (2.5.29) is
well defined and all algebraic operations are allowed. This will serve as a motivation for
a physicist to consider using countably Hilbert spaces such as S(R) rather than just the
Hilbert space L*(R, dx).
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2.6 Nuclear Rigged Hilbert Spaces

2.6.1 Introduction

The class of countably Hilbert spaces that is of service in Quantum Mechanics is that of
nuclear spaces. Nuclear spaces will appear in connection with the spectral analysis of self
adjoint operators. This spectral analysis will be provided by the Gelfand-Maurin theorem
(see Section 3.5).

In order to introduce the concept of nuclearity, we consider a countably Hilbert space ®
on which an increasing sequence of scalar products

(L, o < (@, 0)2 <o < (@, 0)n < oo (2.6.1)

is defined. We consider the Hilbert spaces ®, which are obtained by completing the space
® with respect to the norms |||, = v/(¢,¢)n. These completions lead to the chain of
spaces

¢, OP;,D--DP,D---D . (2.6.2)

By construction, ® is dense in each space ®,. We denote by ¢ and @™ the same element
¢ € ®, considered as an element of ®, and ®,,, respectively. If m < n, then it follows from
(2.6.1) that the identity mapping

. dCd, - BCD,
oyl (2.6.3)

is a continuous mapping from a dense set in ®,, onto a dense set in ®,,. We can extend this
mapping to a continuous linear transformation 7"}, which maps the space ®,, onto a dense
subset of ®,, (cf. Section 2.3.4).

A countably Hilbert space ® is called nuclear if for any m there is an n such that the
mapping 1" of the space @, into the space ®,, is nuclear, i.e., it has the form

Te = Z Ak (€x, ©)n (2.6.4)
P

where p € ®,,, {e} and {h} are orthonormal systems in ®,, and ®,,, respectively, Ay, > 0
and > 27 A\p < 00.

We can extend the concept of nuclearity to a countably normed space. However, this
generalization does not lead to an extension of the class of spaces considered: in any nuclear
countably normed space it is possible to define a sequence of scalar products in such a way
that the space becomes a nuclear countably Hilbert space without altering its topology.

Nuclear spaces posses certain properties that make them suitable for the purposes of
Quantum Mechanics. Here we list the most relevant:

1. Any closed subspace of a nuclear space is nuclear.
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2. If ® is a nuclear countably Hilbert space, then the strong and the weak topology® on
P agree.

3. If ® is nuclear, then the strong and weak topologies on ®* (which were defined in
Section 2.4.2) coincide.

4. A nuclear space is separable (i.e., it contains a dense countable subset).
5. A nuclear space is complete with respect to the weak convergence.

6. A Hilbert (or a Banach) space is nuclear only if it is finite dimensional.

There is a number of countably Hilbert spaces that are nuclear. For example, the
Schwartz space S(R) (see Section 2.4.1) is nuclear with respect to the topology generated
by the scalar products (2.4.15). The space K (a) of Section 2.4.1 is also nuclear.

2.6.2 Nuclear Rigged Hilbert Spaces

By the use of the concepts discussed so far, it is now easy to introduce the basic notion of
(nuclear) Rigged Hilbert Space.

Let @ be a nuclear countably Hilbert space. We introduce a scalar product (-, -) into
® satisfying (2.1.12)-(2.1.14). This scalar product is also required to be continuous with
respect to the countably Hilbert space topology on ®. The completion of ® with respect to
the norm [|¢|| = v/ (¢, ¢) yields the Hilbert space H. Therefore, the mapping 7" that brings
any element of ® into the completion H is continuous. Usually, we identify the space ®
with the space T'(®) and write

®CH. (2.6.5)

By construction, the topology of @ is stronger (finer) than the topology induced by #H on
®. Along with the spaces ® and H we consider the adjoint space ®* of ® and the adjoint
space H* of H. The adjoint T of T is an operator mapping H”* into ®*. T is defined
by the equation

(pTh') = (T'p|h’) (2.6.6)

for every h' € H* and ¢ € ®. Since every antilinear functional A’ on the Hilbert space H
can be written in the form (see Frechet-Riesz Theorem in Section 2.3.4)

W(f)=(f,l), (2.6.7)

where h; is some element of H, then T can be considered as a mapping of H into ®*.

3A sequence {py} of elements in a countably Hilbert space ® is said to be weakly convergent to ¢ if
lim,,—, 00 F(pr) = F(p) for every functional F' on ®. By strong convergence we mean the convergence with
respect to the countably Hilbert topology generated by the scalar products (2.6.1).
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A Rigged Hilbert Space* (abbreviated RHS) or a Gelfand triplet is a triplet of spaces ®,
H, ®*, having the properties stated above: ® is a nuclear countably Hilbert space on which
a scalar product is defined, H is the completion of ® with respect to this scalar product,
and ®~ is the adjoint space of ®. For any RHS there exists a continuous linear operator T
which maps ® one-to-one onto a dense subset of H, and its adjoint 7 maps H one-to-one
onto a dense subset in ®*. Therefore, we will denote a RHS by

dCHCD, (2.6.8)

Since 7' is continuous, then there exists a norm ||¢||,,, and an M > 0 such that

1Tell = Vg, ) < M@l - (2.6.9)

Thus T can be extended onto the entire space ®,,, n > m. We denote the corresponding
operator by 7,,. It can be proven that there is a value of n for which 7,,, mapping the
Hilbert space ®,, into H, is a nuclear operator. The operator 7,°, mapping H into ®, is
also nuclear.

The nuclearity of 7;, will allow us to write 1" in a simple form. Since 7}, is nuclear, there
exist orthonormal basis {h;} and {e;} in H and ®,, such that for every element ¢ € &,
one has

T = Nelex, ), (2.6.10)
k=1

where A, > 0 and the series ) .-, Ay converges. Since T, = T'¢ if  belongs to ®, then
for elements ¢ € ® formula (2.6.10) takes the form

To=> Melew )l (2.6.11)
k=1

One can associate with a RHS a two-sided infinite decreasing chain of spaces
P*>.---DP_,D---DP;D---DP,D---DD, (2.6.12)

such that for any integer n there exists a nuclear mapping 7! of the space ®,,; onto a
dense subset of ®,,, and such that

$ — ﬁ &, O = G 3 ,. (2.6.13)
n=1 n=1

In order to construct the chain (2.6.12), we take into account the fact that a nuclear space
® is the intersection of a decreasing chain of Hilbert spaces (see Section 2.4.1)

*=()®, 5% >---02%,0---0%, (2.6.14)

n=1

“The word “rigged” in Rigged Hilbert Space has a nautical connotation, such as the phrase “fully rigged
ship”; it has nothing to do with any unsavory practice such as “fixing” or predetermining a result. The
phrase “rigged Hilbert space” is a direct translation of the phrase “osnashchyonnoe Hilbertovo prostranstvo”
from the original Russian.
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and for every n the mapping 7" " is nuclear. Now the space ®* is the union of an increasing
chain of Hilbert spaces (see Section 2.4.2)

=)o, ®,C®,C--CP,C---CP", (2.6.15)
n=1

where ®_, = ®*. We denote by 7", for n < —1, the operator adjoint to 7" _,. This
operator is also nuclear. In order to connect the chains (2.6.14) and (2.6.15), we note that
there is a value n for which the operator 7;, , mapping ®, into #, is nuclear. Then the
mapping 1", of H into ®_,, is also nuclear. Without loss of generality we may suppose that
n = 1. We now denote H by ®g, and the mappings 77 and T_; by T, and T° |, respectively.
We thereby obtain the sequence of spaces (2.6.12).

Example We define the scalar product on S(R) by

)= [ A, (2.6.16)

o0

Completion of S(R) with respect to this scalar product yields the Hilbert space L*(R, dz).
Since S(R) is nuclear and the scalar product (2.6.16) is continuous with respect to the
topology on S(R), then the triplet

S(R) ¢ L*(R,dr) C S(R)* (2.6.17)

is a (nuclear) Rigged Hilbert Space. The space S(R)* is called the space of tempered distri-
butions. The “plane waves” €A may be considered as elements of S(R)*. The functional
associated to each plane wave ¢ is defined by

(0| F)) = (p]e?®) = /OO o(z) eMd . (2.6.18)

o0

It is easy to see that |F)) is a well defined continuous antilinear functional on S(R).



Chapter 3

The Rigged Hilbert Space of the
Harmonic Oscillator

In this chapter, we construct the RHS of the harmonic oscillator. This system is studied
from a different point of view to that taken in Quantum Mechanics textbooks. Instead
of assuming that the position and momentum operators are given by the multiplication
and derivative operators, we shall make three simple algebraic assumptions: the Heisen-
berg commutation relation, the expression of the Hamiltonian in terms of the position
and momentum operators, and the existence of an eigenvector of the Hamiltonian. From
these algebraic assumptions, we shall construct the RHS of the harmonic oscillator and the
Schrodinger representation of the algebra of the harmonic oscillator.

As I sat there, brooding on the old unknown world,

I thought of Gatsby’s wonder when he first picked out the
green light at the end of Daisy’s dock. He had come a long
way to this blue lawn and his dream must have seemed so
close that he could hardly fail to grasp it. He did not know
that it was already behind him, somewhere back in the vast
obscurity beyond the city, where the dark fields of the re-
public rolled on under the night.

Gatsby believed in the green light, the orgiastic future that
year by year recedes before us. It eluded us then, but that’s
no matter—tomorrow we will run faster, stretch out our
arms farther.... And one fine morning——

So we beat on, boats against the current, borne back
ceaselessly into the past.

F. Scott Fitzgerald, The Great Gatsby

69






3.1 Introduction 71

3.1 Introduction

We shall treat in detail one of the simplest physical models, the one-dimensional harmonic
oscillator, using the framework of the preceding sections. Our formulation will easily gen-
eralize to more complicated physical models, and we will list the algebras for which these
generalizations are already known.

The standard approach to the harmonic oscillator is to start out with the (position)
Schrodinger realization of the algebra of operators, i.e., one takes for granted the well
known differential expressions for the operators position ), momentum P and energy H
of the harmonic oscillator. From these expressions one derives, for instance, the Heisen-
berg commutation relation. These operators are implicitly assumed to be defined on the
same domain, which is assumed to remain stable under their action, and so all algebraic
operations such as the multiplication of two operators are allowed. The operators () and
P are assumed to have eigenkets |z) and |p) satisfying Q|z) = x|z) and P|p) = p|p) for
every real x and p, although a satisfactory mathematical meaning within a Hilbert space
formulation is not possible. Dirac basis expansion is also used, although the Hilbert space
spectral decomposition does not correspond to it.

Here we shall obtain this realization but starting from a different point. We shall just
assume some algebraic relations to be fulfilled by the operators P, () and H, namely the
Heisenberg commutation relation and the expression of H in terms of P and (). We shall
make an additional essential assumption: the existence of an eigenvector of the energy
operator. The operators will be defined on a common linear space that remains stable
under their actions.

From this algebraic starting point, we shall derive first that H possesses a countable
number of eigenvalues hiw(n + 1/2), n = 0,1,2,..., corresponding to some eigenvectors
on, as it appears in the literature. The linear space spanned by the ¢, will be called W.
In Section 3.3 this linear space is equipped with two different topologies: the usual Hilbert
space topology, which generates the Hilbert space ‘H from W, and a stronger nuclear topology,
which generates the space ® from W. This nuclear topology will make the elements of the
algebra continuous operators.

In Section 3.4, the space of antilinear functionals is defined, and the Rigged Hilbert
Space

®CHC P (3.1.1)

for the harmonic oscillator is constructed. Section 3.5 gives the definition of generalized
eigenvectors. This definition will provide the proper mathematical setting for the eigenket
equations Q|x) = z|r) and Plp) = p|p). The eigenkets |p) and |z) will be continuous
antilinear functionals over ®, i.e., they will be elements of ®*. A statement of the Gelfand-
Maurin Theorem will be given, which will guarantee the existence of a complete set of
generalized eigenvectors of the position and momentum operators, as it is usually assumed.
It will be shown that this theorem is the mathematical statement that justifies the heuristic
Dirac basis vector expansion. In Section 3.6, we derive the Schrodinger representation of
the harmonic oscillator. In this representation the standard expressions for P, () and H in
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terms of differential operators will be obtained. The realization of the RHS (3.1.1) by spaces
of functions and distributions is also described in Section 3.6. The space ® will be realized
by the Schwartz space S(R), and ®* by the space of tempered distributions S(R)*. Thus
the RHS (3.1.1) will be realized in the position representation by

S(R) C L*(R,dr) C S(R)* . (3.1.2)

Therefore, we shall provide a proper mathematical framework for the operations that
are needed in physics, and we will throw light onto the problem of how the Schrodinger
realization of the algebra of operators can be singled out. The important point is that
this realization, which is introduced ad hoc in the literature, can be derived from proper
algebraic assumptions within the RHS formalism.

3.2 Algebraic Operations

The algebra (cf. Section 2.1.3) A of observables for the one dimensional harmonic oscillator
is generated by the operators H (representing the observable energy), P (representing the
observable momentum) and @) (representing the observable position). The defining algebraic
relations are:
1, uw? :
H=_—P+—/7Q", [P,Q| = —ihl, (3.2.1)
21 2
where 7 is a universal constant (Planck’s constant), u,w are characteristic constants of the
system (mass and frequency, respectively) and [P, Q] = PQ — QP is the commutator of P
and ). The elements of A are assumed to be linear operators defined on a linear space W.
There is a scalar product (-, -) defined on ¥ that provides the probability amplitudes (but
VU is not a Hilbert space). Further, P, () and H are supposed to be symmetric operators of
¥ into ¥. That is,
AU — U, (3.2.2)

and
(Ap,¥) = (@, A), Vo, e, (3.2.3)

where the operator A can be P, Q or H. The assumptions about the algebra of observ-
ables stated so far do not specify the mathematical structure completely. There are many
realizations of the vector space ¥ on which A is an algebra of operators. We have to make
one further assumption in order to fully specify the realization of A, i.e., the realization of
(3.2.1). This additional requirement can be formulated in the following way:

there exists at least one non—degenerate eigenvalue of

H whose corresponding eigenvector is an element of . (3.2.4)

In short, our starting point is to assume that the physics of the harmonic oscillator is
described by an algebra of observables that satisfy the (algebraic) assumptions (3.2.1)-
(3.2.4).
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In order to construct the space ¥, we make the elements of A act on the eigenvector of
(3.2.4). The representation of A by linear operators on ¥ obtained in this way is called the
ladder representation. The procedure to find the ladder representation is well known and
will be sketched only very briefly. One defines

_ 1 | B l
a = \/§< hQ+\/;WiP>’ (3.2.5)
_— L( po )
al % hQ \/mp : (3.2.6)
ot L1
N = aa—whH 2[. (3.2.7)

These operators clearly fulfill, as a consequence of (3.2.3),

(poap) = (a'p,9p), Ve, €W, (3.2.8)
(o, Ny) = (Ng,p), Vo,pel. (3.2.9)

Eq. (3.2.1) implies that a and o' fulfill
[a,a'] =aa’ —ala=1. (3.2.10)
Assumption (3.2.4) implies that there exists a ¢, # 0 in ¥, such that
Npy = Apy. (3.2.11)
From (3.2.9) and (3.2.11) it follows that

Alea, 0a) = (0x, Noa) = (Noa, ox) = Apa, @) - (3.2.12)

Therefore, A = A, i.e., A is real. From the commutation relation (3.2.10), it then follows
that

N(apy) = alaapy = (aa’ — Dapy = a(a’a — I)p,
= a(N—-1I)pr=a(A—1)py= (A —1)ap,. (3.2.13)

This implies that either ap, is an eigenvector of N with eigenvalue (A — 1) or ap, = 0.
Further, from (3.2.8) and from the commutation relation (3.2.10) it follows that

la'oall? = (ox, alapy) + (or, Ipx) = [lapa]|* + |leall* £ 0, (3.2.14)

since ¢y is different from the zero vector. This means that a'p, # 0. In addition, equation
(3.2.10) implies that
N(a'py) = (A +1)alpy, (3.2.15)

i.e., afpy is an eigenvector of N with eigenvalue (\ + 1).
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We now start with the eigenvector o), which was assumed to exist, and successively
define the vectors

Oxm = a"Qy m=20,1,2,3,... (3.2.16)

Since according to (3.2.13) each application of a lowers the eigenvalue by 1, we have
Noxm=A=—m)pypm, m=0,1,2,... (3.2.17)
This means that ¢y_,, = a™p\, m = 0,1,2,..., are eigenvectors of N with eigenvalue

(A —m) unless p)_,, is the zero vector. We shall now show that after a finite number of
steps my, the vector py_,, is the zero vector

Oremo = 0™ =0. (3.2.18)
To prove this statement, we calculate the scalar product of (3.2.16) and (3.2.17)

(SDAfmaN(P)\fm) = (A_m) (SDAfma(P)\fm) = ((p)\,m,aTatp)\,m) = Ha()o)\meQ . (3'2'19)
If ox_m # 0, then (3.2.19) leads to
lagr—m|?

Since the norm of a non-zero vector is always positive, equation (3.2.20) implies that
(A —m) > 0 whenever py_,, # 0. Now, if p)_,, were different from zero for every
m = 1,2,..., then A — m > 0 could not be fulfilled, since A is a fixed real number.
Therefore, there must exist an mg € N such that

ox—m # 0 form < my, (3.2.21)

and
Pr—mo = CPA—(me—1) = 0- (3.2.22)
This proves (3.2.18).
After normalization, we denote the last non-zero vector by

Pr—(mg—1)

gy = —2(mo D (3.2.23)
[e2—(mo-1l
From ¢, (for which agy = 0) one defines the sequence of vectors
Po
1
1 = TGT%
b = =)o
2 51 0
On = —'(aT)n(ﬁU
n!
..... (3.2.24)

These vectors have the following properties:
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1. They are eigenvectors of the number operator N and of the Hamiltonian H
N¢, =n¢,, n=0,1,2,... (3.2.25)
H¢, =hw(n+1/2)p, n=0,1,2,... (3.2.26)
2. For every ¢,, there exists a ¢, that is different from the zero vector.

3. The actions of a' and a on the sequence (3.2.24) are given by
0’ b = V4 1dns1, adn = Vndn 1. (3.2.27)

Equation (3.2.26) is usually interpreted by saying that the energy of the harmonic oscillator
is quantized and cannot take any arbitrary value. Equation (3.2.27) means that if we start
with an eigenstate ¢,, of H corresponding to the eigenvalue E,, = fiw(n+1/2), application of
the operator a' yields an eigenvector associated with the eigenvalue E,,; = hw(n+1/2)+hw,
and application of a yields, in the same way, the energy E, | = hiw(n+ 1/2) — hw. For this
reason, a is said to be a creation operator and @ an annihilation operator: their action on
an eigenvector of H makes an energy quantum Aw appear or disappear.

The space W of the ladder representation of A is the linear space spanned by the eigen-
vectors @g, @1, ..., Pp, ... of (3.2.24), i.e., U is the set of all (finite) linear combinations

M
Y= g, (3.2.28)
n=0

where o, € C and M is a natural number which is arbitrarily large but finite. In ¥ we have
the scalar product (-, -) for which (3.2.3), (3.2.8) and (3.2.9) holds. With respect to this
scalar product, the vectors ¢, are orthogonal and normalized,

(Pns D) = Onm - (3.2.29)

We call the set of vectors {¢,} an algebraic orthonormal basis for the space V.
The set ¥ can be also viewed as the linear space of all sequences of the form

M

Y= (g, a1,...,ap,0,0,...) EZan¢n, (3.2.30)
n=0

where «,, € C. The algebraic operations of this linear space are defined componentwise: let
M,

)= (a0, 0n,. ., 001,,0,0,...) =Dy (3.2.31)
n=0

and

Mo
Y = (607/817"'76M270707---) = Zﬂngﬁn (3232)
n=0
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be two elements of ¥ (M, > M;). Then

d)+<10 = (O[0+B0,O[1+61,...,04M1 +6M17"'7/8M270707"')
Mo
= > (an+B)on, (3.2.33)
n=0
and
My
a) = (aag, aay, ..., aay,,0,0,...) = Z(aan)qﬁn ) (3.2.34)
n=0

The scalar product of ¢ and ¢ is

Mo Mo
(1/), 90) = Z(an¢na 6n¢n) = Zan ﬁn . (3235)
n=0 n=0
Then the norm of ¢ is given by
My M,
||¢||2 = Z(an¢n; an¢n) = Z |an|2- (3236)
n=0 n=1

Since the sums (3.2.30)-(3.2.36) only go up to a finite number, the question of the conver-
gence of these sums does not arise. The algebraic operations (3.2.33), (3.2.34) and (3.2.35)
show W is a linear scalar product space (cf. Section 2.1.2).

We now introduce the space spanned by each ¢,,. This is the subspace

R, ={a¢,| a € C}. (3.2.37)

R, is a one dimensional subspace called the energy eigenspace associated to the n-th eigen-
value of H, because all of its elements are eigenvectors of the operator H with eigenvalue
E, = hw(n+ 1/2). Although we can just as well work with the vectors ¢, by using the
spaces R, we obtain a formulation which immediately generalizes to the case where R, is
not one dimensional. The space V¥, that is given by

M
U={y=(ag,01,...,001,0,0,..) =) atbn; 0, €C, M N}, (3.2.38)

n=0
is usually rewritten as the algebraic direct sum of the spaces R,:

U= ) OR,. (3.2.39)

algebraic

The right hand side of the equation (3.2.39) means that every ¢ € ¥ can be uniquely written
as a finite linear combination
wETO—i‘Tl—i‘"'—i—TM (3240)

of elements 7, = a, ¢, € R, that are orthogonal to each other (i.e., (r,,7,) = 0if n # m).
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3.3 Construction of the Topologies

3.3.1 Introduction

The space ¥ has so far an algebraic structure, namely it is a linear space provided with a
scalar product. In order to be able to use certain tools (such as the Gelfand-Maurin theorem
of Section 3.5) we need to equip ¥ with a topological structure, i.e., we need to construct a
linear topological space (cf. Section 2.3).

We will define a topology in terms of the notion of sequence convergence. All the rest of
the topological notions such as continuity, denseness, boundedness, closure, completeness,
etc. will be derived from the notion of sequence convergence. When this notion fully de-
scribes the topology, the topological space is said to be first countable (cf. Section 2.2.2).
The topologies introduced in this section are all first countable. Only Section 3.4 will deal
with topologies that are not first countable.

Intuitively, a sequence {¢,} converges to a point ¢ if whenever we follow the terms of
that sequence we get closer and closer to the limit point ¢ with respect to a certain sense of
closeness. This definition of convergence must be such that the linear and the topological
structures can be pieced together. This is accomplished by requiring that the algebraic
operations be continuous with respect to the topology under consideration. Therefore, a
linear topological space has

1. A linear structure.

2. A topology 7 that provides a notion of convergence of sequences. If a sequence {p,}
converges to a point ¢, then we denote

on ——0. (3.3.1)

— 00

3. The algebraic operations are continuous. That is,
(3a) If o, —— ¢, then ay, —— ayp for every a € C.
(3b) If C 3 a,, —— a € C, then a,,p —— ap for every .
(3¢) If 0, —— ¢ and 9, —— 1), then @, + ¥, —— @ + 1.
This is not the most general definition of a linear topological space (cf. Section 2.3) but it
is sufficient when the topology is first countable.

A sequence {¢,} will be said to be Cauchy if the terms of the sequence get more and
more close to each other as n — oo. We then write

On — Pm — 0. (3.3.2)

One may expect that whenever we follow the elements of a Cauchy sequence, we always end
up in an element of the space. However, this is the case only in certain kind of spaces, that
are called complete. Therefore, a space is complete with respect to a given topology if every
Cauchy sequence has a limit that belongs to the space. When a space is not complete, it
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can be completed by adding to it all the limit points of Cauchy sequences. In this case, the
incomplete space can be viewed as a dense set of the complete space (cf. Section 2.3.2).

We shall introduce two different topologies on W, the Hilbert space topology and a
nuclear topology. Completion with respect to each topology will lead to the space H and ®,
respectively. These two topologies will be fully described by the definition of convergence
of sequences (i.e., they are first countable).

3.3.2 Hilbert Space Topology

First, we introduce into ¥ the well known Hilbert space topology, which we shall denote by
Ty. For each ¢ € ¥, we define the norm of ¢ by

191 =V (¥,9), (3.3.3)

where (1,) is the scalar product of ¥. The norm (3.3.3) can be used to introduce a
meaning of convergence, i.e., to specify in which sense the terms of a sequence get closer
and closer to a limit point. We will say that a sequence {#,} in ¥ converges to 1) € ¥ with
respect to the Hilbert space topology 74 if

[n =¥l =0 asn—oo. (3.3.4)

This means that {1} tends to 1) if for every ¢ > 0 there is a positive integer N (¢) such that
|ton — || < € for every n > N. Symbolically, this condition is written as

o= iff i — 0| —0. (3.3.5)

The concept of Cauchy sequence can be stated as: a sequence {t,,} in ¥ is Cauchy with
respect to 7 if for every € > 0 there exists a positive integer N such that ||¢), — || < €
for every m,n > N. In other words, the sequence {1,} is Cauchy if

|0 — ml =0 asn,m — oco. (3.3.6)

The space ¥ is not complete with respect to the Hilbert space topology. That is to say,
there exist Cauchy sequences of elements v, in ¥ (i.e., sequences fulfilling (3.3.6)) that do
not have a 7y-limit element in ¥ (i.e., there is no ¢» € ¥ such that (3.3.4) holds). As an
example, let us consider the following infinite sequence:

Zbo = (%,0,0,)E%
wo= (200 =0t
wn - (T7?77n+1707)22222+1

......... , (3.3.7)
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where the ¢, are the eigenvectors (3.2.24) of N. The sequence (3.3.7) is 7-Cauchy, because
for any positive integers n, m (m > n without loss of generality)

i = vall = 3° A2 0. (33.8)

. n, m—)oo
z:n+1

But (3.3.7) tends, with respect to 7, to

which is an infinite sequence and therefore is not in W. This shows that ¥ is not complete.

The space ¥ can be completed with respect to the topology 7 by adding to ¥ all the
limit points of 75-Cauchy sequences of elements of W. The resulting space, denoted by H,
is the Hilbert space. W, that is a scalar product space which is not complete with respect
to 7y, is usually called a pre-Hilbert space. The space H is the set of infinite sequences

h:(?”[],?"l,...,’l“n,...) EZTH, (3310)
n=0

where r, = a,¢, € R, and «, € C, such that

S lrall? =) lowl* < o0, (3.3.11)
n=0 n=0

or in a more compact notation
o0
H={h=(ro,r1,-..,rn,...) | D _lIrall> < o0, m € Ry} (3.3.12)

Its topology is given by the prescription (3.3.5) for sequence convergence:
hp 25 h & ||hy — h|| —0. (3.3.13)
n—00 n—00

It can be proven that the space H defined by (3.3.12) is complete with respect to the
topology defined by (3.3.13).
A vector h € H given by (3.3.10) is uniquely determined by the sequence of complex
numbers
h=(ag,00,...,00,...), (3.3.14)

where r, = a,¢,. This sequence is not arbitrary, but it must fulfill (3.3.11). In fact, it can
be shown that the norm (3.3.3) of any h € H is given by

117 =) o] (3.3.15)
n=0
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An infinite sequence (ap, a1, . . ., ay, . . .) that satisfies (3.3.11) is said to be square summable.
The set of square summable sequences is denoted by lo(C). It is clear that h € H iff its
corresponding sequence (3.3.14) is square summable. Therefore, (3.3.14) and (3.3.15) set up
a one-to-one correspondence of the Hilbert space H onto the space l5(C). The spaces H and
l5(C) are, from a linear topological point of view, the same. We then say that [»(C) is the
realization of H by the space of square summable sequences. In terms of these sequences,
the space H is given by

’H:{h:Zan¢n| a, € C, Z|an|2 < o0} (3.3.16)
n=0 n=0
The «,, of (3.3.14) can be obtained as the scalar product of h with ¢,
an = (bnh), n=0,1,2,... (3.3.17)
Thus we can write any element h € H as
h=> " én(dng) =D 160)($n:9), (3.3.18)
n=0 n=0

in analogy to the three-dimensional case
3
F=) &6 8 =) &ux. (3.3.19)
i i=1

Equation (3.3.18) is usually interpreted by saying that the {¢,} form an orthonormal basis
for H and that the «,, are the components along the basis vectors ¢,,.

We are now going to show that H is actually a 7-completion of W. First, the algebraic
operations on ¥ can be readily extended to the Hilbert space H. The sum of two elements

h=(ag,0q,...,00,...)= Zanqﬁn (3.3.20)

n=0

and .
g = (507617-"7577,7---) EZﬁn¢n (3321)

n=0

of H is defined componentwise as
h+g:=(ao+Bo, a1+ Bre oyt + By ) =D+ Bu) - (3.3.22)

It can be proven that if h and g are elements of 7, i.e., the sequences (3.3.20) and (3.3.21)
satisfy (3.3.11), then h + ¢ is also an element of H, i.e., it obeys

o0

Z |, + Ba]? < 00 (3.3.23)

n=0
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The multiplication of an element h of H by a complex number « is defined by

ah = (aag, aay, ..., a0, ...) = Z(aan)qﬁn : (3.3.24)
n=0
The scalar product on H is defined by
(h,g) =D (nbn, Budbn) = > _ 0 Bu - (3.3.25)
n=0 n=0

If h and g are in ‘H, then it can be shown that the series (3.3.25) converges and that this
scalar product is well defined. Therefore, H is a linear scalar product space that is complete
with respect to the topology 74 generated by this scalar product, i.e., H is a Hilbert space.
Since every element ¢ € ¥ is given by a finite sequence of the form

w = (TQ,Tl,...,TM,0,0,...) (3326)

that obviously satisfies (3.3.11), the space ¥ is a subset of 7. The algebraic operations
(3.3.22), (3.3.24) and (3.3.25) on H clearly extend the operations (3.2.33), (3.2.34) and
(3.2.35) on . We can see that U is dense in H with respect to this topology. In fact, every
element

h=(a,o1,...,0p,...) = ZO‘”% (3.3.27)
n=0

of H is the 79-limit of a sequence of elements of ¥ with the form
wn = (a07a17"'7an70707'--) = Zaz¢z (3328)
i=0

In other words, H is the 74-completion of ¥ with respect to the topology defined by the
norm [¢)]| = /(¢ ¥).

In terms of the spaces R, the space H is usually written as

H=> &R, (3.3.29)

Hilbert

The right hand side of (3.3.29) is usually called the Hilbertian direct sum or orthogonal
direct sum of the R,, because the spaces R, are orthogonal to each other, since (r,,7,) =0
for n # m, where r, € R, and r,, € R,,.

An example of an element of H is the sequence

z

1
I 3.3.30
37 ’n Zn—i—l ( )

l\Dli—‘

(1,
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of (3.3.9). For this sequence, it holds that

=3l =5 (3331

z is the 73-limit element of the Cauchy sequence (3.3.7), because for every 1), in (3.3.7)

N el o~
[ — 2||* = Z S i;ﬂ Vil (3.3.32)

i=n+1

Summarizing, we started with the linear scalar product space ¥ of finite linear combi-
nations of the eigenvectors ¢,. In this space, we introduced the topology 73 through the
meaning of sequence convergence (3.3.5). The space ¥ was not complete with respect to
Ty, 1.e., there were Cauchy sequences of elements of ¥ that did not have a 73-limit element
in ¥. ¥ was completed to a space H by adjoining to it all limit elements of 74,-Cauchy
sequences. Thus, the Hilbertian direct sum was obtained by completing the algebraic direct
sum with respect to 7:

Z ® R, —— my—completion — H = Z ® R,. (3.3.33)

algebraic Hilbert

The operators of the algebra of observables A can be considered now as linear operators
defined on a subdomain of the Hilbert space. These operators can be extended to larger
subdomains of H (see Section 3.3.5). But these extensions are not continuous with respect
to 74. Moreover, their domains do not remain stable under the actions of the operators.
Therefore, algebraic operations such as the sum or multiplication of two operators are not
always allowed. Since in physics these kind of operations are always assumed to be well
defined, it is reasonable to search for a space ® that

1. remains stable under the action of the elements of the algebra A,
A:®— P, (3.3.34)
where A is any element of A.

2. Every A € A is continuous with respect to certain topology on ®. This continuity
will allow us to extend the operators from W to their extension on ® in a unique way.

The domain ® is characteristic of the particular physical system (i.e., of the particular alge-
bra of observables) upon consideration. The construction of this domain for the harmonic
oscillator is the subject of the next section.
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3.3.3 Nuclear Topology

We now construct the space ®, which will be the completion of ¥ with respect to a nuclear
topology 7. We take the original scalar product (-, -) and define the quantities

(p,1) = (0, (N +D)PY), VYo,p € ¥, p=0,1,2,... (3.3.35)

1Yllp =/ (¥,9)p, VY EW. (3.3.36)

From the properties of the linear operator N, it is easy to see that (p, 1), of (3.3.35) fulfills
the conditions (2.1.12)-(2.1.14) of a scalar product and that the quantities of (3.3.36) form
an increasing sequence of norms

and

19llo < 1l < M[Ylle < -+ (3.3.37)

Further, these norms are compatible, i.e., if a sequence converges to zero with respect to
one norm and is a Cauchy sequence with respect to another, then it also converges to zero
with respect to this other norm (cf. Section 2.4.1).

We now define the notion of convergence that will determine the nuclear topology 7.
A sequence {1, } of elements in W converges to an element 1 with respect to the topology
Te if {1,,} converges to 1) with respect to every norm in (3.3.36):

UV —2 1) & ||y — ||, = 0, for every p=0,1,2,... (3.3.38)
n—00

The reason why we introduce the scalar products (3.3.35) and the topology (3.3.38) is
that the operator NV will be continuous with respect to 7e (cf. Section 3.3.5). Moreover, due
to the special structure of the algebra of the harmonic oscillator, the continuity of N will
imply the continuity of the rest of the observables of this algebra (cf. Section 3.3.5).

From 1, —=— 1 it follows that 1, —=1), but not vice versa. Therefore 74 is stronger
(finer) than 73, and 73 is weaker (coarser) than 7.

A sequence {9} in ¥ is 7-Cauchy if for every p and for every € > 0 there exists a
positive integer N = N (e, p) such that

|Yn — Ymllp < € for every n,m > N, (3.3.39)

i.e., {¢,} is Te-Cauchy if it is Cauchy with respect to every norm of (3.3.36).

We now complete ¥ with respect to 7 by adding to ¥ the limit points of all 7-Cauchy
sequences. The complete linear topological space obtained in this way is denoted by ®.
® is called a countably Hilbert space (cf. Section 2.4). Since there are more 75-Cauchy
sequences than 7g-Cauchy sequences (because a T-Cauchy sequence must fulfill (3.3.39)
only for p = 0), this implies

VCPCH. (3.3.40)

Thus, ¥ is 7g-dense in ®, and since ¥ is 7y-dense in H, ® is 7-dense in H.
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In order to construct ® explicitly, let us see which of the infinite sequences that are
elements of #, i.e., that fulfill (3.3.11), are also elements of ®. A sequence

©=(T0,T1y-+-yTny---), Th€ Ry, (3.3.41)
is an element of @ iff it is the limit point of the sequence
Un = (ro, 715+, 70, 0,0,...) (3.3.42)
of elements of ¥ with respect to 74, i.e., iff
ltn — ¢ll, =0, forevery p=0,1,2,... (3.3.43)
Equation (3.3.43) is equivalent to
(Y — @), (N +1)P(¢p, —p)) = 0, forevery p=0,1,2,..., (3.3.44)
which is equivalent to
f: (ri, (N + 1)Pry) = f: (i + 1)7||r;]|? —0, for every p=10,1,2,... (3.3.45)
i=n+1 i=n+1

Therefore, ¢ is the 7g-limit point of a 7-Cauchy sequence of elements of W iff it fulfills
(3.3.45). Then the space ® is given by

S={p=> anbp| 0 €C, > (n+1)a,[* < oo forevery p=0,1,2,...}. (3.3.46)
n=0 n=0

Obviously, @ is a linear space under the algebraic operations inherited from .
If we denote the completion of ¥ with respect to each norm ||¢||, of (3.3.36) by ®,, for
every p=0,1,2,..., then it can be shown that

&=(%,. (3.3.47)
p=0

® is also called the 7g-direct sum of the spaces R,, that is denoted by
=Y OR,. (3.3.48)

nuclear

This 7e-direct sum has been constructed by completing the algebraic direct sum with respect
to the 7 topology

U= > @R, tg—completion — Y @ R,. (3.3.49)

algebraic nuclear

The operators in the algebra of observables can be extended to ® (cf. Section 3.3.5).
These extensions will be proven to be continuous with respect to 74 and the space ® will
be proven to remain stable under the action of the operators of the algebra. Therefore, all
algebraic operations will be allowed. This is, in fact, the very reason why we have introduced
the space ®.
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3.3.4 Physical Interpretation of ¥, ® and H

To see what these various spaces might mean for physics, we recall that R, is the energy
eigenspace corresponding to the energy eigenvalue

E, = hw(n n %) . (3.3.50)

Ifh=(x,a1,...,0n,...) = ZZO:O @y, where oy, = (¢, h), then

heH & ) ol <oo, (3.3.51)
n=0

he® & Y (n+1)P|o* <oo forp=0,1,2,..., (3.3.52)
n=0

he ¥ <& all o, but a finite number are equal to 0. (3.3.53)

Clearly, direct experimental data can only tell us something about ¥. In fact for most
real physical systems whose idealization is the harmonic oscillator, e.g. diatomic molecules,
only the very lowest energy levels are relevant; for higher energy the diatomic molecule
is no longer a harmonic oscillator and finally not even an oscillator. ® and H are both
idealizations, though ® appears “closer” to reality.

The reason why we prefer the mathematical idealization provided by ® over the one pro-
vided by H can be vaguely summarized by saying that ® admits Dirac’s bra-ket formalism.
Two aspects of this formalism are:

1. All algebraic operations involving the observables are allowed and no questions re-
garding the domain of definition arise.

2. For every observable there exists a complete system of eigenvectors such that every
wave function can be expanded in terms of these eigenvectors.

The first aspect follows from the fact that all the elements of the algebra A leave invariant
®, are continuous operators with respect to 7 and therefore uniquely defined on the whole
space ®. This will be discussed in the next section. The second aspect will need the concepts
of dual space and generalized eigenfunction, and will be discussed in Section 3.5.

3.3.5 Extension of the Algebra of Operators

The operators of the algebra of observables were assumed to be defined on the space W. Since
U C H, these observables can be considered as linear operators defined on the subdomain
U of the Hilbert space H. They can be extended to larger subdomains of H by using the
notion of closure (see Section 2.5.3). If 1, € ¥ and 1, — f, but f ¢ U, then Ay, € ¥
for every n but A is not defined on f. If Ay,—2+g, then we define the closure A of A by
Af = g. We can do this only for those f € H which are 7-limit points of some sequences
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¥ € ¥ and for which A1), T3-converges. The domain D(A) of A is the set of elements for
which the above procedure can be applied. Evidently, the closure of an operator extends
the operator itself. Thus, in correspondence to the relation

v CH (3.3.54)
between the spaces, we have the relation

AcCA (3.3.55)

between the operators. However, in general, D(A) # . This means that there are elements
h in H on which A is not defined, i.e., ||Ah| = oo.

As an example, we consider the operator N. This operator can be extended from ¥ to
larger subdomains of H. But N cannot be extended to the whole of H. For instance, the
action of N cannot be extended to the Hilbert space element

1 1
= (1, = .. 3.3.56
2= (LG =) (3.3.56)
because
W :(11 Lo ) s 2 (3.3.57)
n=hg o 00) T 2, 3.
but
1 2 n - 1 2 n
N, = 1,— —, ... ) 1, — = ., — ... 3.
w (07 72737 7n+1707 ) 00 (07 72737 7n+17 )7 (3358)

which is not an element of . In fact, the largest subdomain of H to which N can be
extended is given by

{h=> andn| > n’lan|” < oo} (3.3.59)
n=0 n=0

The extension of any other operator A of the algebra A can be constructed in a similar way.
If h =) °, ¢y, is an element of H, then the action of the extension of A (that is also
denoted by A) on h is given by

Ah=A (i an¢n> = EOO: an(Ady) - (3.3.60)

This extension, however, is not defined for every element of the Hilbert space, but only for
those h € H for which ||Ah|| < oo. Therefore, the operators of A cannot be extended to the
whole of H and their extensions are not 7y4-continuous. The domains of the extensions of
the operators of A are, in general, different for different operators, and do not remain stable
under the action of the extensions. In order to avoid domain questions, we need the space
®. This space is the largest subspace of H on which all the extensions of the operators are
well defined and that remains stable under the action of these extensions. From now on, we
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will always consider the domain of the operators to be ®. We will denote the (Hilbert space)
extension of P, (), H ... to ® also by P, (), H ... These extensions are also symmetric,

(Ap,¥) = (0, AY), Vo, e®, (3.3.61)

where A can be P, () or H.
It can be shown that the operator H is not only symmetric but also essentially self-adjoint
(e.s.a.) (cf. Section 2.5.3), i.e., it can be shown that

H=H"'. (3.3.62)

In fact, it can be proven (see reference [65]) that the requirement that H has at least one
eigenvector (see (3.2.4)) is equivalent to the requirement that H is e.s.a.:

There exists a g such that Hop = Fpp iff H=H'. (3.3.63)

We remark that either of these requirements leads to a representation of A which integrates
to a representation of the group generated by P, Q and I (Weyl group): the requirement
that H is e.s.a. because of the Nelson theorem (see [65]) and the requirement that H has
one eigenvector because it leads to the ladder representation, and ladder representations are
always integrable.

Since N = 1/(fw)H — 1/2I, N is also e.s.a. That is,

N'=N. (3.3.64)

As a consequence of the fact that P and () are elements of the Lie algebra of the Weyl group,
it follows that P and @) are also e.s.a. by a theorem of Nelson and Stinespring (see [66]).
That is,

P =P, Q'=0Q. (3.3.65)

H + 1 is, except for some constant factors, the Nelson operator, and is also e.s.a.

In our example, one can easily see that N is e.s.a. without invoking the Nelson theorem.
It can be easily proved by using one of the criteria of essentially self-adjointness:

Lemma: An operator A is e.s.a. if (A + I)~! is continuous and has a dense domain in

H.

The spectrum (cf. Section 2.5) of (N +1) " !is 1/(n+1),n =0,1,2,... Consequently,
it is a continuous operator. Its domain is dense in H. Therefore, N is e.s.a. As a
consequence, N + I is e.s.a. Further, (N + I)? is e.s.a.! for every p=1,2,...

The extension of any operator A of A from ¥ to ® is constructed as follows: given
any element ¢ = >  a,¢, of ®, the sequence v, = Y " ja;¢; of elements of ¥ converge

That (N + I)? is e.s.a. can be proved in many ways. It also follows from the fact that (N + I)P is an
elliptic element in the enveloping algebra of a group representation (see reference [66]).
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to ¢ with respect to 7s, i.e., ,—=—p. The action of A on ¢ is defined by Ay = 76 —
hmn%oo Awna or

o0
Ap =" a,Ad,. (3.3.66)
n=0
These extensions are unique if the operators are 7g-continuous on ¥ (cf. Section 2.3.4). Since
the product and the sum of two continuous operators are continuous operators, the elements
of our algebra A are continuous if @ and a' are continuous operators. In particular, P, () and
H are continuous if @ and a' are continuous. In a space on which the topology can be defined
by the convergence of sequences, i.e., a space in which the first axiom of countability holds,
a linear operator A is continuous iff for all sequences {¢,} with ¢, —2=0 it follows that
Ap, 250 (cf. Section 2.3.4). Since our topology 7 satisfies the first axiom of countability,
the operator a! is continuous if from ¢, —2-0 it follows that afy, —2-0:

To prove that a! is 7g-continuous we use a lemma (see Appendix 3.7.4) that states
that for every norm ||¢||, of (3.3.36) there is a real constant x < oo such that

(Y,a(N + I)Pa’y) < w(ep, (N + IPTy), Ve . (3.3.67)
Let 1, —2—+0 as n — co. Then |¥nllp = 0 for every p =0,1,2,...,
(Y, (N + I)Pyp,) = 0 for every p=10,1,2,... (3.3.68)

To show that a1, —2-0, we have to show that

llat4pnlly — 0 (3.3.69)
for every ¢ =0,1,2,..., i.e.,, that
(a™n, (N + )%, = (¢n, a(N + I)%alep,) — 0 (3.3.70)
for every ¢ =0,1,2,... By (3.3.67)
(¢, a(N + I)%altpy) < K(thn, (N + 1) ehy,) . (3.3.71)

By (3.3.68) the right hand side of (3.3.71) tends to zero for every ¢ = 0,1,2,..., and
consequently also the left hand side, which proves (3.3.70). Then af is continuous.
The proof of the 7g-continuity of a is analogous.

We remark that the convergence of ||afp,|, — 0 as n — oo for a fixed ¢ follows from
the convergence of ||¢y||q+1 — 0. Therefore it is important to have a countably infinite
rather than a finite number of norms; in the case of a finite number of norms, a' is not a
continuous operator, since the topology generated by a finite number of norms is equivalent
to the topology generated by one norm. In particular, this implies that a' cannot be a
continuous operator with respect to the Hilbert space topology.

We have shown that @ and a', and therewith the elements of the algebra of observables,
are Tg-continuous operators on the linear topological space W. Their 7g-continuous exten-
sions to ® are then unique. We denote the 7g-extensions of the operators a, af, P, Q,
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H,...to ® also by a, af, P, Q, H,... Domain questions do not arise when we perform the
algebraic operations, because the operators are defined on the whole space ®, and because
® remains invariant under their action. It is worthwhile noting that the 7g-extension to ®
of any operator A is the same as the Hilbert space extension of A to ®.

The second aspect of the Dirac formalism, the existence of a complete set of eigenvectors,
follows from the nuclear spectral theorem (see Section 3.5 below). In order to be able to
apply this theorem to our example, we need to prove that the topology 74 is nuclear.

Before introducing the notion of nuclear topology, we need the following definition: a
bounded self-adjoint operator B defined on a Hilbert space H is Hilbert-Schmidt if B can
be written as

B=) \P, (3.3.72)
k=1

where the Py are projection operators (cf. Section 2.5.1) onto finite dimensional spaces H;,
and Y07 (|Ag] dimHy)? < oo. Instead of giving the original definition of nuclear space
(cf. Section 2.6.1), we shall use a theorem by Roberts (see [10]) which gives a necessary and
sufficient condition for a space to be nuclear: a linear topological space @ is nuclear if there
exists an e.s.a. Tg-continuous operator A € A, whose inverse is Hilbert-Schmidt.

It is now very easy to see that our ® is nuclear because N, and therefore N + I, is
e.s.a., the spectrum of (N +1)"tis (n+1)"!, n =0,1,2,..., R, is one dimensional and
>, 1/(n+1)? < co. Thus N + I is the operator that fulfills the above definition.

Having established that @ is nuclear, we can now adduce the nuclear spectral theorem
to show that the essentially self-adjoint operators P and () each has a complete set of
eigenvectors in the sense of Dirac. Unlike the compact operators, for which such a set
of vectors can be found from among the elements of the corresponding Hilbert space, the
eigenvectors given by the nuclear spectral theorem neither reside in the space ® nor in H.
Instead, these vectors acquire mathematical sense as elements of the topological dual of ®,
and therewith the more precise terminology generalized eigenvectors. Before presenting the
nuclear spectral theorem in Section 3.5 we shall discuss the dual space of ®, the subject of
the next section.

3.4 The RHS of the Harmonic Oscillator

3.4.1 The Conjugate Space

As mentioned above, the generalized eigenvectors of the Dirac basis vector expansion will
be described by continuous antilinear functionals over the space ®. This is the notion that
we are about to present (see also Section 2.3.4).

An antilinear functional F' on the linear space ® is a function F'(p) from ® into the
complex plane C which satisfies

F(agp + BY) =aF (p) + BF(Y), VYo, € ®, VYa,B,€C. (3.4.1)
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In the bra-ket notation F(y) = (¢|F), Eq. (3.4.1) reads

(g + BY|F) = a(p|F) + B[ F) . (3.4.2)

In the space ®, on which the topology 7 is defined, we can use the notion of continuity
with respect to this topology to introduce the concept of continuous mapping: a function
F is continuous if the image of every convergent sequence is also convergent,

on—— ¢ = F(p,) ——=F(p), (3.4.3)
n—oo n—oo

where —2— indicates convergence with respect to the topology 7¢ and —— means conver-
gence in the sense of complex numbers.

A continuous antilinear functional ' on @ is a function from ® into C that is antilinear
and continuous. One can prove that a functional F' on the countably Hilbert space ® is
Tg-continuous iff there exist a positive constant K and a norm || - ||, among the collection
of norms (3.3.36) that obey

[F(p)l < Kllelly, Vee@. (3.4.4)

We now consider the collection of all continuous antilinear functionals over ®, which is
denoted by ®*. The sum of two functionals and the multiplication of a functional by a
number are defined by:

(aFy + BEY) () = aFi(p) + Bla(p), Vo€ @, Va,B € C, (3.4.5)
or in bra-ket notation

(plaky + BFy) = alp|F1) + B{p|Fy) . (3.4.6)

One can prove that if Fy, F, € ®*, i.e., if F} and Fj satisfy (3.4.1) and (3.4.3), then aFy+(F,
is also in ®*. Thus, ®* is a linear space under the operations defined by (3.4.5).

The dual space of the Hilbert space H can be constructed in a similar way. A function
F from H into C is a 7y-continuous antilinear functional if

1. F'is antilinear,

F(af + Bg) =aF(f)+BF(g), VYf,geH, Ya,feC. (3.4.7)

2. F'is my-continuous,
fo—" f = F(fa) = F(f). (3.4.8)

The adjoint space H* of H is the collection of all 7-continuous antilinear functionals over
H. The space H* can be endowed with a linear structure if the sum of two functionals and
the multiplication of a functional by a number are defined as in (3.4.5).

From the relation ® C H, it can be shown that

W C D (3.4.9)
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Let F € H*. If {f,} is any sequence of elements of H that converges to f € H with
respect to 7y, then F(f,) converges to F(f),

fo s f = F(fa) 25 F(f). (3.4.10)

Let ¢, be a sequence of elements of ® that converges to ¢ € ® with respect to 7.
Since @, —2—+¢ implies that @, — ‘¢, if follows from (3.4.10) that F(p,)——F(y).
Therefore,

TH

on—p = Flpn) 5 F(p), (3.4.11)
which proves that F' € &*.

3.4.2 Construction of the Rigged Hilbert Space

We are now in a position to construct the Rigged Hilbert Space for the Harmonic Oscillator.
We begin this construction considering the antilinear functional on ‘H defined by

Fy(g9) = (9,f), VgeH, (3.4.12)

where f is a fixed element of H. It is easy to see that F’, which is determined by the vector
f € H, fulfills the condition (3.4.7) if the function (-, -) fulfills the conditions for a scalar
product. Further, Fy € H*, i.e., it also fulfills (3.4.8). In order to prove this, we take a
sequence g, of elements of H that converges to g € H with respect to 7. In a Hilbert
space, the 73-convergence implies that

(gns h) == (g, 1) (3.4.13)

for each h € H. This scalar product convergence for each h € H is called the weak
convergence of g, to ¢, in contrast to the norm convergence g, — g (called also strong
convergence in ). Applying Eq. (3.4.13) to f of (3.4.12), it follows that Fy(g,) — Fy(g).
Thus, Eq. (3.4.12) defines a 73-continuous antilinear functional for every f € H. Further-
more, the converse is also true (see Frechet-Riesz Theorem in Section 2.3.4), i.e., for every
antilinear 75-continuous functional F*) € H* there exists a unique vector fr € H such
that

(g|lF™)y = FP(g) = (g, fr), forevery g€ H. (3.4.14)

Therefore we can identify the Hilbert space ‘H and its conjugate space H* by equating the
functional F*) € H* with the vector fr € H given by (3.4.14)

H S FM = fneH. (3.4.15)

Then we have that
VCPCH~H". (3.4.16)

For 7y-continuous functionals F(*) the symbols (-|-) and (-, -) are equivalent after the
identification F*) = f,. This identification is possible because the action of the functional
FO) at any vector g € H is equal to the scalar product of g with fp:

(g|F™) = (gl fr) = (9, fr) - (3.4.17)
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In the bra-ket notation, the identification F'*) = f, is written as [F*)) = |fz) or even
as |F) = |f). However, for the class of 7g-continuous functionals F' the symbol (¢|F) (the
action of the functional F' at the point ) is equal to (¢, F)) (the scalar product of ¢ and
F) only if FF € H*. That is,

(p|F) = (p|FM)y = (o, F) only if F=F% ¢ H*. (3.4.18)
From Eqs. (3.4.9) and (3.4.16), it follows that
&CHCD. (3.4.19)

This triplet of spaces is the Rigged Hilbert space (RHS) or the Gelfand Triplet for the
Harmonic oscillator.

In the space ®*, one can introduce various topologies and therewith various meanings of
sequence convergence (cf. Section 2.4.2). An example is the weak topology, that is denoted
by 7% or by 1y (cf. Section 2.4.2). This topology leads to a meaning of sequence convergence
that is analogous to the weak convergence in H: a sequence of functionals {F,}52, C ®*
converges (weakly) to a functional F' with respect to 7 if

(p|Fy) = (p|F), forevery p € ®. (3.4.20)

However, this notion of sequence convergence does not specify the weak topology completely,
i.e., 7° is not first countable.

Once ®* is equipped with the topology 7%, we can construct its dual space, that is
denoted by ®**. The elements of ®** are the 7*-continuous antilinear functionals ¢ on
®* i.e., the mappings ¢ from ®* into C that satisfy

1. @ is linear,
o(aF, + BF,) = ag(Fy) + Bo(Fy), VF,F, € ®° and Vo, 8 € C, (3.4.21)
or in bra-ket notation

(aFy + BF3|@) = a(F1|@) + B(F2|9) - (3.4.22)

2. @ is continuous with respect to 7.

The space ®** is also a linear topological space if addition and multiplication are defined
by
(Flagr + Bg2) = afF|¢1) + B(F|82) (3.4.23)

and the (weak) convergence is defined by
5,55 e (F|3,) = (F|§) for every F € & . (3.4.24)

One can prove that to each element ¢ € ® there corresponds an antilinear continuous
functional ¢ in ®** defined by
P(F) = F(p), (3.4.25)
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or in the Dirac’s notation

(Fl@) = (o] F). (3.4.26)
Thus, we can identify every element ¢ € ®** with an element ¢ € ® through (3.4.26) and
vice versa. Further, it can be shown that the convergence defined by (3.4.24) is the same
as the convergence with respect to 7¢. Therefore, the spaces ®** and ® are, from a linear
topological point of view, the same and can be identified

X~ P (3.4.27)

The Hilbert space H certainly satisfies (3.4.27) because it already satisfies H* ~ H. Since
the functionals over H are given by (3.4.12), the Hilbert space relation that corresponds to
the relation (3.4.26) is

(f,h) =(h, f), (3.4.28)

which is a property of the scalar product.

3.4.3 Continuous Linear Operators on the Rigged Hilbert Space

The operators of the algebra of observables were assumed to be defined on the linear scalar
product space W. Later on, they were extended to the space ® in a unique way. We now
extend their actions to the dual space ®*. For every operator A on ®, one can define the
conjugate operator (also called the dual operator) A* on ®* by

(A*F)(p) := F(Ap), VYoe®, VF € ®* (3.4.29)
or in bra-ket notation
(p|A*|F) = (Ap|F) . (3.4.30)
If A is a 7g-continuous operator on ®, then A* is a 7*-continuous operator on ®*. In
particular, this implies that

AXF, "5 AXF whenever F,—F. (3.4.31)

We have defined the notion of continuous operator through the notion of sequence
convergence. This is possible only in spaces where the first axiom of countability is
satisfied. The Hilbert space and the space ® are such spaces. In these cases, every
continuous operator is bounded and every bounded operator is continuous. If the
spaces are not first countable, the notion of continuity of an operator cannot be fully
specified by the notion of sequence convergence. This is why in the space ®*—that
is not first countable—operators A* that fulfill (3.4.31) are not necessarily bounded.

If a Tg-continuous operator A is also symmetric, then we have in correspondence to the
relation (3.4.19) between the spaces the relation

ACAcC A C AX (3.4.32)
between the operators. When the operator A is also e.s.a., Eq. (3.4.32) becomes
ACA=ATc A", (3.4.33)

In particular, the adjoint operators P>, Q*, H* of the operators P, (), H are 7*-continuous
operators on ®* and satisfy (3.4.33).
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3.5 Basis Systems, Eigenvector Decomposition and the
Gelfand-Maurin Theorem

The next section is presented a heuristic motivation for Dirac basis vector expansion. The
mathematical details are covered in Section 3.5.2.

3.5.1 Basis Systems and Eigenvector Decomposition—a Heuristic
Introduction

The simplest example of basis system and eigenvector decomposition is given by the three-
dimensional space R®. In R? it is customary to choose a system of three orthonormal vectors
e, ey, e3 satisfying

ei-ej:(sl-j, i,j:1,2,3, (351)

where e; - e; is the scalar product of e; and e; and J;; is the Kronecker delta defined by

(1 ifi=
5ij_{0 it (3.5.2)

The basis system fulfilling (3.5.1) can be chosen somewhat arbitrarily. But it is convenient
to choose it in such a way that the particular physical problem under consideration takes its
simplest mathematical form. For example, if one describes a three-dimensional rigid body
with moment of inertia tensor I, then it is useful to choose the basis system {e;} such that

e; I- €; = I(])(SZJJ (353)

i.e., to choose the {e;} to be eigenvectors of the (rank 2) tensor I. Every vector v € R® can
be expanded with respect to this basis system of eigenvectors of I,

3
v=> e, (3.5.4)
=1

where the v; = e; - v are the coordinates (or components) of the vector v with respect to the
basis {e;} of eigenvectors of the symmetric tensor I.

In analogy to the three-dimensional space R*, one introduces a system of basis vectors
in a general linear space ®. If ® is an N-dimensional linear space, then there are NV linearly
independent vectors {e;} Y, that form an orthonormal basis system for ®. We denote these
basis vectors e; also by |e;). The scalar products of the elements of the basis system are
written in one of the following ways:

€ "€ = (ei,ej) = (ei|€j) = 6@', Z,] = 1, 2, ceey N . (355)

As the basis system for the space ®, it is often extremely convenient to choose the eigen-
vectors of an operator A which represents an important observable (most frequently one



3.5 Basis Systems, Eigenvector Decomposition and the Gelfand-Maurin Theorem 95

chooses the energy operator H, the position operator () or the momentum operator P).
Therefore, one seeks a set of basis vectors e; € ® which also fulfill

Aei = a;€; (356)

for some a; € C. These eigenvectors are often labeled by their eigenvalues a; and denoted
by
e = la;) . (3.5.7)

It can be proven that if A is a Hermitian operator on an N-dimensional space ®, then there
exists an orthonormal basis system of eigenvectors of A,

A|CLZ'):CLZ'|CLZ'), 7::]_,2,...,]\[,
(ai|aj) = 5ij; Z,] = 1,2, .. .,N, (359)

such that every vector ¢ € ® can be written as

p= Z |a;) (ailp) - (3.5.10)

This result is the spectral theorem for a Hermitian operator A defined on a finite dimensional
scalar product space ®. Eq. (3.5.10) is called the spectral decomposition of the vector ¢ or
the eigenvector expansion of ¢ with respect to the basis system {|a;)}. The complex numbers

vi = (ailp) (3.5.11)

are the components of the vector ¢ with respect to the basis {|a;)}. The set of a;’s (which
are real if A is Hermitian) is called the spectrum of A.

In general, the dimension of the linear space ® is not finite. In this case, the above result
cannot be applied, and a proper generalization to the infinite dimensional case is needed.
In this infinite dimensional case, there are two possibilities depending on the spectrum of
the observable upon consideration. When the possible measurements of an observable are
elements of a discrete set of numbers, then only a discrete set of eigenvalues is necessary.
In this case, only an infinite dimensional generalization of (3.5.8)-(3.5.10) is needed. How-
ever, there seem to be observables in physics whose possible measurements are elements of
a continuous set of numbers (e.g., the momentum and position can, in many cases, take
any real value). In this second case, we need not only the infinite dimensional general-
ization of (3.5.8)-(3.5.10) but also the continuous infinite dimensional generalization. This
generalization is the Dirac basis vector expansion (cf. [1]) or, in mathematical terms, the
Gelfand-Maurin Theorem (cf. [5]). This theorem is valid under certain conditions on the
space ®. Since the eigenvector decomposition is essential in quantum physics, we will only
consider spaces for which this theorem holds.

To explain the Gelfand-Maurin Theorem in detail requires much more mathematics.
These mathematics are provided in Section 3.5.2. In this section, we just give an intuitive
statement, which can be accepted in analogy to (3.5.10).
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We consider the cases of an infinite discrete number of eigenvalues and a continuous set
of eigenvalues in parallel. The self-adjoint operator with discrete spectrum will be called
H. Its spectrum will consist of the infinitely many real eigenvalues F,,, n = 0,1,2,... The
self-adjoint operator with continuous spectrum will be denoted by Q.2 The spectrum of
() will be the continuous interval of real numbers [m, M]. Then the (heuristic) spectral
theorem asserts:

There exists a system of eigenvectors, |E,) in the discrete case and |z) in the continuous
case,

H|E,) = E.E,), n=012,..., (3.5.12)
Qlry = zlr), —oco<m<z <M< +oo, (3.5.13)

such that every ¢ € ® can be expanded in terms of these eigenvectors,

= D _|E.)(Eale), (3.5.14)

M
o = / dz|z) (z|0) | (3.5.15)
and ¢ = 0 if and only if all its components are zero, i.e., (E,|p) = 0 for all £, or (z|p) =0
for all z.> A system of eigenvectors |E,,) or |z) with these properties is called complete or a
basis system. The |x) are called kets, the (x| are called bras and the (x|p) are called bra-kets
(see [1]). The bra-ket (x|p) is a generalization of the usual scalar product.

Thus the spectral theorem asserts the existence of a complete system of eigenvectors of
a self-adjoint operator. (E,|¢) or (z|p) are called the coordinates or components of ¢ with
respect to the basis system {|E,)} or {|x)}. They can be thought of, in analogy to the
N-dimensional case stated in Eq. (3.5.11), as the scalar products of the eigenvectors with
the vector ¢

(Enlp) = (IEn), ¥), (3.5.16)
(zlp) = (|2}, 9). (3.5.17)

Thus the (E,|p) are the discrete infinite dimensional generalization of the ¢; in (3.5.11),
and the (x|p) are the continuous infinite dimensional generalizations of the ;.

Whereas the |E},) are proper eigenvectors, i.e., they are normalizable, the |x) are not.
This is why the |x) are called generalized eigenvectors or eigenkets and denoted by corner-
kets |-), in contrast to the normalizable eigenvectors |E,,), that are denoted by round-
kets |-). Though we can manipulate the corner-kets as if they were proper eigenvectors,

2For instance, H can be the Hamiltonian for the harmonic oscillator and @ the position operator for the
harmonic oscillator.

3The simple nondegenerate form (3.5.14), (3.5.15) is valid if the operator A (H or Q) is cyclic, i.e., if
there exists an f € ® such that {A"f = f(,,)} spans the entire space ®. This means that any ¢ € ® can be
written as ¢ = ) f(n)C(n), Where c(,) are complex numbers. Degenerate spectra, which occur when more
than one quantum number is needed, will be discussed in Section 3.7.2.
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mathematically there is an important difference between the discrete basis vectors |E,) and
the continuous basis vectors |z): the |E},) are in ® while the |z) are in ®*, the space of
continuous antilinear functionals over ®. Further, (E,|p) is indeed the scalar product of
the normalized vector |E,) with ¢, whereas (z|p) is the action of the functional |x) at the
vector .

If an operator H has discrete spectrum E,, n = 0,1,2..., then all the corresponding
eigenvectors |E,) enter into the discrete basis vector expansion (3.5.14) and there are no
other eigenvectors that enter into this basis vector expansion. If an operator ) has a
continuous spectrum, then in general-—and this depends upon the properties of the space
®—there are more generalized eigenvectors of () (i.e., more kets which fulfill (3.5.13)) than
appear in the eigenvector expansion (3.5.15). Whereas the discrete eigenvalues of a self-
adjoint operator are always real, the generalized eigenvalues of a self-adjoint operator need
not be real. They can be real or complex, and even if they are real, they do not necessarily
belong to the spectrum, i.e., appear in the integral (3.5.15). However, for a self-adjoint
operator there is always a real subset of the set of generalized eigenvalues such that the set
of corresponding eigenvectors is complete.

The most general form of the spectral theorem for an operator A representing a physical
observable is a combination of (3.5.14) and (3.5.15)

o= la)(ale)+ [ dala)(ale) (35,19

where the sum runs over the discrete spectrum of A and the integral runs over the continuous
spectrum of A.* This is the case for the Hamiltonian of the hydrogen atom. It is possible
that some or all of the values a; appearing in the sum also appear in the integral. In that
case, they are called discrete eigenvalues embedded in the continuous spectrum. If this
happens for ag, then |ay) is still orthogonal to all the |a) including |a)

(agla)y =0, (aglag) =0. (3.5.19)

To see that the coordinates (E,|¢) are indeed what their notation indicates, namely the
scalar product of the vector ¢ with the basis vector |E,), we calculate the scalar product of
(3.5.14) with the eigenvector |E,):

o0

(1En), @) =Y (1En), | En))(Enlp) . (3.5.20)

n=0

4The nuclear spectral theorem for an arbitrary self-adjoint operator actually does not assert (3.5.18)
but rather (3.5.43) with a general measure du(x), and it does not say anything about the spectral measure
du(z) in addition to the assertion of its existence. However, all operators used in this dissertation are of the
special kind that either du(z) = p(x)dx with p(x) a positive smooth measurable function (such operators
are said to have an absolutely continuous spectrum) or du(z) = 3, 6(x — x;)dx (these are the operators
with discrete spectrum), or they have both an absolutely continuous and a discrete spectrum. So (3.5.18),
after a normalization change (3.5.45), is the most general form used in this dissertation.
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Since |E,,) and |E,) are eigenvectors of the same Hermitian operator H,
(|Ew), |En)) =0 if E, # E,,. (3.5.21)
For E,, = FE,, we normalize them
(1En), 1 En)) = | 1Ea) [IP=1. (3.5.22)
We combine (3.5.21) and (3.5.22) and obtain
(1En), |E2) = (Bl Eyn) = 01,5, = 0pm, n,m=0,1,2,.... (3.5.23)

Thus, the eigenvectors of the self-adjoint operator H have the property (3.5.5) as required
for orthonormal basis vectors. Inserting (3.5.23) into (3.5.20) one obtains

= un(Eale) = (Enlo). (3.5.24)

This is the expected identity (3.5.16).
The spectral theorem (3.5.14) leads to other spectral decompositions: one can omit the
arbitrary vector ¢ € ® on both sides of (3.5.14) and obtain the spectral resolution of the

identity operator 1
= > B (Bl (3.5.25)

n=0

where the quantities |E,,)(E,| are called projection operators. One can also apply the oper-
ator H to both sides of (3.5.14)

Hp =Y H|E,)(Eup) = EulE.)(Eu), (3.5.26)
n=0 n=0
and then omit the arbitrary vector ¢ on both sides
H=> E.|E,)(E|. (3.5.27)

This identity between the operator H and the weighted sum of projection operators |E,,)(E,|
is called the spectral resolution of the self-adjoint operator H with a discrete spectrum.

The scalar product of any two elements ¢, 1) € ® can be written in terms of the compo-
nents of these vectors along the basis vectors |E,,) as

(1, 0) =D _(V|En)(Enlg) = (Enle) . (3.5.28)

n=0 n=0
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In particular, if one chooses ) = ¢, then one obtains

o.¢] o.¢]

lell” = (0. 0) =D _(elEn)(Enle) =D |(Enlo)|” (3.5.29)

n=0 n=0

Equation (3.5.28) is the analog to the formula

3 3
V-X= Z V;€;-€; Tj = Zvi T (3530)
i=1

1,j=1

for the ordinary scalar product in R3.

In the three-dimensional space R?, a vector v is specified by its components (v, va, v3)
with respect to the basis system {ej, €3, e3}. Moreover, any sequence of three real numbers
(v1, v, v3) determines a vector v. In the discrete infinite dimensional case, any vector ¢ is
also completely specified by its components (E,|p) with respect to a given basis |E,). But,
unlike the three-dimensional case, the sequence of components

((Eole), (Brlg), (E2l®), ..., (Enlp),...) (3.5.31)

is not arbitrary but has to fulfill

o0

D 1(Eale)? (3.5.32)

n=0

e., it must be square summable (cf. Eq. (3.5.29)). The sequence (3.5.31) is called the
realization of ¢ by the sequence of its components. In the case of a Hilbert space H, each
¢ € H is associated to a sequence of components (3.5.31) that fulfills (3.5.32), and H is said
to be realized by the space of infinite square summable sequences.

The elements of the space ® are usually required to satisfy further conditions besides
(3.5.32). The ¢ € ® must be such that every operator A representing a physical observable
is defined on the whole space ®. This implies that Ap must be well defined for each ¢ € ®,

e., (Ap, Ap) must be finite. If the observable under consideration is represented by the
operator H, then H and all of its powers must be well defined on @, i.e., (HPy, HPp) must
be finite for each p = 0,1, 2,... This leads to

o0

(HPp, HPg) = > (¢p|H”|Ey)(E,q|H"|p)

= Y EP|(Eq)]’ <oo  forany p=0,1,2,... (3.5.33)
n=0

Thus, not only {(E,|p)}22, but also {EP(E,|¢)},, p = 1,2,..., have to be square
summable for any ¢ € ®. When each element of a space ® is associated to a sequence

v < ((Bole), (Erlp), ..., (Enlp),...) (3.5.34)
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which fulfills (3.5.33), we say that @ is realized by the space of rapidly decreasing infinite
sequences.

We now turn to the continuous spectrum case and repeat the above considerations for
this case. We calculate the scalar product of ¢ with the generalized eigenvector |z) ° using
Eq. (3.5.15)

(). ¢) = / " dy (1), 19)) (W) (3.5.35)

o0

where we have assumed that the continuous spectrum runs over the whole real line (which
is the case for e.g. the position operator @) of the harmonic oscillator). Using the definition

(zly) = (l2), lv)) (3.5.36)

Eq. (3.5.35) can be rewritten as

“+00

(o) = [ dylaly)lule). (3537

o0

In analogy to the N-dimensional case (3.5.10), (x|¢) is the component of the vector ¢ along
the direction of the basis vector |z), while (|z), ) is the “scalar product” of ¢ with the basis
vector |z). This analogy also suggests that the component of ¢ along |z) should be given
by the “scalar product” of ¢ with |z), i.e., it should be of the form (x|y) = (|x), ¢). Then,
one would have

(wlo) = [ dualy) wle). (3.538)

o0

The components (y|p) are functions of the continuous variable y in the same way as the scalar
products (E,|p) are functions of the discrete variable E,. Equation (3.5.38) therefore says
that the mathematical quantity (z]y) has the property that it maps the function p(y) =
(y|e) by integration into ¢(x) = (x|p), its value at the fixed point z. There is no well-
behaved (or even a locally integrable) function (x|y) which has the property (3.5.38).
Quantities like (z|y), which are defined by integration, are called distributions or gener-
alized functions (see, for example, [67]). The distribution (x|y) defined by (3.5.38) is called
the Dirac delta function (though it is not a function). It is denoted in analogy to (3.5.23)
by
(z|ly)y =d(x —y). (3.5.39)

d(x —y) is the continuous analog to dg, ,,: the Kronecker delta is usually defined by (3.5.2),
but it could as well have been defined as the function that maps any sequence {(E,|p)} by
summation into (E,,|¢), the m-th component of the sequence,

(Emle) =Y 6,5, (Enle). (3.5.40)

®More precisely, we should say that we calculate the value (|x), ) of the functional |z) at the vector
pe®.



3.5 Basis Systems, Eigenvector Decomposition and the Gelfand-Maurin Theorem 101

Defining the Kronecker delta by (3.5.40) gives a clearer analogy to (3.5.38).

The |z) are not dimensionless. They have the dimension 1/4/dim(dz). For example, if
dx has the dimension cm, then (z'|r) has the dimension cm™!, and |z) has the dimension
cm~1/2,

The eigenvectors |E},) are normalized according to (3.5.23). The normalization (3.5.39)
for the generalized eigenvectors |z) is called d-function normalization.

Instead of the generalized eigenvectors with d-function normalization (3.5.39), one can
also choose generalized eigenvectors of () with a different normalization. One can define a
new set of generalized eigenvectors by

|z}, = |2)—=, (3.5.41)

where p(z) is a real nonnegative and integrable function. These new kets are still eigenvec-
tors of the operator @),

Qlx}, = x|z}, . (3.5.42)

Now instead of (3.5.15), the eigenfunction expansion in terms of the |z}, kets reads

o= / d(z) [z}, fzle) (3.5.43)

where du(z) = p(x) dz. In order for the new components of ¢ (the ,{z|p)) to be the scalar
product of ¢ with the new eigenvectors |z},, i.e., in order that

Al = / dyu(y) Axlyly Jule) (3.5.44)

one has to demand

du(y) {zly}, = dy (zly) = dyo(z —y). (3.5.45)
So, the normalization of the new generalized eigenvectors is
dp(y)\ .
Azlyl = (d—y) 6z —y)=p '(y)o(x—y). (3.5.46)

Thus, when the integration contains the weight function p(z), the generalized eigenvector
normalization will contain the factor p=!(z).

The most appropriate choice for p(z) depends upon the property of the operator ) and
its relation to the other operators of the problem. The choice p(z) = 1 is not always the
most convenient. For instance, it may be convenient to choose p(x) in such a way that the
measure du(x) in (3.5.43) is invariant under some important symmetry transformation of
the physical system.

The scalar product of ¢ € ® with i) € ® is given in the notation of (3.5.38) by

+oo

(o) = (wle) = [ dalo) Galo). (3547

—o0
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In the same way

+0o0
(o) = [ daplo) (al). (35.48)
Taking complex conjugates on both sides of (3.5.48), we get
+o0o
o= [ doTole) ). (3.5.49)
But the scalar product fulfills
(¥, ¢) = (9,9). (3.5.50)
Thus, comparing (3.5.47) and (3.5.49) we see that the following relation is natural:
(x|Y) = (W|x)y, Y e®, |z)e P”. (3.5.51)
Using the notation
(zlp) = p(x) (3.5.52)

and (3.5.51), one can write (3.5.47) in the form

(wwzfmmwmmw. (35.53)

o0

In particular, if one chooses ©) = ¢, one obtains

ol = ()= [ depl@ele) = [ delo)P, (3:551)

— 00 9]

This implies that the components of a vector ¢ € ® with respect to the continuous basis
system |x) cannot be given by any arbitrary function ¢(z). Rather, they can be given only
by those functions for which the integral on the right-hand side of Eq. (3.5.54) exists, i.e.,
the functions ¢(x) must be at least square integrable.

The association of ¢ with its components

® 3¢ (z|p) =p(2) (3.5.55)

is called the realization of the space ® by the space of functions ¢(x). The function p(z) =
(x|) is called the wave function of the vector p; in particular, if @) is the position operator,
then ¢(z) is called the position wave function.

If the integrals in (3.5.53) and (3.5.54) are ordinary Riemann integrals, then the linear
space of functions p(z) is not complete with respect to the norm defined by (3.5.54). This
means that there will be sequences of functions ¢, (x) that are Cauchy sequences,

thn — Yuml|* = /_+OO dz [, () — Y (2)[* = 0 as n,m — oo, (3.5.56)

oo Riemann



3.5 Basis Systems, Eigenvector Decomposition and the Gelfand-Maurin Theorem 103

but for which there exists no function v (z) which is the limit element of that sequence,

+o00o

0 — ||* = / dz [, (2) —Y(x)]* = 0 asn — co. (3.5.57)
—oo Riemann

In order to obtain a complete space of functions with respect to the scalar product

(3.5.53), one has to replace the Riemann integrals in (3.5.56) and in (3.5.57) by Lebesgue

integrals. Then, for any sequence of (Lebesgue) square integrable functions v, () satisfying

4bn, — P ||” = /+°° dz [, () — Y (z)]* = 0 as n,m — oo, (3.5.58)

oo Lebesgue

there is always a (Lebesgue) square integrable function ¢ (x) satisfying

[ — 9||* = /+OO da [t (z) — ()2 =0 asn — oco. (3.5.59)

oo Lebesgue

The (complete) space of Lebesgue square integrable functions is denoted by L?(R). Just
like the space of infinite square summable sequences, the space L?(R) of square integrable
functions is a realization of the Hilbert space.

The elements of the space @ of physical states ¢ are required, in addition to be square
normalizable, to be such that the operator ) and all of its powers be well defined on every
¢ € ®. Then one must have

+00
1Q7¢l* = (Q"¢,Q%¢) = / dz 2™ |p(z)]* < oo, p=0,1,2,... (3.5.60)
—o0

Thus, the functions ¢(x) that belong to the realization that fulfills (3.5.60) must decrease
faster than any power of 1/x. If other operators are also to be defined everywhere on ®,
further conditions will have to be imposed on the components (z|p) of ¢ € ®. Consequently,
the realization of ® by a space of functions must be a subset of L*(R).

For instance, we can define a linear operator P on the space ® by giving a prescription

for its action on each function ¢(z) which realizes a vector ¢ € ®. Let this operator be
defined by

1 d
Py) = - — 3.5.61
(ale) = (alPo) = 7 < (ay) (3.5.61)
for every ¢ € ®. We also define, according to (3.5.13), the operator ) on ® by
(7o) = (2|Qp) ==z (z|p) (3.5.62)

for each ¢ € ®. If we demand that @ and PP, p = 0,1,2,..., are well defined at every
¢ € ®, then the functions ¢(z) must be infinitely differentiable, rapidly decreasing functions,
i.e., in addition to (3.5.60) the ¢(z) must be in C*°(R) and must satisfy

dPo ()

dxP

2
<oo, p=0,1,2,... (3.5.63)

“+o00

1Pl = (e, Pre) = [ da

—00
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The requirement that Q7PPp, q,p = 0,1, 2,..., is well defined leads to the conditions

Po(x)
dxP

2
<oo, p,g=0,1,2,.... (3.5.64)

+o00o

10 PPe|? = / d |

— 00

This means that the realization of the space ® is the linear space of infinitely differen-
tiable complex-valued functions which together with their derivatives vanish at infinite more
rapidly than any power of 1/z. This space is the Schwartz space S(R), and we call these
functions well behaved. Conditions (3.5.64) are equivalent to

m
1 n— pu— pumg
IEIJPOOJ: dxmgo(x) 0, n,m=0,1,2,... (3.5.65)
The space S(R) is not complete with respect to the norm convergence defined through
(3.5.54). In fact, its completion with respect to this norm is the space L?(R). However,
S(R) is a complete countably Hilbert space with respect to the topology generated by the
countable number of scalar products

1 ROS— d? 1\’
(W @)p = (4 (P24 Q° + 5 1)) =/ dz | (x) (—@ +x2+5> plr), p=0,1,2,...
(3.5.66)
A sequence ¢, € S(R) converges to p € S(R) with respect to this topology if
len—lly —0, p=0,1,2,..., (3.5.67)

where ||, = v/(, ©)p-

In Section 3.6.3, we shall show that the Schwartz space is the realization of the space ®
for the harmonic oscillator.

The Lebesgue integral, though mathematically well defined, is not easy to handle in
practical computations, while Riemann integrations are easy to calculate. In physics, the
Riemann integral is the one that is exclusively used to perform computations. The Hilbert
space uses Lebesgue integration, whereas the space ® uses Riemann integration. This makes
® a much simpler space to work with and much more suitable for representing the physical
wave functions than the Hilbert space. As an example, the integrals (3.5.54) in L*(R)
are Lebesgue integrals, whereas the integrals (3.5.66) in S(R) are Riemann integrals. This
makes S(R) a much easier space to handle than L?(R).

3.5.2 Gelfand-Maurin Theorem

We are now in a position to address the Gelfand-Maurin Theorem, which provides the
mathematical justification for the heuristic Dirac basis vector expansion.

Before stating the Gelfand-Maurin Theorem, let us review the situation in finite dimen-
sional spaces ¥ and in the Hilbert space H.

A nonzero vector h in ¥ or in H is called an eigenvector of an operator A defined on ¥
or on H if there exists a complex number A, called the eigenvalue, such that

Ah = Ah. (3.5.68)
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Theorem Every self-adjoint operator A defined on an N-dimensional scalar product space

U has a complete system of orthonormal eigenvectors h; = |\;) € ¥, i=1,2,..., N,
AN) = NilN), (3.5.69)
(AilAj) = 6ij, (3.5.70)

such that every h € ¥ can be expanded as

N
h=> |\ (Ailh). (3.5.71)
i=1
The set Sp(A) = {A1, Ag, ..., Ax} of the eigenvalues of A is called the spectrum of A.

For an infinite dimensional Hilbert space H this statement is no longer true. For example,
it is well known that the differential operator
dy

Po(x) = —2@(@") (3.5.72)

and the multiplication operator

Qo(z) = vp(z) (3.5.73)
have no eigenvectors in L?(R). However, there is a class of operators in the Hilbert space
called compact operators for which the generalization of (3.5.69)-(3.5.71) holds.

A bounded operator A on a Hilbert space H is said to be compact if for every bounded
sequence {h,} C H, {Ah,} has a subsequence convergent in H. A self-adjoint compact
operator A on an infinite dimensional Hilbert space H has only a discrete spectrum which
coincides with the set of its eigenvalues, Sp(A4) = {A1, A2, ..., An,...}. In this case, the
statements (3.5.69)-(3.5.71) for operators on finite dimensional spaces carry over to the
infinite dimensional case.

Theorem For any compact self-adjoint operator A defined on a Hilbert space H, there
exists an orthonormal set of eigenvectors h; = [\;), A\; € Sp(A) = {\, Ao, ..., \ny -1,

AlN) = NN, (3.5.74)
(NilA;) = by, (3.5.75)

such that every h € H can be expanded as
h = Z [Ai)(Ailh) (3.5.76)
i=1

where each eigenvalue \; is repeated according to its (finite) multiplicity.

The observables that usually appear in Quantum Mechanics are described by unbounded
operators defined on some dense subdomains of the Hilbert space. In this case, the (Hilbert
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space) spectrum of the operator is not discrete in general, but has a continuous part (cf. Sec-
tion 2.5.3). For example, P and @ in (3.5.72) and (3.5.73) each has a continuous spectrum
which coincides with the real line. When the spectrum of an operator has a continuous
part, the spectral decompositions (3.5.71) and (3.5.76) are no longer valid because there are
no vectors in the Hilbert space that are eigenvectors corresponding to eigenvalues in the
continuous part of the spectrum. In order to extend (3.5.71) and (3.5.76) to the case where
the spectrum has a continuous part, we need the Gelfand-Maurin Theorem which is stated
below.

Dirac formalism is the way physicists handle continuous spectrum. For instance, the
operators P and (), as defined in (3.5.72) and (3.5.73), have a continuous spectrum that
covers the whole real line but do not have any eigenvector in H. Nevertheless, physicists,
following Dirac, always associate an eigenket to each element of the continuous spectrum of
P and of @),

Plp) = plp), pER, (3.5.77)
Qla) = dla), q€R, (3.5.78)

and use the assumption that these eigenvectors form a “complete” system in the sense that
every ¢ can be written as

+o0

p = / dp [p){ple) (3.5.79)
+o0

o = [ daloale). (35.80)

When we omit ¢ in (3.5.79) and in (3.5.80), we obtain the resolution of the identity

+oo

1= [ bl (3.5.81)
+0o0

1= [ ol (3.5.82)

However, the kets |p) and |¢) are not in the Hilbert space, and the eigenvalues p and ¢ are
not proper eigenvalues. The eigenkets corresponding to elements in the continuous spectrum
of an operator acquire mathematical meaning as generalized eigenvectors corresponding to
generalized eigenvalues in the sense of the following definition:

Definition Let A be a 7g-continuous operator on ® and A* its dual extension to ®*. A
generalized eigenvector of the operator A corresponding to the generalized eigenvalue X is
an antilinear functional F' € ®* such that

F(Ap) = AF(p), Vpe@, (3.5.83)

or in bra-ket notation
(Ap|F) = (p|A"F) = Xp|F) . (3.5.84)
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Equations (3.5.83) and (3.5.84) are often written as
AXF = \F or AX|F)=\|F), (3.5.85)

respectively. Following Dirac, the ket in (3.5.85) is often labeled by its eigenvalue, |F) = |)\).
Then we write

AX[A) = AN (3.5.86)

If A is essentially self-adjoint, we may also write

AN = AN (3.5.87)

Let us assume that A has a generalized eigenvector in the Hilbert space, i.e., FF = f in
equation (3.5.84) is an element of . Then (3.5.84) reads

(Ap, f) = (. ATf) = Mg, f) (3.5.88)

for every ¢ € ®. Since ® is 7y-dense in H, (3.5.88) implies that
AF = ATf = \f. (3.5.89)

Thus, a generalized eigenvector which is also an element of the Hilbert space is an ordinary
eigenvector of the Hilbert space adjoint operator corresponding to the same eigenvalue.

To avoid complications which are inessential for our main purposes and inapplicable for
the particular problem of the one-dimensional harmonic oscillator, we restrict ourselves here
to cyclic operators.

Definition An operator A defined on a subdomain D(A) of a Hilbert space H is cyclic if
there exists a vector f € D(A) such that {A*f}2°, spans the entire Hilbert space.

For instance, the operators P and @ in (3.5.72) and (3.5.73) are cyclic because the sets

(@60, k=012,.} (3.5.90)

and
{P*¢¢, k=0,1,2,...}, (3.5.91)

where ¢ is the zero-th Hermite polynomial, both span H.

If A has a continuous spectrum, the spectral decomposition (3.5.76) is not possible in the
Hilbert space. However, a generalization of (3.5.76), called the Gelfand-Maurin Theorem or
the Nuclear Spectral Theorem, is possible in the Rigged Hilbert Space.

Theorem (Gelfand-Maurin Theorem or Nuclear Spectral Theorem) Let ® C H C ®* be
a Rigged Hilbert Space and A a cyclic, e.s.a., Tg-continuous operator. Then, for each A in
the spectrum of A, there exists a generalized eigenvector F) = |\),

AN =AY, A e Sp(A), (3.5.92)
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i.e.,

(Apl\) = (p|AXA) = XNp|A), Yped. (3.5.93)

Furthermore, there is some uniquely defined positive measure du(A) on Sp(A) such that for
every ¢, € ®

(6, 0) = / AN IV A (3.5.94)
Sp(A)
where -
) = o (3.5.95)
Furthermore, if f()) is a well-behaved function on Sp(A), then
(6, F(A)p) = / AT (3.5.96)

If we set v = ¢ in (3.5.94), we see that if all the components (A|p) of the spectral
decomposition of ¢ with respect to the operator A vanish, then ||¢|| = 0, ie., p = 0.
Because of this property, the set of generalized eigenvectors |A) occurring in (3.5.92) is
called complete in analogy to the completeness of the system of ordinary eigenvectors in a
Hilbert space.

In general, an e.s.a. operator has more generalized eigenvectors than those that appear in
the spectral decomposition (3.5.94). In particular, a generalized eigenvalue may be complex.

The spectral decomposition provided by the Gelfand-Maurin theorem needs not be
unique and it is also valid in many cases when @ is not a nuclear space.

The statement of the Gelfand-Maurin Theorem is still too general for the purposes of
Quantum Mechanics. For the cases of physical interest, the measure du()) that appears in
this theorem has a discrete and an absolutely continuous part, i.e., it can be written as

dp(\) = D p(A)S(A = X) + p(A\)dA. (3.5.97)

discrete
spectrum

After a delta-normalization given by (3.5.41), equations (3.5.94) and (3.5.97) yield

W.o)= D, (w|)\i)()\i|<’0)+%0ntinuousdA<w|A><A|¢>a P €D (3.5.98)
discrete spectrum
spectrum

Eq. (3.5.98) is the form in which the Gelfand-Maurin theorem is used in physics because
it is precisely the Dirac basis vector expansion. This expansion treats the elements of the
discrete spectrum and the elements of the continuous spectrum of the operator A on the
same footing: there is always an eigenvector corresponding to each element of the spectrum
of the operator. If this element belongs to the discrete spectrum, then the corresponding
eigenket is an ordinary eigenvector (i.e., it is square normalizable). If the element is in the
continuous part of the spectrum, then the corresponding eigenket is a generalized eigenvector



3.6 Gelfand-Maurin Theorem Applied to the Harmonic Oscillator 109

(i.e., it is a functional). It is worthwhile noting that the spectral decomposition (3.5.98) is
only valid for elements 1, ¢ in the space ®, but not for every element A in the Hilbert space
H.

The Gelfand-Maurin Theorem provides a mathematical rephrasing of several formal
expressions used in Quantum Mechanics. For instance, omission of ¢ in (3.5.98) leads to
the spectral decomposition of any wave function ¢ € ® |

o= e + [ AN e (3599
In the same way, we can obtain the spectral resolution of the identity operator
1= ] + /d)\ AV (3.5.100)
and of the operator itself
A:Z)\i|)\i)()\i|+/d)\)\|)\><)\|. (3.5.101)

As an example, Eq. (3.5.79) is a particular case of (3.5.94) with Sp(P) =R, A=p e R
and du(X) = dp, the Lebesgue measure on R, and similarly for the position operator.

3.6 Gelfand-Maurin Theorem Applied to the Harmonic
Oscillator

In this section, we will apply the Gelfand-Maurin Theorem to the operators of the algebra of
observables of the harmonic oscillator. We will show that the defining algebraic assumptions
(3.2.1)-(3.2.4) and the 7g-continuity of the algebra of observables lead to the Schrédinger
representation in the Schwartz space S(R). The operators P, () and H will be realized by
the standard differential operators and the space ® will be realized by the Schwartz space.

3.6.1 Spectral Theorem Applied to the Energy Operator

We now recall the spectral properties of H. These spectral properties were derived in the
construction of the RHS for the harmonic oscillator.
The spectrum of H is the discrete set

Sp(H):{En:hw(n+%), n=0,1,2,...}. (3.6.1)

Corresponding to each eigenvalue F,, there is an eigenvector ¢, = |n) of H:

Hln) = Ey|n). (3.6.2)
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The eigenvectors |n) are proper eigenvectors, i.e., |[n) € ®, rather than generalized eigenvec-
tors, i.e., elements of ®*. These eigenvectors form a basis system for ®, i.e., every p € ®
can be written as

o= In)nle), (3.6.3)

where the components (n|y) € C satisfy

o0

D (417 |(nlp)* < o0 (3.6.4)

n=0

for every p=10,1,2,...

3.6.2 Spectral Theorem Applied to the Position and Momentum
Operators

We now want to calculate the spectra of the operators () and P and the generalized eigen-
vectors that correspond to the elements of these spectra. These generalized eigenvectors
will be continuous antilinear functionals over the space ® constructed in Section 3.3.

We first determine whether the Gelfand-Maurin Theorem of Section 3.5.2 can be applied
to the operators Q and P. The space ®, whose topology is defined by the countable number
of scalar products

(&, 9)p = (9, (N +1)"), (3.6.5)

was proved to be a nuclear space (cf. Section 3.3.5). The operators position () and momen-
tum P were proved to be Tg-continuous (cf. Section 3.3.5). @ and P are cyclic operators,
since the sets

{Q"¢o|n=0,1,2,..} (3.6.6)
and
{P*¢y| n=0,1,2,...}, (3.6.7)

where ¢ is the zeroth eigenvector of the Hamiltonian operator, both span the whole of H.
Therefore, we can apply the Gelfand-Maurin to these operators. This theorem assures the
existence of a complete set of generalized eigenvectors of the operators ) and P,

Q%|z) = z|z), x€Sp(Q), (3.6.8)
P*lp)y = plp), peSp(P), (3.6.9)

and either of these two sets can be used for the spectral decomposition of any vector ¢ in
P

wzéwwwmﬂwww» (3.6.10)

or

¢=LWW@W@@, (3.6.11)



3.6 Gelfand-Maurin Theorem Applied to the Harmonic Oscillator 111

where du(z) and du(p) are measures on Sp((Q)) and Sp(P), respectively.

It is well known that the spectrum of both P and () is the real line. However, it is not
so widely known that the derivation of this is far from being trivial (see [68] and references
therein). The approach of a physicist is usually the reverse of the one described here, namely
a physicist finds the defining assumptions (3.2.1)-(3.2.4) of the harmonic oscillator from the
spectra of () and P, which are conjectured from experimental data to be the real line. We
shall derive these spectra in the present section. We will see that du(x) = dz, Sp(Q) = R,
du(p) = dp and Sp(P) = R We shall see that the set of generalized eigenvalues of @) (of
P) agrees with the spectrum of @ (of P) when we choose for the space ® in the RHS
the countably Hilbert space defined by the countable number of scalar products (3.6.5).
However, since the set of generalized eigenvalues depends upon the choice of the space ®,
we could choose a different countably Hilbert space and obtain also complex generalized
eigenvalues of the essentially self-adjoint operator @) (or P).

We begin by examining for which values x € C the equation

Q" |z) = z|z) (3.6.12)

can be fulfilled, i.e., for which complex numbers x the equation

(Qelz) = (p|Q"|z) = z(pl|z) (3.6.13)
holds for every ¢ € ®. Since every ¢ € ® can be expanded in terms of the basis of
eigenvectors ¢, = |n) of H as in (3.6.3), it will be sufficient to know for which x the
equation

(n|Q*|z) = z(n|z) (3.6.14)

holds for every |n).
From (3.2.5), (3.2.6) and (3.2.27) it follows that

Q) = Miw(ammn)

_ ‘/Miw <\/ﬁ|n—1)+\/n+1|n+1)> . (3.6.15)

Taking the “scalar product” of this equation with |z) we obtain

(n]Q*|z) = 2Miw(\/ﬁ(n— 1) + Vi F1(n + 1jz)) . (3.6.16)

Equation (3.6.16) is mathematically well defined even though we used the term “scalar
product” of Q|n) with |z), which is not well defined since |z) € ®*. The precise
meaning of (3.6.16) is as follows: since |n) € @, so is ¢ = Q|n), because Q leaves P
invariant. Therefore, we can consider the value of the functional |z) = F, € ®* at
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the point ¢ € ®, Fy(¢) = (p|Fy). According to (3.4.25), this is related to the value
of the functional ¢ € ®** = & at the point F,, € * by

Fi(p) = o(Fz), (3.6.17)

or in bra-ket notation

(ol Fz) = (Fxlp) = (Fxlo) (3.6.18)

where the identification ®** 5 ¢ = ¢ € ® was used. Returning to ¢ = Q|n) = Q¢y,
(3.6.18) is written as

(z]QIn) = (2|Q¢n) = (Q¢nlz) = (n|Q™|z) . (3.6.19)

This is the quantity that appears on the left hand side of (3.6.16). The quantities
(n — 1]z} and (n + 1|z) are similarly defined by choosing ¢ = |n — 1) and ¢ = |n + 1)
respectively.

On the other hand, taking the scalar product of (3.6.12) with |n), (more precisely, the

action of the functional Q*|x) at |n)) we obtain

(n|Q*|z) = x (n|x) . (3.6.20)

Comparing (3.6.16) with (3.6.20) yields

x (n|r) = /2,uiw <\/ﬁ(n —1ljz) +vVn+1(n+ 1|x>) : (3.6.21)

orwithn+1=m

vm(m|z) = \/Q'Uwa(m —1)zy — vVm —1(m — 2|z) . (3.6.22)

Since Eq. (3.6.15) is valid for n = 1,2,..., Eq. (3.6.22) is valid for m = 2,3,... For n =0

(m

= 1), we obtain instead of (3.6.15)

Q10) = ,/ v0+|0+1 ,/ 1), (3.6.23)

and instead of (3.6.22)

VI (1)) = ,/2‘7;“’ (0]z) (3.6.24)

Thus we see that (3.6.22) is a recurrence relation for (m|x): if (0|z) is known, we can
determine (1|z) by (3.6.24) and then determine (2|x) by (3.6.22). With (1]|z) and (2|z) we
can determine (3|z) by (3.6.22), and so on.

To find out what the transition coefficients (m|z) are, we introduce

Hw

By (3.6.25)

<
Il
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and

_ Jon ()

which is defined for all x such that (0|z) # 0 (if (0|z) = 0, then by (3.6.22) and (3.6.24)
(n|z) = 0 for all n). Then from (3.6.22) it follows that

gy A Y Fyfm i \/W—_lfm 2 (3.6.27)

(3.6.26)

S (W) = 2y fimn-1(y) — 2(m — 1) fru—2(y) (3.6.28)
From (3.6.24) we have
fily) =2y fo(y), (3.6.29)
and from (3.6.26)
foly) =1. (3.6.30)

Equations (3.6.28)-(3.6.30) are the recurrence relations for the Hermite functions and have
solutions for any complex number y. Thus for any complex value x there is a solution
(n|x) of the recurrence relation (3.6.22). Since (@) is an e.s.a. operator, the (Hilbert space)
spectrum of ) must be real (cf. Section 2.5.3). Therefore the generalized eigenvalues that
appear in the integral decomposition (3.6.10) must be real, and we need to consider only
the solutions f,,(y) for y € R.

For real values of y, the solutions f,,(y) of (3.6.28)-(3.6.30) are the Hermite polynomials:

> d"” 67y2
o) = Haly) = (-1 ), (3.631)
Thus from (3.6.26) we can obtain the transition coefficient (n|x) for every real value of  for
which (0|z) is defined. We restrict ourselves to those solutions of (3.6.22) for which (0|z) is
finite, because |(0|x)|?, the probability for obtaining the value x in a measurement of () in
the ground state Ay = |¢g)(¢], is assumed to be finite.

Combining (3.6.25), (3.6.26) and (3.6.31), we have

(n|z) = \/21n_(0|3:> (\/%x) (3.6.32)
for —oo < & < +00.

Since every ¢ € ® can be expanded as

p=_In)nle), (3.6.33)

the |z) can be defined at each ¢ by

o0

(wlp) =Y (zln)(n]e). (3.6.34)

n=0
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The quantities (z|p) = ¢(x) are called the position wave functions or the wave functions in
the position representation. The quantities (x|n) = ¢, (z) are called the energy eigenfunc-
tions, since they fulfill

(x|H|n) = E,(z|n) . (3.6.35)

Because of Eq. (3.6.34), the energy eigenfunctions (z|n) can be viewed also as “transition
elements” between the z- and the n-representation.
If we consider the expansion

b = /S o ) 1) (elo) (3.6.36)

of the energy eigenvectors ¢, in terms of the eigenkets of () as a functional acting on the
generalized eigenvector Fy = |2') € ®*, 2’ € Sp(Q), then according to (3.6.18) we obtain
from (3.6.36)

Iul(Far) = (2')hn) = / IRZCICEIT (3.6.37)

Thus du(z) (z'|z) must be the Dirac measure, i.e., the distribution defined by (3.6.37) must
have the property of the Dirac delta-function

dp(z) (2'|z) = dzd(z' — x). (3.6.38)

We now calculate the scalar product of ¢, = |n) and ¢, = |m) using (3.6.36)
Omn = (G, $n) = (mIn) = /S o dp(x) (mlz) (xln). (3.6.39)
P

We shall make use of
(xz|n) = (n|x) . (3.6.40)

We insert (3.6.32) and (3.6.40) into (3.6.39) and obtain

\/ 2n2mnlm|/ 0|x>| m( %x)Hn( %33) = Omn - (3.6.41)

Comparing (3.6.41) with the orthogonality relations for the Hermite polynomials,

1 oe 2
- dy eV H,,(y) Hy(y) = S » 6.42
e | A HA ) ) (3.6.42)

and taking into account that the Hermite polynomials are only orthogonal polynomials if
associated with the interval —oo < y < 400 and the weight e™¥" (one can define H,(y) by
(3.6.42) and derive (3.6.28)-(3.6.30) for real y) we conclude

dp(z) |(0|z) | = da /%e*w/mwz (3.6.43)
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and
Sp(Q) ={z| —oco <z < +o0}. (3.6.44)

If we agree to normalize the generalized eigenvectors such that
(2|lzy =0(z" — z), (3.6.45)

then according to (3.6.38)
du(x) =dz. (3.6.46)

From (3.6.43) and (3.6.46) we conclude

(O} = |/ Eete/me, (3.6.47)

Thus, up to an arbitrary phase factor (which we choose to be unity),

PNV s 2m)e?
0lz) = (—) (o 2h)a? 3.6.48
ok = (£2)" (3.0.48

With this and (3.6.32) we obtain the transition coefficients (n|z) between the z- and n-
basis, i.e., the harmonic-oscillator energy wave eigenfunctions ¢, (x):

(n|z) = (%)1/ 4%1{”(\/%3;)@—%/%”2 — (eln) = én(x) . (3.6.49)

We now repeat for the operator P the procedure that we have gone through for the
operator (). The generalized eigenvectors of P will be denoted by |p):

P*|p) =plp) . (3.6.50)

The action of P on |n) is, using (3.2.5), (3.2.6) and (3.2.27),

h,
Pln) = —i\/ =5 (a~ah)n)
B . huw
= i 5 Vnln—1)—vn+1n+1)) . (3.6.51)
If we apply the functional |p) € ®* on the vector P|n) € ® and use (3.6.50), we obtain
. [huw
plpln) = —iy| =5 (Valpln = 1) = Va+ 1(pln +1)) | (3.6.52)

or

p(nlp) = iy/ h“T“ (\/ﬁ(n —1lp) — Vit I(n+ 1|p>) . (3.6.53)
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If we introduce the new quantities (n|p} defined by

(nlp} :==i""(nlp), (3.6.54)
then
iln—1lp) = i"(n—1|p}, (3.6.55)
—i(n+1lp) = "(n+ 1|p}, (3.6.56)
so (3.6.53) may be written as
p(nlp) = F”“T“ <\/ﬁ(n —1pt+ Vet i(n+ 1|p}) . (3.6.57)

We see that this is exactly the same recurrence relation as in (3.6.21), with '/ puw/f replaced
by p/v/uwh. Thus by the same argument as for (n|z), we find (using (3.6.54)) that

1 /4 1] 1 2
— " H, P 2uh 3.6.58
(nlp) = <7r,uwh) Vorn! <\/huwp)e ( )

Therefore, the eigenvectors |n) of the energy operator H for the harmonic oscillator have
the very particular property that the transition coefficients (3.6.49) between these vectors
and the z-basis have the same functional form as the transition coefficients (3.6.58) between
these vectors and the p-basis except for a phase factor.

By the same argument as above for the operator (), we conclude that the spectrum of
P is continuous,

Sp(P) ={p| —oo<p< o0}, (3.6.59)
and that if we normalize the generalized eigenvectors |p) according to
P'lp) =o' —p), (3.6.60)
then the measure du(p) is the Lebesgue measure on the real line,
du(p) =dp. (3.6.61)

The transition coefficients (p|n) in

+oo

In) = / dp [p)(pln) (3.6.62)

o0

are called the energy wave eigenfunctions in the momentum representation and are denoted
by R
Pn(p) = (pln). (3.6.63)

Also, for any arbitrary vector ¢ the transition coefficient

2(p) = (ple) (3.6.64)
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in

o= / " ) ole) (3.6.65)

o0

is called the momentum wave function or the wave function in the momentum representation
of p. We have used the notation @(p) = (p|p) instead of the notation ¢(p) = (p|e) because
the function @(p) of p is in general different to the function p(z) = (x|p) of z. Therefore, to
avoid confusion, we label the two different functions $(p) and ¢(z) by two different symbols.

3.6.3 Realizations of the RHS of the Harmonic Oscillator by Spaces
of Functions

Thus far, we have obtained the matrix elements of () in the z-representation,

(#]QIn) = w(zn),  (x|Qlp) = x(xlg), (3.6.66)

and the matrix elements of P in the p-representation,

(p|PIn) = p(pln), (p|Plp) = p(ply) . (3.6.67)

We now want to calculate (x|P|p), the matrix elements of P in the z-representation,
and (p|@]p), the matrix elements of ) in the p-representation. We do this in two steps:

1. We introduce the new mathematical objects (z|p) and (p|x). They are generalizations
of the scalar product, but are the “scalar products” between the eigenvectors |z) € ®*
and |p) € ®*. Thus, they are something like the (x|y) in (3.5.39) of Section 3.5, i.e.,
distributions that are defined by integration. Like the (n|x) and the (n|p) in (3.6.36)
and (3.6.62), the (x|p) (and (p|z)) are transition coefficients between basis systems.
But whereas (x|n) are transition coefficients between the continuous basis system {|z)}
and the discrete basis system {|n)}, the (z|p) are the transition coefficients between
the continuous basis system {|x)} and the continuous basis system {|p)}.

2. We compute (z|Plp) and (p|Q|¢) using the expressions for (x|p) and (p|z).

The mathematical object (p|z) appears when we take the “scalar product” of

+00

b, = / d ) (z|n) (3.6.68)

o0

with [p) (or, more precisely, we consider ¢, as a functional at the generalized eigenvector
Ip) € ®*, p € Sp(P), and use (3.6.68)):

wmzﬁwmwmmm. (3.6.60)

o0
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On the other hand, the mathematical object (x|p) appears when we take the scalar product
of

@f:/%mdeMMn) (3.6.70)

o0

with (x| (or, more precisely, we consider ¢,, as a functional acting on the generalized eigen-
vector |z) € ®*, x € Sp(Q), and use (3.6.70)):

(alo) = [ do Galp) o). (3.6.71)

o0

In (3.6.69) and (3.6.71), (x|n) and (p|n) are given by (3.6.49) and (3.6.58), respectively.
The Hermite polynomials have the property

o +00 eiﬁn B
P ) = [ e e P, (3.672)

where 1) = —E= and £ = /5= z. Inserting (3.6.49) and (3.6.58) into this relation, it follows

that
400 eiwp/ﬁ

(nlp) = . dl"\/Q—?i

or taking the complex conjugate

(n|x), (3.6.73)

+o0 e—ia:p/h

n) = dx
ln) = | T
Comparing (3.6.74) with (3.6.69), we find that the (p|z) are given by

(z|n). (3.6.74)

In the same way one obtains from (3.6.71) and (3.6.72)
1 .
(z|p) = NozT eler/h, (3.6.76)

Egs. (3.6.75) and (3.6.76) together give

(z|p) = (plz). (3.6.77)

It is now simple to calculate the matrix element of P in the basis of generalized eigenvectors
of @ using (3.6.76):

+o0 +o0 eimp/ﬁ
@Ple) = [ dowtaldlole) = [ dopS = ole)

>0 V21h
:/_ dp§%<xlp><p|so>zﬁd/_ dp (z|p) (p|e) . (3.6.78)

o 1 dx
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Thus 5 d
Plp) = —— . 3.6.79
(alPle) = 2L (2l (3.6.79)
In the same way using (3.6.75) one obtains
hod
=——=— . 3.6.80
PlQRle) = =5 7 (ple) (3.6.80)

Therewith, we have shown that the operators Q and P are “realized” in the space of position
wave functions (x|p) = ¢(z) by the multiplication operator

Qp(r) = zp(z) (3.6.81)
and by the differentiation operator
h d
P = - — 3.6.82
pla) = % (@), (36.82)

respectively. These are the standard expressions that are usually assumed to represent
the position and momentum operators. We have derived them here from the Heisenberg
commutation relation [P, Q] = —ihI, the relation H = iPZ + “T“’ZQ2, and the additional
assumption of the existence of an eigenvector of H.

We shall now derive the position representation of the energy operator H, i.e., we shall
calculate the matrix element (z|H|n). In this position representation, the energy eigenvalue
equation

Ho, = E,¢, (3.6.83)

is called the time-independent Schrodinger equation. The Hamiltonian for the harmonic

oscillator is given by

1 2
H= ﬂP2 + %QQ . (3.6.84)

Let us take the matrix element of H between (z| and |n) (or, more precisely, the action of
of the functional (x| at the point H|n)):

(x| Hn) = %<x|P2|n) + ‘%’2@@%). (3.6.85)

From (3.6.79), it follows that

(@|P%n) = (a|P*|én)
hod

= ;@<$|P|¢n>

= (Y o

- (E)Zd—z@m). (3.6.86)

1/ da?
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From (3.6.66),
(x|Q%n) = 2*(z|n). (3.6.87)

Inserting (3.6.86) and (3.6.87) into (3.6.85), we have for the matrix element of the energy
operator

h? d? fiw?
(z|[HIn) = —ﬁ@<x|n)+7$2<x|n)

R dz o uw?
(—ﬂ@ + B0 (aln) (3.6.88)

Therefore, the Schrodinger representation of the eigenvalue equation (3.6.83) reads

B od? o uw?
_ HO” 2\ 6, () = Eoi(z)., 3.6.89
(g + 25 6ul) = Bt (3.6.89)
where (z|n) = ¢,(z) is given in terms of the n-th Hermite polynomial as in (3.6.49).

Eq. (3.6.89) is the time-independent Schridinger equation. This equation, that is usu-
ally taking as the starting point in the study of the harmonic oscillator, has been derived
here from the algebraic assumptions (3.2.1)-(3.2.4).

So far we have discussed the action of the operators ), P and H on the wave functions
o(x) = (x]p) without specifying the particular properties of these functions. We shall now
show that as a consequence of the properties of the space ®, it follows that the position
realization of ® is the Schwartz space S(R) (cf. Section 2.4.1):

Since the space ® remains stable under the action of the algebra of observables, ®
remains stable under the action of any power of P and (). This means that the quantities

+0o0
(0, Q") = / dr 2" |p(x)* < oo, n=0,1,2,..., (3.6.90)
400 dm
(, Pp) = (—m)m/ A p0) o plw) <00, m=0,12,..., (3.6.91)
400 dm
(p,Q"P"p) = (—zh)m/ dz p(z) z" d—gp(x) <oo, n,m=0,1,2,... (3.6.92)
oo x™m

must be well defined for every ¢ € ®. This implies that the functions ¢(z) = (x|y) in the
realization space must be infinitely differentiable and that the functions and their derivatives
must decay at infinity faster than any power of x. Therefore, p(x) € S(R). Moreover, the
topology on @ is equivalent to the topology on S(R). To show that equivalence, we recall
that the topology on @ is described by the following prescription for sequence convergence:
a sequence @ € ® converges to ¢ € ® if

lor —#ll, =0, p=0,1,2,..., (3.6.93)

where ||¢||, = /(¢, (N + I)P). In the realization of ®, the conditions (3.6.93) are equivalent
to the following: a sequence ¢y (z) = (x|pk), which is the realization of the 7g-convergent
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sequence ¢ — @, converges to p(z) = (x|p) if the z" Cg‘i—mmgok(x) converge uniformly on
every bounded region to x" ddx—mmgo(x) for each n,m = 0,1,2,... Therefore the topology of
the realization of @ is equivalent to the topology of the Schwartz space.

Since the space ® is realized by the Schwartz space S(R), the dual space ®* is realized
by the space of tempered distributions S(R)*. The realization of the generalized eigenvector
|z) of @ is the Dirac delta function (see Eq. (3.6.45)), which is a distribution that belongs
to S(R)™,

> |z) +— (2'|z) = 0(2" — x) € S(R)* . (3.6.94)
The realization of the generalized eigenvector |p) of P is the exponential function ¢*?, which
is also a distribution,®

1 .
@ 3 |p) «— (zlp) = \/Q—W:pr/h € S(R)” . (3.6.95)

To say that §(z' — z) and \/ﬁe”p/ﬁ are distributions in S(R)* means that they only make
sense as kernels of integrals that involve functions ¢(z) € S(R),

/+00 di'd(z" — z)p(2") = p(x), ¢(x) € S(R), (3.6.96)

o0

+o00o

dp——
NS p\/ 21h

or in bra-ket notation

e?5(p) = plz),  plz) € SR, (3.6.97)

|l @le) = o), (3.698)

o0

/_ " dp {alp)ple) = (). (3.6.99)

o0
Finally, it is clear that the Hilbert space H is realized by the space of Lebesgue square
integrable functions L%(R, dz).
Summarizing, each vector ¢ in the vector space ® can be fully characterized by its
components with respect to the continuous basis system of eigenvectors |z) of @,

+o00
p = / dx |z){x|p) . (3.6.100)
Thus to the vector ¢ corresponds the function (x|p) = ¢(z) and to the vector Py corre-
sponds the function (x|P|p) = Py(x). Equation (3.6.79) then states that in the realization
of the space of vectors ¢ by the space of wave functions (z|p) = ¢(x), the momentum
operator is realized by the differential operator times 7 /4,

d
P<¢— —ih— .6.101
o (3.6.101)

6The exponential function is not square integrable.
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Eq. (3.6.66) states that the position operator is realized by the operator of multiplication
by x

Q< x, (3.6.102)
and Eq. (3.6.88) states that the energy operator is realized by the differential operator
R dz o uw?
oo (L0 61
—> 21 a2 + 5 % (3.6.103)

The realization of the space @ for the harmonic oscillator given by the association
® > p+— p(x) = (z]p) € S(R) (3.6.104)

between the vector ¢ and its “continuous components” (x|p) = p(z) establishes an equiva-
lence between two Rigged Hilbert Spaces, the RHS of the harmonic oscillator

D CHCP” (3.6.105)
and the RHS of Schwartz space functions
S(R) ¢ L*(R,dr) Cc S*(R). (3.6.106)

This realization is called the Schrddinger (position) representation or the z-representation.
We stress that the Schrodinger representation could not be derived from the Heisenberg
commutation relation

[P,Q] = —ihl (3.6.107)
and the relation . ,
HW™ 2
H=—pP?+— 3.6.108
Dt Q ( )

alone, but required an additional assumption: the operator H has at least one proper
eigenvector in the space of states.

It is usually very useful to show the realizations of the abstract mathematical objects
(RHS, operators, functions, eigenvectors) through a diagram. For instance, the position
representation of the operator () is visualized by the following diagram:

x-representation diagram for the operator @)

Q, @ e & C H c & > |z)

! ! ! ! ! !

r, o(z)={(xlp) € SR) C L*R,dx) C SR)* > (2|z)=0d(x—2)
(3.6.100)
On the top line of the diagram (3.6.109), we have the abstract objects. On the bottom line,
we have the z-realizations of all these abstract objects: () is realized by the multiplication
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operator, ¢ is realized by the position wave function ¢(x), ® by the Schwartz space S(R), H
by the Hilbert space of square integrable functions L*(R, dx), ®* by the space of tempered
distributions S(R)* and |z) by the Dirac delta function é(x — z').

In a similar way, we can construct the position representation diagram for the momentum
operator P,

x-representation diagram for the operator P

P, o c @& C H c  ®° > )
| 1 ; ; ; ;
“ihk o) = (elp) € S®) C LARdy) C SE® > {elp)=
(3.6.110)

As in the diagram (3.6.109), the top line of (3.6.110) contains the abstract mathematical
objects and the bottom line contains their xz-realizations.
The z-diagram for the energy operator reads

x-representation diagram for the operator H

H, vy € ® Cc H C D > |n)

1 o o 0 0 ) (3.6.111)
w2 o) € S(R) C LARdzr) € SR* 3 ¢n(x)

The momentum representation leads to similar considerations. The operator P is realized
by the multiplication operator (see Eq. (3.6.67))

Pe(p) = pe(p), (3.6.112)
and the operator @) by the differentiation operator (see Eq. (3.6.80))
h d
o(p) = —=—o()- 3.6.113
Qe(p) = — dps@(p) ( )

The space ® is realized by the Schwartz space of functions @(p). In the p-representation,
the generalized eigenvector |z) is realized by the exponential function

1 )
D 3 |z) +— (plz) = ﬁe—wﬁ, (3.6.114)

and the eigenvector |p) by the Dirac delta function
®* 5 |p) «— (P'Ip) = (0" —p). (3.6.115)
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As a consequence of (3.6.114),

o(p) = (ply) = /+oo dz (pla) (z]p) = o dx \/%e_m’/hgo(x) , (3.6.116)

Therefore, we can transform from the position representation ¢(x) into the momentum
representation @(p) using (3.6.95) and (3.6.116). Note that Eqgs. (3.6.95) and (3.6.116) show
that the x- and the p-representation are related by the Fourier transform.

We can also construct diagrams similar to those constructed for the position represen-
tation. For instance, the p-representation of the position operator leads to

p-representation diagram for the operator @)

Q, © e & C H c & > |z)

! 7 7 7 3 o
24 Bp)=(ple) € S®) C LARdp) C SR > (pla) =iz re/t
(3.6.117)

For the momentum operator we have:

p-representation diagram for the operator P

P, © e ® C H c @ > )

) ) ) 7 7 )
p, @(p)={@ly) € SR) C L*Rdp) C SR)* > ¢Ip) =13 —p)
(3.6.118)

Finally, the p-representation diagram for the energy operator reads

p-representation diagram for the operator H

H, p € ® < H C @ >  |n
0 0 0 0 0 0

Pt L2 ) € S(R) € LARdp) C SR)* > (pln) = 6u(p)
(3.6.119)

For the sake of completeness, we recall the energy representation ¢(n) = (n|y). In this
representation, the variable n = E,, is discrete, and the realization of the vectors ¢ are given



3.6 Gelfand-Maurin Theorem Applied to the Harmonic Oscillator 125

by sequences of complex numbers ¢(n) = (n|¢) rather than by functions. The Hilbert space
H is realized by the sequence of square integrable functions (3.3.51) and the space ® by the
space of rapidly decreasing sequences (3.3.52). The matrix elements of the operators H, Q)
and P are

(n|H|m) = E}, Opm, (3.6.120)

(m|Qn) = ,/2/% (ﬁ(sm,n_l F VRt 5m,n+1) , (3.6.121)

and
n
(m|Pn) = —i\/% (\/ﬁ St — VT 1 5m,n+1> , (3.6.122)

respectively. In this representation, these operators are visualized as infinite matrices whose
entries are given by the equations (3.6.120)-(3.6.122).

3.6.4 Summary

In the preceding sections, we have constructed the Rigged Hilbert Space for the one-
dimensional harmonic oscillator. We started out with the algebra of observables A generated
by P, @ and H. These operators fulfill the algebraic relations

1 2
[P,Q] = —ihI, H= ﬂP2 n %Q? (3.6.123)

The elements of A were assumed to be symmetric operators defined on a linear space W,

(Ap, ) = (p, AY), eV, A€A, (3.6.124)

where (-, - ) is the scalar product that provides the probabilities. This space ¥ was assumed
to remain stable under the action of the elements of A. We made the crucial additional
assumption that the operator H has at least one eigenvector’ ¢, in the space ¥,

Hey = %hwczﬁo. (3.6.125)

From this one eigenvector we defined the vectors

1
= — T n =
In) = m(a )¢y, n=0,1,2,..., (3.6.126)
which fulfill
Hin) = hw(n+1/2)|n). (3.6.127)

"This is equivalent to the assumption that H is essentially self-adjoint on the invariant dense subspace
of the algebra A.
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These eigenvectors span the linear space ¥. With respect to the scalar product on ¥, the
eigenvectors |n) are orthonormal to each other,

(njm) = 0pm, - (3.6.128)

The space ¥ was completed to the Hilbert space H using the topology generated by the

lell = V(e 0) - (3.6.129)

The (complete) Hilbert space H is

H={p=) In)nlp)| Y lnlp)f <oo}. (3.6.130)

The operators in the algebra of observables were extended from V¥ into larger subdomains of
‘H. However, these extensions are not continuous with respect to the Hilbert space topology,
and the domains do not remain stable under the action of the operators. In order to find
a common invariant subdomain ® for the algebra A that is endowed with a topology that
makes these observables continuous operators, we introduced the sequence of scalar products

(p,1), = (@, (N + 1)), p=0,1,2,... (3.6.131)

The completion of ¥ with respect to the topology generated by these scalar products is the
space

d={p=> In)nlp)| Y (n+1)|nlp)f <o, p=0,1,2,..}. (3.6.132)

The elements of the algebra A were extended continuously into ®. The space ® remains
stable under the action of these extensions and all these extensions are continuous with
respect to the topology on ®. Therefore, all the algebraic calculations needed in physics
involving the elements of the algebra of observables are allowed.

The operators P and @ are essentially self-adjoint® and have a continuous spectrum
that coincides with the real line. In order to associate an eigenvector to each element of the
spectrum of these operators, we introduced the adjoint space ®* and constructed the RHS

®CHCI. (3.6.133)

In this RHS, the Gelfand-Maurin Theorem holds. This theorem assured the existence of a
complete system of generalized eigenvectors of ()

Q" |z) = zlz), |z) € P”, (3.6.134)

8As a consequence of H being essentially self-adjoint.
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such that any ¢ € ® was expanded in terms of these generalized eigenvectors of (),

p = /_+OO dx |z){x|p) . (3.6.135)

o0

Eq. (3.6.135) is the mathematical rephrasing of the heuristic Dirac basis vector expansion.
Using the spectral decomposition (3.6.135), we derived the a-realization of the abstract
¢ by functions ¢(z) in the Schwartz space,

P> +— p(x) = (z|p) € S(R). (3.6.136)
In particular, to every eigenvector |n) of H there corresponds a function (z|n) = ¢,(x),
In) <— (z|n) = ¢,(2), (3.6.137)

given in terms of the Hermite polynomials. The z-representation of the operator () is the
multiplication operator

Qo +— xp(x), (3.6.138)
the z-representation of the operator P is given by the differentiation operator
h d
Pp +— —— 3.6.139

and the z-representation of the Hamiltonian is

R d?

The realization of ® given by the association between the vector ¢ and its “continuous
components” ¢(z) yields the realization of the abstract RHS

CHC D (3.6.141)
by the RHS of Schwartz space functions
S(R) c L*(R,dr) Cc S*(R). (3.6.142)
The generalized eigenvector |x) of @ is realized by the Dirac delta function
DX > |z) +— (2|z) = (2" — z) € S(R)™, (3.6.143)

and the generalized eigenvector |[p) of P by the exponential function

@ > |p) «— (zlp) = e € S(R)* . (3.6.144)

V2rh

Therewith, we have derived the Schrodinger representation of the harmonic oscillator
from the algebraic assumptions (3.6.123)-(3.6.125). We remark again that the Schrédinger
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representation is only one of the many possible representations of (3.6.123), and that it is
the additional assumption (3.6.125) which singles out the Schrodinger representation among
all the possible representations.?

From a mathematical point of view, the RHS formulation extends the Hilbert space
formulation and justifies the mathematically undefined operations that physicists are accus-
tomed to in their calculations. In particular, using the Rigged Hilbert Space formalism we
are able to reproduce the main features of the Dirac formalism.

3.7 A Remark Concerning Generalizations

3.7.1 Realization of the Abstract RHS by Spaces of Functions

The realization of the RHS of the harmonic oscillator by the RHS of Schwartz functions
suggests that any RHS associated to the spectral decomposition of an operator can be

realized by spaces of functions.
Let A be an operator defined on the RHS ® C H C ®* and

o= / YW (3.7.1)

be the spectral decomposition of ¢ € ® provided by the Gelfand-Maurin Theorem. The
quantity (\|p) which appears in this spectral decomposition may be regarded as a complex
function of the real variable A € Sp(A), i.e., we can define

e():Sp(4) — C
A — o(A) = (\p). (3.7.2)

(In this section, we shall write ¢(-) when we want to speak about a function and ¢(\) when
we want to speak about the value of this function at a particular point \). If we write

o= [ a0 N A= [ ) e, 373

Sp(A)

we immediately realize that ¢(-) in (3.7.2) must be a square integrable function with respect
to dp()\). We shall denote the space of functions fulfilling (3.7.3) as L?(Sp(A), du(A)). The
scalar product on L?(Sp(A), du())) is defined as

(0(), ()2 = / ap(N) POV (). (3.7.4)

Sp(A)

9There are several equivalent forms of the assumption (3.6.125):

(a) The assumption that H is essentially self adjoint.

(b) The assumption that P, @), and I are the generators of a group, the Weyl group (subgroup of the
symmetry group of non-relativistic space-time, the Galilei group).
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If v, Y € ®, we have

(0(), ()2 =/ dp(A) (plA) (Al) = (¢, ¥) - (3.7.5)

Sp(A)

Thus the mapping ¢ <> ¢(-) that takes ¢ € H into the function ¢(-) € L*(Sp(A), du(N))
preserves the scalar products,

(@, ) = (0(),())r2 - (3.7.6)

Further, this mapping is obviously linear, because (Aay + Sy = a(\g) + B(\|p) for
a,3 € C. Thus, this mapping can be represented by means of a linear operator UT such
that

U':® — L*Sp(A),du(N)
o — Ulp=o("). (3.7.7)

Since UT preserves scalar products, U is an isometry (cf. Section 2.5.2). Moreover, it can
be proved that the image of ® by U' is dense in L2(Sp(A),du())). Therefore, U' has a
unique extension to H. This extension (which we also denote by UT) is a unitary operator
from H onto L?(Sp(A), du(N)),

U':H — L*(Sp(A),du()))
fo— U'f. (3.7.8)

[t is important to remark that the equation f(\) = (A|f), i.e., the statement that the value
of the function f(-) at the point A equals the action of the functional (\| at f, holds only
when f is an element of ®. For a general f in H, the corresponding UTf = f(-) has no
meaning as a function, but only as a class of equivalence of functions which differ on a set
of zero Lebesgue measure.

We can endow UT® with a topology 7, by transporting the topology of ® into UT® via
Ut. Since ® is assumed to satisfy the first axiom of countability, so does U®. Therefore, we
can transport the topology 74 on ® into UT® by using the notion of sequence convergence.
Then, we say that ¢, (-) = ¢(-) with respect to 7, iff ¢, — ¢ with respect to 7¢. With this
definition, all topological properties are transferred from @ into UT® by means of UT. In
particular, UT® is a 7y-complete nuclear space, and it is 7y-dense in L?(Sp(A),du())), i.e.,
for any f(-) € L?(Sp(A), duu()\)) there exists a sequence of functions {¢,(-)}22, in UT® such
that

n—o0

/S O ) = SR 0. (3.7.9)

Our next step is to extend the operator Ut on ® to an operator U* on ®*. This operator
is defined by
(UTp|lUXE) == (|F\), o€ ®, F) € ®*. (3.7.10)



130 3 The Rigged Hilbert Space of the Harmonic Oscillator

U* is a well defined linear operator from ®* into (UT®)*. To show this, we just need to
prove that U*F) is a continuous antilinear functional on U®. The antilinearity follows
from the definition (3.7.10), and the continuity from the fact that if Uy, — U, then

(UTon|U*Ex) = (pulA) = (0|X) = (UTp|U” F3) . (3.7.11)

Therefore, U F) is an element of (UT®)*.
The action of U* extends the action of UT. This means that if f € H, then U*f = UTf.
In fact,

({UTlU™ ) = (plf) = (¢, f) = U, U'f) = (U|UTf) (3.7.12)

for any ¢ € ® or, equivalently, for any Ut € UT®. Therefore, the functionals U* f and
U'f can be identified.

One can also prove that U* : ®* — (UT®)* is continuous when ®* is endowed with
the 7 topology and (U®)* with the 7, topology. Hence

U ®* = (UT®)* (3.7.13)

and both spaces have the same linear topological structure.
In summary, we have constructed a realization of the RHS

®CHCP (3.7.14)
by the RHS of spaces of functions
Ut® c L*(Sp(A),du(\)) C (UT®)* (3.7.15)

using the unitary operator UT provided by the Gelfand-Maurin Theorem.

At this point, it is important to stress that the unitary operator U which yields the
realization of ® C H C ®* depends drastically on A (the operator providing the generalized
eigenvectors). The dependence of the space L*(Sp(A),du())) on A is twofold: both Sp(A)
and du()) depend on A. However, it is also possible that two different observables A and
B (with two different UT’s) lead to the same space L?(Sp(A),du(\)). For instance, in
the case of the harmonic oscillator we have seen that A = Q and B = P both lead to
L*(Sp(A),du())) = L*(R). However, the Gelfand-Maurin theorem for ) gives a unitary
operator U' from H onto L*(R), and for P gives the operator VI = FUT, where F is the
Fourier transform operator.

Along with the realization of the vectors of the triplet ® C H C ®*, we can also consider
a realization of observables. If A is an operator on ®, then UTAU is the corresponding
operator on UT®. We call UTAU the realization of A on U'®.

As we did in the case of the harmonic oscillator, we show the realization of an abstract
RHS through the following diagram:
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A, © e @ C H c ® > |N

1 1 Ut} Ul Usl (3.7.16)
UTAU, Ulp=p(-) € U'® < L*Sp(A4),du())) c & > UX|\)

The top line of the diagram (3.7.16) contains the abstract mathematical objects, and
the bottom line contains their realizations.
An abstract RHS and its realization are equivalent Rigged Hilbert Spaces—there is no

linear topological property that distinguishes one from the other. This suggests the following
definition:

Definition Two Rigged Hilbert Spaces ® C H C ®* and ¥ C G C ¥* are equivalent iff
there exists a unitary operator U from H onto G such that

LUH=G U®=0.

2. U and U are continuous with respect to the topologies on ® and .

As a consequence, U can be extended to an operator U* : ®* — ¥* defined by
(UTp|UXF) = (p|F). (3.7.17)

This extension U* is a bicontinuous bijective!? linear mapping from ®* onto ¥* and hence
U ®* = ¥*,

The RHS spectral decomposition

o= [ ) W) (3.7.18)
Sp(4)

of ¢ € ® is a “continuous infinite dimensional” generalization of the Hilbert space spectral
decomposition of a compact self-adjoint operator. However, there are some differences
between these two spectral decompositions. The content of (3.7.18) is that any vector in ®
can be written in terms of the generalized eigenvectors of A. Therefore, the eigenvectors of
A* form a “system of generators” for the space ®. This system of generators is not a basis
for @ in the usual Hilbert space sense for the following reasons:

1. The vectors |A\) do not, in general, belong to @ or to H.

190ne-to-one, onto, with continuous inverse.
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2. The finite or countably infinite sum

p = f:cnen = i(en, ©)en (3.7.19)
n=0 n=0

in the Hilbert space spectral decomposition is replaced by an integral
o= [ auy (). (3.7.20)
Sp(4)

In the Hilbert space spectral decomposition (3.7.19), ¢, is the discrete coefficient (or weight)
for e,,. The ¢, can be viewed as the n-th component of ¢ with respect to the basis e,. In the
RHS spectral decomposition (3.7.20), () = (A|p) is the continuous coefficient (or weight)
for |A). For a fixed A € Sp(A), p(A) = (A|¢) can be viewed as the “A-th” component of ¢
with respect to the system of generators |\).

The decomposition (3.7.19) leads to a realization of the Hilbert space H by the space
of sequences {c,} of complex numbers having the property > > |¢,|* < co. Analogously,
(3.7.20) leads to a realization of the space ® by the space of functions ().

The Gelfand-Maurin Theorem allows us to spectrally decompose the scalar product of
any two vectors ¢, 1) € ® as

(%, ¢) = / ) ). (3.7.21)

In analogy to (3.7.21), we also spectrally decompose the action of any functional F' at a
vector o,

(ol F) = /S " dp(X) (I M {AIF) - (3.7.22)

Hence, quantities of the type (A|F') are distributions that are well defined only as a kernel
of integration whenever we write the action of a functional F' as an integral operator. As
an example, the functional |x) that associates to any ¢ € S(R) the value of the function at
the point x,
|z) : S(R) > C
o — {plr) =p(2), (3.7.23)
can be written as an integral operator:

(ol = /_ " e (ol ) (3.7.24)

o0

The functional |x) in (3.7.23) is the Schwartz delta functional, whereas the distribution
(x'|x) in (3.7.24) is the Dirac delta function,

(2|z) = 6(2" — z). (3.7.25)

Therefore, the Dirac delta function appears when we spectrally decompose the action of the
Schwartz delta function as an integral operator.
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3.7.2 General Statement of the Gelfand-Maurin Theorem

The version of the Gelfand-Maurin Theorem stated in Section 3.5.2 is only suitable for
cyclic operators. In general, the linear operators in the algebra of observables are not
cyclic. Then more than one quantum number is needed to characterize pure states, and one
needs a complete system of commuting operators to obtain a complete set of generalized
eigenvectors.

Definition The collection of operators { Ay }i_, is a system of commuting operators if
1. [Aj, Ayl =0forall i,k =1,..., N,
2. SN | A? is essentially self-adjoint.

Let A be the algebra generated by a collection of operators { Ax}_,. Then the collection
{Ap}, is said to be a complete system if there exists a vector ¢ € ® such that the space

[Ap| A€ A} (3.7.26)

spans the Hilbert space H.

The notions of generalized eigenvector and generalized eigenvalue of an operator can be
extended to the case of a system {A;}Y_|. An antilinear functional F' on ® is a generalized
eigenvector for a system {A}Y_| if for every k = 1,..., N there exists a complex number
A®) such that

AF = )\WF. (3.7.27)

The numbers A = (AM A@ X)) are called generalized eigenvalues corresponding to
the generalized eigenvector F' = |[A(D A2 AV,

Theorem (Gelfand-Maurin Theorem) Let {Ax}_, be a complete system of commuting,
e.s.a., Tg-continuous operators on the Rigged Hilbert Space ® C H C ®*. Then, there
exists a set of generalized eigenvectors,

AW \@ ..,)\(N)> € P, (3.7.28)
AX|)\ ,...,)\(N)> = ABND A@ AWy (3.7.29)
AR ¢ = Sp(4p), (3.7.30)

and a uniquely defined measure du(A) on A = AWM x A® x ... x AN (where x denotes
the Cartesian product), such that for every ¢, p € ®

(V, 0) = /A dp(N) (PIAD A XY A A p) (3.7.31)
or omitting 1),

o= / du(\) DA, A OO A AN gy (3.7.32)
A
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This theorem gives the mathematical formulation of the famous Dirac conjecture if the
starting point is a precisely defined algebra of observables.

The mathematical task that has to be accomplished if one starts out with a well de-
fined algebra is to find a complete commuting system and its spectrum. The problem of
determining when a system is complete is far from trivial. Already for the simplest cases of
enveloping algebras of group representations the number of commuting observables is not
independent of the particular commuting system.

The problem of the physicist is usually the reverse. From the experimental data one
finds out how many quantum numbers are required, and what their possible values are.
This gives a minimum number of operators for the complete commuting system because
the “matrix elements” of the A;’s calculated from the properties of this algebra must agree
with the experimental values of the corresponding observables.

3.7.3 Generalization of the Algebra of Operators

The construction of the nuclear space ® carried out for the harmonic oscillator can be
immediately generalized to more general algebras of operators. The analog of the lemma
(3.3.67) is

(o, X(A+ )P X ) < k(p, (A+ TP o), (3.7.33)

where X is one of the generators X; and A = > X? is the Nelson operator (Laplacian).
Eq. (3.7.33) holds for all enveloping algebras (lemma by Nelson). Therewith the continuity
of the algebra in a linear topological space in which the topology is defined by the countable
number of scalar products

(0, ¥)p = (@, (A +1)P9) (3.7.34)

follows immediately. Further, if A is e.s.a., then all symmetric generators are also e.s.a. (the-
orems by Nelson and Stinespring).

Eq. (3.7.33) is much stronger than what is required for the proof of the continuity of the
generators. The continuity of the generators (and therewith of the whole algebra) can be
proved if instead of p + 1 on the right hand side of (3.7.33) one has p + n, where n is any
positive integer. Therefore, it appears that the continuity of the generators can already be
proved for any finitely generated associative algebra.

The nuclearity is a much harder property to establish. It has been proven for the cases
that the algebra is the enveloping algebra E(G) of the following groups G-

1. G is nilpotent (because then E(G) is isomorphic to the enveloping algebra generated
by Pa, Qo, @ =1,2,...m, with [P,,Qs] = —04sI for some m (a theorem by Kirillov
in [69]) and we have just an m-dimensional generalization of the harmonic oscillator).

2. G is semi-simple (Bohm in [70]).

3. G = AOK, where O stands for semidirect product, with A Abelian and K compact
(B. Nagel in [71]).

4. @ is the Poincare group, for some of the representations (see [71]).
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3.7.4 Appendix: Continuity of the Algebra of the Harmonic Os-
cillator

In this appendix, we provide a proof for Eq. (3.3.67)
(¥, a(N + DPa'p) < kY, (N + 1PT), VeV, (3.7.35)

Before proceeding with the proof, we need some preliminary results. From the com-
mutation relation (3.2.10), it follows that

(N +Da! = al(N+2I), (3.7.36)
a(N+1I) = (N+2D)a. (3.7.37)

It also holds that
(4, (N + D)) < (4, (N +1)%y), Vpel. (3.7.38)

Eq. (3.7.38) comes from the fact that N is a positive operator, i.e., (¢, Ni) > 0 for
each ¢ in ¥ and then

(¥, (N +1)*¢) = (¢, (N +1)¢p) = (N, N9) + (¢, Nep)
IN$|? + (p,Ny) > 0. (3.7.39)

From the positive definiteness of IV, it also follows that if m and n are positive integers
and m < n, then

(W, (N +1)"y) < (¢,(N+D"p), VYypel. (3.7.40)

We are now going to prove Eq. (3.7.35) by induction. Eq. (3.7.35) is true for p = 1,
because

(¢, aa’ (N + 21)v)

(1, (N + 1) (N +21)9)

= (@, (N+ D)%) + (¢, (N + 1))

< 2(¢, (N + D)), (3.7.41)

(¥, a(N +Ialy) =

where in the last step we have made use of Eq. (3.7.38).
We now assume that (3.7.35) is true for p < ¢, i.e.,

(b.a(N + IPatd) < w( (N IPH), VoW, p=12...q. (3742
We have to prove that (3.7.35) is also true for p = ¢ + 1 using (3.7.42). So we calculate

(Y, a(N + D% aly) = (¢,a(N+I)(N + 17N + Da'yp)
= (¢¥,(N+2Da(N + 1) al (N + 21)) (3.7.43)
= (N +20)p,a(N + 1) al (N + 20)9)
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< k(N + 21y, (N + I)U(N + 21 ))) (3.7.44)
(N + D)y, (N4 DN+ D)+ (4, (N +1)%)
(N + D, (N + D)%) + (b, (N + )N + 1)v)]

= K[(¢, (N + D7) + (¢, (N + 1))

(1, (N + D) + (4, (N + 1))
< dk(y, (N +1)72y), (3.7.45)

where we have used Eqs. (3.7.36)-(3.7.37) in step (3.7.43), Eq. (3.7.42) in step (3.7.44) and
Eq. (3.7.40) in the last step.

Consequently, (3.7.35) has been shown to be fulfilled also for p = ¢ + 1 and, therefore,
it is true for any integer p.



Chapter 4

A Rigged Hilbert Space of the Square
Barrier Potential

In this chapter, we construct a RHS of the square barrier Hamiltonian. In order to do it, we
shall use the Sturm-Liouville theory. This theory provides the direct integral decomposition
of the Hilbert space. From this direct integral decomposition, we shall construct the RHS.

CHARLIE [Stopping HAPPY’s movement and reply. To BIFF]
Nobody dast blame this man. You don’t understand: Willy
was a salesman. And for a salesman, there is no rock bottom
to the life. He don’t put a bolt to a nut, he don’t tell you

the law or give you medicine. He’s a man way out there in

the blue, riding on a smile and a shoeshine. And when they
start not smiling back—that’s an earthquake. And then you
get yourself a couple of spots on your hat, and you’re fin-
ished. Nobody dast blame this man. A salesman is got to
dream, boy. It comes with the territory.

BIFF: Charley, the man didn’t know who he was.
HAPPY [infuriated]: Don’t say that!
BIFF: Why don’t you come with me, Happy?

HAPPY: I'm not licked that easily. I’'m staying right in this
city, and I’'m gonna beat this racket! [He looks at BIFF, his chin
set.] The Loman Brothers!

BIFF: I know who I am, kid.

Arthur Miller, Death of a Salesman

137
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4.1 Introduction

In the previous chapter, we have constructed the RHS of the harmonic oscillator. This sys-
tem has a Hamiltonian whose spectrum is discrete, i.e., the solutions of the time independent
Schrodinger equation corresponding to the harmonic oscillator are square normalizable. Be-
cause the spectrum of its Hamiltonian has no continuous part, the harmonic oscillator cannot
have scattering states.

We now turn to study systems whose time independent Schrodinger equation has non-
square normalizable solutions. That is, systems whose Hamiltonian has a continuous spec-
trum. We shall focus on the square barrier potential, because its Schrédinger equation can
be solved explicitly. The square barrier potential will give us the long-sought example of the
Rigged Hilbert Space generated by a Schrodinger Hamiltonian with continuous spectrum.

First, we review the gist of the Dirac formalism for the case of a Hamiltonian with
continuous spectrum. The dynamical equation that governs the behavior of a quantum
system at any time is the time dependent Schrédinger equation:

ihsp(t) = Ho(t) | (4.1.1)

where H denotes the Hamiltonian of the system and ¢(¢) denotes the value of the wave
function ¢ at time ¢. The Dirac formalism solves this equation formally as follows: for
each energy F in the spectrum Sp(H) of the Hamiltonian, there exists a ket |E) that is an
eigenvector of H,

H|E)=FE|E), FE€Sp(H). (4.1.2)

These eigenkets form a complete basis system that expands any wave function ¢ as

gp:/dE|E>(E|gp> = /dEgp(E)|E>. (4.1.3)

The time dependent solution of Eq. (4.1.1) is obtained by Fourier-transforming the time
independent solution (4.1.3),

o(t) = / dE e B/ p(E). (4.1.4)

If the spectrum of the Hamiltonian has a continuous part, and if the energy E belongs
to this continuous part of the spectrum, then the corresponding eigenket |E) that solves
Eq. (4.1.2) is not square integrable, i.e., |E) is not an element of the Hilbert space.

It is the purpose of this chapter to show that the Rigged Hilbert Space is the mathe-
matical framework that supports the above formal manipulations. We will show that the
expansion (4.1.3) is not valid for every element of the Hilbert space , but only for those ¢
that belong to the space of wave functions ® C H. We will also show that the kets |E) can
be understood mathematically as continuous antilinear functionals over the space of wave
functions ®, i.e., |F) € ®*.
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According to the RHS mathematics, equation (4.1.2) means that
(Hp|E) = E(p|E), Voe@. (4.1.5)
The action of H can be extended to the kets |E) in ®* as follows:
(p|H*|E) = (Hp|E), Vpe®. (4.1.6)

Because H is continuous on ®, the operator H* is a uniquely defined extension of H. Using
the definition (4.1.6), we rewrite Eq. (4.1.5) as

(p|H*|E) = E{p|E), Vpe@. (4.1.7)
Omitting the arbitrary ¢ in this equation leads to
H*|E) = E|FE), (4.1.8)

which is the same as Eq. (4.1.2). (Note that in Eq. (4.1.8) we have denoted the action of
the Hamiltonian on the ket |E) by H* and not just by H. We shall use this notation in
order to stress that the Hamiltonian is acting on vectors that lie outside the Hilbert space.)

The statement of the Nuclear Spectral Theorem [5] only assures the existence of the
generalized eigenvectors |E), but it does not say how to construct them or how to construct
the space ®, which is assumed to be given beforehand. In this chapter, we provide an
example of a Hamiltonian with continuous spectrum where all the quantities are explicitly
constructed. As mentioned above, this example is the three-dimensional square barrier
potential. We shall use the Sturm-Liouville theory (Weyl theory) [30] to find the RHS of
this potential.

By applying the Sturm-Liouville theory to the Schrodinger equation of the square barrier
potential, we will obtain a domain D(H) on which the Hamiltonian is self-adjoint. The Green
functions, the spectrum, and the unitary transformation that diagonalizes our Hamiltonian
will be also computed. The diagonalization of the Hamiltonian will allow us to obtain the
energy (spectral) representation and the direct integral decomposition of the Hilbert space
induced by our Hamiltonian. We will see why this direct integral decomposition is not
enough for the purposes of Quantum Mechanics and why the RHS is necessary. Next, we
will construct the space ®. The RHS

®CHCP (4.1.9)

of the square barrier potential will follow. Dirac kets will be accommodated as elements of
®* and the Schwartz delta functional will appear in the energy (spectral) representation of
the triplet (4.1.9). The Nuclear Spectral Theorem will be proved, and it will be shown that
this theorem is just a restatement of the (heuristic) Dirac basis vector expansion (4.1.3).
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4.2 Sturm-Liouville Theory Applied to the Square Bar-
rier Potential

4.2.1 Schrodinger Equation in the Position Representation

In order to calculate the set of real generalized eigenvalues of the square barrier Hamil-
tonian (the physical spectrum) and their corresponding generalized eigenvectors, we solve
equation (4.1.8) in the position representation,

(Z|H*|E) = E(Z|E). (4.2.1)

The expression of the Hamiltonian in the position representation is
—h?
(Z|H*|E) = (2—A + V(f)) (Z|E)Y, (4.2.2)
m

where A is the three-dimensional Laplacian and

0 O<r<a
V(EZ)=V(r)=<¢ Vo a<r<b (4.2.3)
0 b<r<oo

is the square barrier potential. Writing Eqs. (4.2.1) and (4.2.2) in spherical coordinates
and restricting ourselves to the case of zero angular momentum, we obtain the radial time-
independent Schrodinger equation,

(=g + V) X3 5) = Ex(ri ). (12.)

n? d?
=——— . 4.2.
h 57 72 + V(r) (4.2.5)
Throughout this chapter, the symbol i will be used to denote the formal differential operator
(4.2.5).
The Sturm-Liouville theory studies the differential operator
d d
%(P(l“)%) +q(z), (4.2.6)

where p(z) and ¢(z) are functions of the real variable x, x running over an interval of
the real axis. In our example, x will be the radial coordinate r running over the interval
[0,00), p(z) the constant —h?/2m and ¢(z) the square barrier potential (4.2.3). In this case,
the Sturm-Liouville differential operator (4.2.6) coincides with the Schrodinger differential
operator (4.2.5) and therefore we are allowed to apply the Sturm-Liouville theory to our
problem.
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Mathematically, all the information about the differential operator h provided by the
Sturm-Liouville theory (resolvent, spectrum, spectral representation,...) is obtained from
the generalized eigenvalue equation

hx(r, E) = (——7 + V(r)) x(r,E)=Ex(r,E), FE€C, (4.2.7)

with various boundary conditions. As mentioned in the introduction, the “monoenergetic”
eigensolutions of (4.2.7) are not in general square integrable, i.e., they are not in the Hilbert
space. Those “monoenergetic” eigensolutions will be associated to antilinear functionals
Fp e &~ by

Fe(o)= [ drP0x(r ). (129
These functionals are generalized eigenvectors of the Hamiltonian H,
H*Fp = EFyg, (4.2.9)
or more precisely,
(p|H*|F) = (Hp|F) = E(p|Fi), Veoe@. (4.2.10)

From a physical point of view, Eq. (4.2.7) is the time-independent Schrédinger equation.
Different boundary conditions imposed upon it yield either Dirac kets, Lippmann-Schwinger
kets or Gamow kets.

4.2.2 Self-Adjoint Extension

Our first objective will be to define a linear operator on a Hilbert space corresponding to
the formal differential operator h and investigate its self-adjoint extensions. Among all
the possibilities, we shall choose the self-adjoint extension that fits spherically symmetric
potentials. Later sections will deal with the spectral properties of this self-adjoint extension
and with the RHS induced by it.

The Hilbert space that is in the RHS of the square barrier potential is realized by the
space L?([0,00), dr) of square integrable functions f(r) defined on the interval [0, 00). In this
section, we find a subdomain D(H) of this Hilbert space on which the differential operator
h is self-adjoint. This domain must be a proper dense linear subspace of L*([0, 0o),dr). The
action of h must be well-defined on D(H), and this action must remain in L?([0, 00), dr).
We need also a boundary condition that assures the self-adjointness of the Hamiltonian.
Among all the possible boundary conditions that provide a self-adjoint extension (see Ap-
pendix 4.4.1), we choose f(0) = 0. These requirements can be written as

f(r) € L*([0,00),dr), (4.2.11a
(hf)(r) € L*([0,00),dr), (4.2.11b
f(r) € AC?[0,00), (4.2.11c

)
)
)
F0)=0, (4.2.11d)
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where AC?[0,00) denotes the space of functions whose derivative is absolutely continuous
(cf. Appendix 4.4.1). Condition (4.2.11a) just means that the wave functions are square nor-
malizable. Condition (4.2.11b) assures that the action of h on any f(r) is square integrable.
Condition (4.2.11c) is the weakest condition sufficient for the second derivative of f(r) to
be well-defined. In our example, this condition implies that f(r) and f’(r) are continuous
at = a and at r = b. Equation (4.2.11d) selects, among all the possible possible boundary
conditions that provide a domain on which the differential operator h is self-adjoint (see
Appendix 4.4.1), the self-adjoint extension needed in physics.

The reason why we choose (4.2.11d) is the following: in physics [1, 54, 72, 73], the set
of boundary conditions imposed on the Schrédinger equation (4.2.7) always includes

x(0;E) =0, (4.2.12a)
x(r; E), and x'(r; E) are continuous at r = a and at r = b. (4.2.12Db)

Condition (4.2.12b) is implied by (4.2.11c), so we just need to recover (4.2.12a). This is why
we impose (4.2.11d).
The set of conditions (4.2.11) leads to the domain

D(H) = {f(r)| f(r),hf(r) € L*([0,00),dr), f(r) € AC*[0,00), f(0) =0}.  (4.2.13)

In choosing (4.2.13) as the domain of our formal differential operator h, we define a linear
operator H by

(Hf)(r):=hf(r)= (—h—2d—: + V(r)) f(r), f(r)eD(H). (4.2.14)

4.2.3 Resolvent and Green Functions

The Green function is the kernel of integration needed to write the resolvent of H as an
integral operator,

(E—H)™ f(r) :/ G(r,s: E) f(s) ds (4.2.15)
0
In Dirac notation this equation reads
018 = 1)10) = [l = 1)) el ds, (4.2.16)
and therefore
G(r,s; E) = (r|(E — H) !|s). (4.2.17)
The so-called outgoing and incoming Green functions are defined by
G*(r,s;FE) = lim G(r,s; E +ip). (4.2.18)
n—0t

The procedure to compute the Green function of our operator (4.2.14) is explained in [30]
(see also [74]). For the sake of completeness, we include in Appendix 4.4.2 the statement
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of the theorem that is used to calculate G(r,s; E). The expression of the Green function
will be given in terms of eigenfunctions of the differential operator h subject to different
boundary conditions (cf. Theorem 1 in Appendix 4.4.2).

We shall consider three regions of the complex plane and compute the Green function
for each region separately. In all our calculations, we will use the following branch of the
square root function:

V-i{EeC| —m<arg(F)<7n}—{EeC| —7/2<arg(E) <m/2}. (4.2.19)

Region R(F) <0, S(E) #0

For R(E) < 0, S(E) # 0, the Green function (see Theorem 1 in Appendix 4.4.2) is given
by

__ 2m/h® X(r;E)6(s; r<s
—om/h2 273(E)
GrsB) = | V 2m/mE 2 R(E) <0, S(E)#£0.  (4.2.20)
B 2m/h? X(s;E)@(r;E) r>g
V-2m/R2E 2T3(E)

E)

The eigenfunction x(r; E) satisfies the Schrodinger equation (4.2.7) and the boundary con-
ditions

X(0;E) =0, (4.2.21a)
X(r; E) € AC?(]0,00)), (4.2.21b)
X(r; E) is square integrable at 0. (4.2.21c)

The boundary conditions (4.2.21) can be written as

X(0;E) = 0, (4.2.22a)
Xa—0;E) = X(a+0;E), (4.2.22b)
X(a—0;FE) = X'(a+0;E), (4.2.22¢)
Xb—=0;E) = X(b+0;E), (4.2.22d)
Xb—0;FE) = X'(b+0;E), (4.2.22¢)
X(r; E) is square integrable at 0, (4.2.22f)
and lead to
oV TIRET _ 3R b 0<r<a
X E) =GBV By gypye VR cpcy (4229)
j:;(E)e *%Eerﬁ(E)e*\/*%Er b<r<oo.

The functions J; — J; are such that Y(r; E) satisfies the boundary conditions (4.2.22), and
their expressions are given in Eq. (4.4.12) of Appendix 4.4.2.
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The eigenfunction O(r; E) satisfies the Schrédinger equation (4.2.7) and the boundary
conditions

O(r; E) € AC*([0, ), (4.2.24a)

O(r; E) is square integrable at co. (4.2.24D)

The boundary conditions (4.2.24) can be written as

Oa—0;E) = O(a+0;E), (4.2.25a)

Ola—0;E) = Oa+0;E), (4.2.25b)

O(b—0;E) = O(b+0;E), (4.2.25¢)

O'(b—-0,E) = O'(b+0;E), (4.2.25d)

O(r; E) is square integrable at oo, (4.2.25¢)

and lead to
E)e\/ ﬁ2Er—|—A2 E)eiVi%Er 0<r<a
O(r;E) =< A3(E)e CARRLS Ay(E)e” SEESr oy (4.2.26)
e VT b<r<oo.

The functions A; — A, are such that é(r; E) satisfies the boundary conditions (4.2.25), and
their expressions are given in Eq. (4.4.13) of Appendix 4.4.2.

Region R(E) > 0, S(E) >0
When R(E) > 0, S(E) > 0, the expression of the Green function is

2m/h® _ x(r;E) ©4(s;E)
Vem/2 e 2J4(E)

2m/h>__ x(s;E) O (r; )
V2m/n?E  274(E)

r<s

G(r, s E) = R(E) > 0, S(E) > 0. (4.2.27)

r>s

The eigenfunction y(r; E) satisfies the Schrodinger equation (4.2.7) and the boundary con-
ditions (4.2.21),

sin( %—ZLET) 0<r<a
x(r; E) = Ti(E)e 2 (E—Vo)r + Jo(E)e” i/ 35 (E=Vo)r a<r<b (4.2.28)

)e!
(E)el\/T + LZ;(E)efl\/gr b<r<oo.

The functions J; — J; are determined by the boundary conditions (4.2.22), and their ex-
pressions are listed in Eq. (4.4.16) of Appendix 4.4.2.
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The eigenfunction © (r; E') satisfies the Schrodinger equation (4.2.7) and the boundary
conditions (4.2.24),

Af(B)e' By Af(B)e™"V e 0<r<a
O, (r; E) = A;_(E)el 5 (E-Vo)r +AI(E)€%%T a<r<b (4.2.29)

eVt b<r<oo.

The functions A — AJ are determined by the boundary conditions (4.2.25), and their
expressions are listed in Eq. (4.4.17) of Appendix 4.4.2.
Region R(E) > 0, J(F) <0
In the region R(E) > 0, I(E) < 0, the Green function reads
__2m/n*  x(r;E)O_(s;E)
V2m/n2E  273(E)

__2m/h? x(s5;E)©_(r;E)
Vem/p2E o 275(E)

r<s

G(r, s E) = R(E) >0, S(B) <0.  (4.2.30)

r>s

The eigenfunction x(r; E) is given by (4.2.28). The eigenfunction ©_(r; F) satisfies the
Schrodinger equation (4.2.7) and the boundary conditions (4.2.24),

A7 (E)é' By A5 (E)e "V W 0<r<a
O(r E) = A (B)eViEE0 LAz (m)e VREETOT < < (4.2.31)
eV B b<r<oo.

The functions A; — A, are such that © _(r; E') and its derivative are continuous at r = a
and at r = b. Their expressions are listed in Eq. (4.4.19) of Appendix 4.4.2.

4.2.4 Diagonalization of H and Eigenfunction Expansion

In the present section, we diagonalize our Hamiltonian H and construct the expansion of
the wave functions in terms of the eigenfunctions of the differential operator h. In order
to do so, we will compute the spectrum of H and then construct a unitary operator U
that transforms from the position representation into the energy representation. We will
see that the spectrum of H is the positive real line [0, 00). In the energy representation, H
will act as the multiplication operator, the Hilbert space will be realized by L*([0,00), dF)
and the domain of the Hamiltonian will be realized by the maximal domain on which the
multiplication operator is well-defined. On our way, we shall take advantage of some results
of the Sturm-Liouville theory that are proved in [30]. For the sake of completeness, we
include in Appendix 4.4.3 the statements of the theorems that are used in this section.
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Spectrum of H

We first compute the spectrum Sp(H) of the operator H by applying Theorem 4 of Ap-
pendix 4.4.3 (see also [30]). Since H is self-adjoint, its spectrum is real. This spectrum
is the subset of the real line on which the Green function fails to be analytic. This non-
analyticity of G(r, s; E) will be built into the functions Gi(E) that appear in Theorem 4 of
Appendix 4.4.3.

From the expression of the Green function computed above, it is clear that the subsets
(—00,0) and (0, c0) should be studied separately. We will denote either of these subsets by
A.

Subset A = (—00,0)

We first take A from Theorem 4 of Appendix 4.4.3 to be (—00,0). We choose a basis
for the space of solutions of the equation ho = Eo that is continuous on (0,00) x A and
analytically dependent on E as

Bi(E)e Ry gg(E)ef\/f%@r 0<r<a
ol(r;E) =19 B, (B ) e + g4(E)€_ R (EVo)r a<r<b (42.32a)
eV~ b<r<oo,
oo(r; E) = O(r; E) . (4.2.32b)

The functions B; — B, are such that o (r; ') and its derivative are continuous at r = a and
at r = b. Their expressions are listed in Eq. (4.4.29) of Appendix 4.4.3.
Obviously,

X(r; E) = J3(E)os(r; E) + Ji(E)os(r; ), (4.2.33)
which along with Eq. (4.2.20) leads to

o 2m/B® 1 - Ji(E) , oo (s
G(T,S,E)— \/W2 1(’E)+‘%( ) 2(7E) 2(’E)7

r<s, R(E)<0,3(E)#0. (4.2.34)

Since

09(s; FE) = 09(s; F), (4.2.35)
we can write Eq. (4.2.34) as

G(T,S;E):—\/%% o1(r; E)oy(s; E) 2E§;UQ(T’E)U2(S’E) ,

r<s, RE)<0,3(E)£0. (4.2.36)
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On the other hand, by Theorem 4 in Appendix 4.4.3 we have

G(r,s;E) =Y 0;(E)oi(r; E)oj(s; E)  r<s. (4.2.37)

By comparing Eqs. (4.2.36) and (4.2.37) we see that

R(E) <0, S(E)#£0. (4.2.38)

ij

__em/h” 1
6 (E) = ’ V-2m/h B2
0 - 3

The functions ;;(£) are analytic in a neighborhood of A = (—o0,0). Therefore, the interval
(—00,0) is in the resolvent set Re(H) of the operator H.

Subset A = (0, 00)

Now we study the case A = (0,00). In order to be able to apply Theorem 4 of Ap-
pendix 4.4.3, we choose the following basis for the space of solutions of ho = Eo that is
continuous on (0, 00) x A and analytically dependent on E:

o1 (r; E) = x(r; E), (4.2.39a)

cos(y/ 22 Er) 0<r<a

2m

gV EVIr Co(E)e wEVr g o (4:2.39D)

)
C3(B)e'V i 4 Cy(B)e™"V we b<r<oo.

The functions C; — C4, whose expressions are given in Eq. (4.4.30) of Appendix 4.4.3, are
such that o9 and its derivative are continuous at r = a and at r = b.
Eqs. (4.2.29), (4.2.31) and (4.2.39) lead to

O.(r;F) = —;j((g)) o1(r; E) + gﬁgg% oy(r; F) (4.2.40)
and to (B (B
O_(r; E) = %UI(T; ) — %Ug(r; E), (4.2.41)
where
W(E) = Ji(E)C3(E) — J5(E)C4(E) . (4.2.42)
By substituting Eq. (4.2.40) into Eq. (4.2.27) we get to
Glrsg)y= 2L [ G gy TED )] o1 ),

R(E)>0,3(E)>0,r>s. (4.243)

V2m/RPE 2iJ4(E) | W(E)
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By substituting Eq. (4.2.41) into Eq. (4.2.30) we get to

JamiieE 205 | w(m " W E)
RE)>0,S(E)<0,r>s, (4.2.44)

G(r,s;E) = —

oa(r; E)| o1(s; ),

Since
o1(s; F) = 01(s; F), (4.2.45)
Eq. (4.2.43) leads to
gy = 2 ! —C4(E)a r; E)oy(s; E ‘ZI(E)U r; E)oy(s; E
Grsi ) = ey [T D) + gt Y |

R(E)>0,3(E)>0,r>s, (4.2.46)
and Eq. (4.2.44) leads to

w1 [GE) = (E)
e SAE) [HE O DD et DT
R(E)>0,3(E)<0,r>s, (4.2.47)

G(r,s;E) = —

The expression of the resolvent in terms of the basis 01, 09 can be written as (see Theorem 4
in Appendix 4.4.3)

G(r,s; E) Z 05 (E)oi(r; E)oy(s; E) r>s. (4.2.48)
i,j=1
By comparing (4.2.48) to (4.2.46) we get to

am/h?_ 1 __—Cu(E)
\/2m/h2E2l Ju(EYW (E)

05 (E) = | ViminEu e . R(E) >0, S(B)>0, (4.2.49)
NI
By comparing (4.2.48) to (4.2.47) we get to
a1 _G(B)
I B 2i T3(B)W (E
O5(E) = |y N L] R >0 <o, (4.2.50)

\/2m/h2 E 2i W(E)

From Egs. (4.2.49) and (4.2.50) we can see that the measures pja, po; and py in Theorem 4
of Appendix 4.4.3 are zero and that the measure p;; is given by

1 FE2—0
o ((By By) = lim nm—,/ 07, (E — ic) — 0, (E + ic)| dE

00 e—=0+ 271

Eq1+0
E, 2
- / 1 2m/h ! dE (4.2.51)
g AT \2m/R2E J3(E)Ju(E)
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which leads to

1 2m/R 1

At \Som /2 E |Ju(E)|?’
The function 6 (E) has a branch cut along (0,00), and therefore (0,00) is included in

Sp(H). Since Sp(H) is a closed set, Sp(H) = [0,00). Thus the resolvent set of H is
Re(H) = C — [0, 00).

E € (0,00). (4.2.52)

p(E) = pu(E) =

Diagonalization and Eigenfunction Expansion

We are now in a position to diagonalize the Hamiltonian. By Theorem 2 of Appendix 4.4.3,
there is a unitary map U defined by

U: L*([0,00),dr) —— L?*((0,00), p(E)dE)
[r) — J(E) = (OHE) = / drf(OXE),  (4253)

that brings D(H) onto the space
D(E) = {F(B) € L2((0,50). o(B)E) | [ B EYFEIp(E) <0} (4259

Egs. (4.2.53) and (4.2.54) provide a p-diagonalization of H. If we seek a d-diagonalization,
i.e., if we seek eigenfunctions that are d-normalized, then the measure p(E) must be absorbed
by the eigenfunctions and by the wave functions.! This is why we define

o(r; £) == /p(E) x(r; E), (4.2.55)
which is the eigensolution of the differential operator A that is d-normalized, and
F(B) = /p(E)f(E), [(E) € L*(0,00), p(E)dE) (4.2.56)

and construct the unitary operator

U : L*((0,00)), p(E)dE) —s L*((0,00),dE)

fo— J(E)=Uf(E) = VoE)E). (4.2.57)

The operator that d-diagonalizes our Hamiltonian is U := [7[7,

U: L*([0,00)),dr) +—— L*((0,00),dE)
f e Uf:=F. (4.2.58)

!The meaning of the d-normalization of the eigenfunctions will be explained in Section 4.2.9.
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The action of U can be written as an integral operator,
FB)y=WN(E) = [ arf)aE), () € L2(0.50),dr). (4.2.59)
0

The image of D(H) under the action of U is

-~

D(E) := UD(H) = {(E) € L*((0, 00), dE) | /Ooo E2|J(E)2dE < oo} . (4.2.60)

Therefore, we have constructed a unitary operator

U:D(H) C L*([0,00),dr) —s D(E) c L*((0,0),dE)
f— f=Uf (4.2.61)

that transforms from the position representation into the energy representation. The op-
erator U diagonalizes our Hamiltonian in the sense that £ = UHU ! is the multiplication
operator,

E:D(E) c L*((0,00),dE) — L*((0,00),dE)
F — (Ef)E):=Ef(E). (4.2.62)

The inverse operator of U is given by (see Theorem 3 of Appendix 4.4.3)
[0)= W PO = [ dEf@etB), ) e 1(O.0aB) . (4263)
0

The operator U~! transforms from the energy representation into the position representa-
tion.

The expressions (4.2.59) and (4.2.63) provide the eigenfunction expansion of any square
integrable function in terms of the eigensolutions o(r; E) of h.

The unitary operator U can be looked at as a sort of generalized Fourier transform: the
Fourier transform connects the position and the momentum representations. U connects the
position and the energy representations. The role played by the plane waves e *?* (which are
generalized eigenfunctions of the operator —id/dx) is here played by the o(r; E') (which are
generalized eigenfunctions of the differential operator h). Therefore o(r; E) = (r|E), which
is the -normalized eigensolutions of the Schrodinger equation, can be viewed as “transition
elements” between the r- and the E-representations. R

The label f of the functions in the position representation is different from the label f
of the functions in the energy representation because they have different functional depen-
dences. The same applies to the Hamiltonian H, the domains, etc. This is not the standard
practice in the physics literature, where different representations are usually identified and
labeled by the same symbol (see, for instance, [72, 54, 73, 15]).

We remark that the operator U that diagonalizes H is not unique. In fact, different
eigenkets, i.e., different boundary conditions imposed upon (4.2.7), lead to different opera-
tors U.
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4.2.5 The Need of the RHS

The Sturm-Liouville theory only provides a domain D(H) on which the Hamiltonian H is
self-adjoint and a unitary operator U that diagonalizes H. This unitary operator induces a
direct integral decomposition of the Hilbert space (see [4, 5]),

Ho— UH=H=@ H(E)dE
Sp(H)

-~ ~

f — Uf={f(E)}, [f(E)eH(E), (4.2.64)

where # is realized by L2([0,00),dr), and H is realized by L%([0,00),dE). The Hilbert
space ‘H(F) associated to each energy eigenvalue of Sp(H) is realized by the Hilbert space
of complex numbers C. On H, the operator H acts as the multiplication operator,

~

Hf — UHf = {Ef(E)}, feDH). (4.2.65)

The scalar product on H can be written as
(ﬁﬁ) A :/ (f(E),a(E)) dE, (4.2.66)
H Sp(H) E

where the scalar product (-, - )z on H(E) is the usual scalar product on C,

(Fe)am) =B aeE). (4.2.67)

As we shall explain below, the direct integral decomposition does not shelter some of the
basic requirements needed in Quantum Mechanics. These requirements can be sheltered by
the RHS.

One of the most important principles of Quantum Mechanics is that the quantity (¢, Hy)
should fit the experimental expectation value of the observable H in the state ¢. However,
(¢, Hp) is not defined for every element in #, but only for those square normalizable wave
functions that are also in D(H). Therefore, not every square normalizable function can
represent a “physical wave function,” but only those that are (at least) in D(H). Another
fundamental assumption of quantum physics is that the quantity

disp, H = (0, H*p) — (¢, Hp)? (4.2.68)
represents the dispersion of the observable H in the state ¢, and that
A H = /disp,H (4.2.69)

represents the uncertainty of the observable H in the state ¢. Since (4.2.68) and (4.2.69)
are only defined when ¢ is an element of D(H?) C D(H), not every element of D(H) can
be assigned to a “physical wave function,” but only those functions that are (at least) in
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D(H?). Therefore, we would like to find a subdomain @ included in D(H) on which the
expectation values
(p, H"@), n=0,1,2,..., @pec® (4.2.70)

are well-defined.

Another important requirement of Quantum Mechanics is that algebraic operations such
as the sum and multiplication of two operators are well-defined. In the HS formalism,
these algebraic operations are not always well-defined because the domains on which these
operators are self-adjoint do not remain stable under their actions in general. In fact,
much of the trouble of the HS formalism comes from domain questions. In our case, the
domain D(H) in (4.2.13) does not remain stable under H. We therefore would like to find
a subdomain @ included in D(H) that remains stable under the action of H and all of its
powers,

H": ®+— P, n=0,1,2,... (4.2.71)

One can see that if Eq. (4.2.71) holds, then the expectation values (4.2.70) are well-defined
for each ¢ in ®, i.e., if the domain ® remains stable under the action of H, then the
expectation values of H in any state ¢ € ® are well-defined.
In Quantum Mechanics, it is always assumed that for each E € Sp(H) there is a Dirac
ket |E) such that
H*|E) = E|FE) (4.2.72)

and such that the Dirac basis vector expansion (4.1.3) holds. Equation (4.2.72) has no
solution in the Hilbert space when E belongs to the continuous part of the spectrum of the
Hamiltonian. In fact, Eq. (4.2.72) has to be related to the equation

(Z|H*|E) = E(Z|E) (4.2.73)
which in the radial representation reads
ho(r; ) = Eo(r; E), (4.2.74)

where h is the differential operator (4.2.5) and o(r; E) is the delta-normalized eigenfunction
(4.2.55). Since o(r; E) = (r|E) lies outside L*(]0, ), dr), i.e.,

/ dr |o(r: B)[2 = o0, (4.2.75)
0

the corresponding eigenket |E), which is defined by

|E): ® — C

o — (B = /Ooow(r)o(r;E)dr, (4.2.76)

should also lie outside the Hilbert space. Actually, |E) is an element of ®*.
In summary, what our mathematical framework should provide us with is:
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1. a dense invariant domain on which all the powers of H and all the expectation values
(4.2.70) are well-defined,

2. smooth enough wave functions so that Eq. (4.2.72) holds,
3. Dirac basis vector expansion must follow.

In the direct integral decomposition formalism, there is not enough room for either of these
three requirements. This is why we introduce the RHS.

4.2.6 Construction of the Rigged Hilbert Space

The first step is to make all the powers of the Hamiltonian well-defined. In order to do so,
we construct the maximal invariant subspace D of the operator H,

D= ﬁ D(H") . (4.2.77)

n=0

The space D is the largest subspace of D(H) that remains stable under the action of the
Hamiltonian H and all of its powers. It is easy to check that

D = {p € L*([0,00),dr)| h"p(r) € L*([0,00),dr), h"p(0) = 0,9 (a) = o™ () =0,
n=0,1,2,...; ¢(r) e C*([0,00))} . (4.2.78)
The conditions ™ (a) = ¢™(b) = 0 in (4.2.78) come from taking the discontinuities of the
potential V(r) at 7 = a and at r = b into consideration (see [10]).
The second step is to find a subspace ® on which the eigenkets |E) of H are well-defined

as antilinear functionals. For each E € Sp(H), we associate a ket |E) to the generalized
eigenfunction o(r; E') through

|E): ® — C
o — (o|B) ::/0 oo (r: B)dr = (U)(E) . (4.2.79)

As actual computations show, the ket |E) in (4.2.79) is a generalized eigenfunctional of H
if @ is included in the maximal invariant subspace of H,

dCD. (4.2.80)

Due to the non-square integrability of the eigenfunction o(r; E), we need to impose further
restrictions on the elements of D in order to make the eigenfunctional |E) in Eq. (4.2.79)
continuous,

/ dr |(r+ 1)"(h + D™ (r)[? < 00, mm=0,1,2,... (4.2.81)
0
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The imposition of conditions (4.2.81) upon the space D leads to the space of test functions
of the square barrier potential,

<I>:{g0€D|/ dr [(r 4 1) (h+ 1)) < 00, mym=0,1,2,...}.  (4.2.82)
0

On @, we define the family of norms

llnm := \// dr |(r+ 1) (h + Dmp(r)*, n,m=0,1,2,... (4.2.83)
0

The quantities (4.2.83) fulfill the conditions to be a norm (cf. Proposition 1 of Appendix 4.4.4)

and can be used to define a countably normed topology 7¢ on ® (see [5]),

Yo 20 i ||a — Ollgm ——0, n,m=0,1,2,... (4.2.84)
a—00 0—00

One can see that the space ® is stable under the action of H and that H is 7¢-continuous
(cf. Proposition 2 of Appendix 4.4.4).

Once we have constructed the space ®, we can construct its topological dual ®* as the
space of Tg-continuous antilinear functionals on @ (see [5]) and therewith the RHS of the
square barrier potential (for [ = 0)

® C L*([0,00),dr) C ®*. (4.2.85)

The ket |E) in Eq. (4.2.79) is a well-defined antilinear functional on ®, i.e., |E) belongs
to ®* (cf. Proposition 3 of Appendix 4.4.4). The ket |E) is a generalized eigenvector of the
Hamiltonian H (cf. Proposition 3 of Appendix 4.4.4),

H*|E) = E|E), (4.2.86)

ie.,

(p|H*|E) = (Hp|E) = E{p|E), VYpec®. (4.2.87)

On the space @, all the expectation values of the Hamiltonian and all the algebraic
operations involving H are well-defined, and the generalized eigenvalue equation (4.2.87)
holds. As we shall see in the next section, the functions ¢ of ® can be expanded by a Dirac
basis vector expansion.

4.2.7 Dirac Basis Vector Expansion

We are now in a position to derive the Dirac basis vector expansion. This derivation consists
of the restriction of the Weyl-Kodaira expansions (4.2.59) and (4.2.63) to the space ®. If
we denote (r|p) = ¢(r) and (E|r) = o(r; E), and if we define the action of the left ket (E|
on ¢ € ® as (E|p) := P(E), then Eq. (4.2.59) becomes

(Elp) = /Ooo dr (Blr) (rlg), pe®. (4.2.88)
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If we denote (r|E) = o(r; E), then Eq. (4.2.63) becomes

() = /Ooo dE (r|EY (El), pc®. (4.2.89)

This equation is the Dirac basis vector expansion of the square barrier potential. In fact,
when we formally write (4.1.3) in the position representation, we get to (4.2.89).

In Eq. (4.2.89), the wave function (r|p) is spanned in a “Fourier-type” expansion by the
eigenfunctions (r|E). In this expansion, each eigenfunction (r|E) is weighted by (FE|¢) =
P(FE), which is the value of the wave function in the energy representation at the point
E. Thus any function ¢(r) = (r|p) of ® can be written as a linear superposition of the
monoenergetic eigenfunctions o(r; ) = (r|E).

Although the Weyl-Kodaira expansions (4.2.59) and (4.2.63) are valid for every element
of the Hilbert space, the Dirac basis vector expansions (4.2.88) and (4.2.89) are only valid
for functions ¢ € ® because only those functions fulfill both

() = (¢|E) (4.2.90)

and
(plH*|E) = (Hp|E) = E(p|E) . (4.2.91)

Another way to rephrase the Dirac basis vector expansion is the Nuclear Spectral
(Gelfand-Maurin) Theorem. Instead of using the general statement of [5], we prove this theo-
rem using the machinery of the Sturm-Liouville theory (see Proposition 4 of Appendix 4.4.5).
The Nuclear Spectral Theorem allows us to write the scalar product of any two functions
@, of ® in terms of the action of the kets |E) on ¢, 1:

(o)) = / " AE (BN EW), Vo,pe @ (4.2.92)

It also allows us to write the matrix elements of the Hamiltonian and all of its powers
between two elements ¢, 1) of ® in terms of the action of the kets |E) on ¢, ¢:

(o) = [ AEEMGAENEW), Vo e ®n=12.... (1.2.93)

4.2.8 Energy Representation of the RHS

In this section, we construct the energy representation of the RHS. Since the unitary operator
U transforms from the position representation into the energy representation, the action of
U on the RHS provides the energy representation of the RHS.

We have already shown that in the energy representation the Hamiltonian H acts as the
multiplication operator E. The energy representation of the space ® is defined as

®=Ud. (4.2.94)
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It is very easy to see that @ is a linear subspace of L%([0, 00), dE). In oder to endow ® with
a topology 75, we carry the topology on @ into ®,

75 =UTs . (4.2.95)

With this topology, the space ® is a linear topological space. If we denote the dual space
of ® by ®*, then we have

U*®* = (U®)" = @~ . (4.2.96)

If we denote |E) = U*|E), then we can prove that |E) is the antilinear Schwartz delta
functional, i.e., |E) is the antilinear functional that associates to each function @ the complex
conjugate of its value at the point E (see Proposition 5 of Appendix 4.4.6),

EY:® — C
? — (PIE):=3(E). (4.2.97)

Therefore, the Schwartz delta functional appears in the (spectral) energy representation
of the RHS associated to the Hamiltonian. If we write the action of the Schwartz delta
functional as an integral operator, then the Dirac J-function appears in the integrand of
that integral operator.

It is very helpful to show the different realizations of the RHS through the following
diagram:

H; o(r) ® C L*[0,00),dr) C @~ |E) position repr.
LU LU LU (4.2.98)
E'; @(E) ‘/I\’ C LZ([O, OO), dE) C ‘/I;X |E'> energy repr.

On the top line of the diagram (4.2.98), we have the RHS, the Hamiltonian, the wave
functions and the Dirac kets in the position representation. On the bottom line, we have
their energy representation counterparts.

4.2.9 Meaning of the j-normalization of the Eigenfunctions

In this section, we show that the d-normalization of the eigenfunctions is related to the
measure dyu(FE) that is used to compute the scalar product of the wave functions in the
energy representation,

(ps10) = / B (E)du(E). (4.2.90)

We will see that if the measure in (4.2.99) is the Lebesgue measure dE, then the eigen-
functions are d-normalized, and that if the measure is p(E)dE, then the eigenfunctions are
p-normalized.
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For the sake of simplicity, in this section we label the wave functions in the position and
in the energy representation with the same symbol. With this notation, Eq. (4.2.89) leads
to

o(r) = /0 " AE o(B)o(r: ), (4.2.1000)
() = / T B W(B)o(r: B). (4.2.100D)
Since (r),¥(r) € L*([0,00),dr), their sca?lar product is well-defined,
(o) = [ e, (4.2.10)
Plugging (4.2.100) into (4.2.101), we obtain
(p, ) = / dE/ dE' o(E) E')/ dro(r; E)o(r; E") . (4.2.102)
If we use the Lebesgue measure dE, then the scalar product (4.2.99) can be written as
(0,0) = /0 B S(EY(E). (4.2.103)

Comparison of (4.2.102) and (4.2.103) leads to

/oo dr o B)o(r: B') = 8(E — E'), (4.2.104)

i.e., the eigenfunctions o(r; E) are d-normalized.
We now consider the case in which the eigenfunctions are p-normalized. If we use the
measure du(E) = p(E)dE, then the scalar product of ¢ and 1) is given by

(o,0) = / OBV (E)(E) dE, (4.2.105)

where ¢,(E) = p(E)/\/p(E) and ¢,(E) = Y(E)//p(E). If we define o,(r;E) =
o(r; E)/\/p(E), then Eq. (4.2.100) leads to

o) = [ Bl m)o(E) e, (4.2.106a)

/ W, (E)o,(r: E)p(E) dE. (4.2.106b)

Plugging Eq. (4.2.106) into (4.2.101), we obtain
(p,0h) = / dE/ dE" ¢, (E)Y,(E")p(E)p(E") /oo dro,(r;E)o,(r; E').  (4.2.107)
Comparison of (4.2.107) and (4.2.105) leads to 0
/000 dro,(r; B)o,(r; E') =

i.e., the eigenfunctions o,(r; E) are p-normalized.

—6(E—-E'), (4.2.108)
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4.3 Conclusion to Chapter 4

In this chapter, we have constructed the Rigged Hilbert Space of the square barrier Hamil-
tonian

® C L*([0,00),dr) C &~ (4.3.1)

and its energy representation
® C L*([0,00),dE) C ®* . (4.3.2)

The spectrum of the Hamiltonian H is the positive real semiaxis. For each value E of the
spectrum of H, we have constructed a Dirac ket |E) that is a generalized eigenfunctional of
H whose corresponding generalized eigenvalue is E. In the energy representation, |E) acts as
the antilinear Schwartz delta functional. On the space ®, all algebraic operations involving
the Hamiltonian H are well-defined. In particular, the expectation values of the Hamiltonian
in any element of ® are well-defined. Any element of ® can be expanded in terms of the
eigenkets |E) by a Dirac basis vector expansion. The elements of ® are represented by well-
behaved functions in contrast to the elements of the Hilbert space which are represented by
sets of equivalent functions that can vary arbitrarily on any set of zero Lebesgue measure.
Therefore, it seems natural to conclude that a physically acceptable wave function is not
any element of the Hilbert space, but rather an element of the subspace ®.

In our quest for the RHS of the square barrier potential, we have found a systematic
method to construct the RHS of a large class of spherically symmetric potentials:

1. Expression of the formal differential operator.

2. Hilbert space H of square integrable functions on which the formal differential operator
acts.

3. A domain D(H) of the Hilbert space on which the formal differential operator is
self-adjoint.

4. Green functions (resolvent) of this self-adjoint operator.
5. Diagonalization of the self-adjoint operator, eigenfunction expansion of the elements of
‘H in terms of the eigensolutions of the formal differential operator, and direct integral

decomposition of H induced by the self-adjoint operator.

6. Subspace ® of D(H) on which all the expectation values of H are well-defined and on
which the Dirac kets act as antilinear functionals.

7. Rigged Hilbert space ® C H C ®*.
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4.4 Appendices to Chapter 4

4.4.1 Appendix 1: Self-Adjoint Extension

In this appendix, we list the possible self-adjoint extensions associated to the differential
operator h. We first need first some definitions (cf. [30]).

Definition 1 By AC?([0,00)) we denote the space of all functions f which have a
continuous derivative in [0, 00), and for which f’ is not only continuous but also absolutely
continuous over each compact subinterval of [0,00). Thus f?) exists almost everywhere,
and is integrable over any compact subinterval of [0,00). At 0 f’ is continuous from the
right.

The space AC?([0, 00)) is the largest space of functions on which the differential operator
h can be defined. In the case of the square barrier potential (4.2.3), if f(r) belongs to
AC?([0,00)), then f(r) and f’(r) are continuous at 7 = a and at r = b.

Definition 2 We define the spaces

H;,([0,00)) = {f € AC*([0,00)) | f, hf € L*([0,00),dr)} (4.4.1)
H2(0,00)) == {f € AC?([0,00) | f, f? € L?([0,00),dr)} (4.4.2)
H;([0,00)) := {f € H*([0,00)) ]| f vanishes outside some

compact subset of (0,00)} . (4.4.3)

Using these spaces, we can define the necessary operators to calculate the self-adjoint
extensions associated to h.

Definition 3 If A is the formal differential operator (4.2.5), we define the operators
Hy and H; on L*([0,00),dr) by the formulas

D(H,) = #3([0,0)), Hof :=hf, f€D(H,). (4.4.4)
D(H)) = #}((0,00)), Hif =hf, feD(H). (4.4.5)

The operators Hy and H; are sometimes called the minimal and the mazimal operators
associated to the differential operator h, respectively. The domain D(H;) is the largest
domain of the Hilbert space L*(]0,00),dr) on which the action of the differential operator
h can be defined and remains inside L2([0, 00), dr). Further, Hl = H;.

The self-adjoint extensions of H, are given by the restrictions of the operator H; to
domains determined by the conditions (see [30], page 1306)

FO)+af(0)=0, —-oco<a<ox. (4.4.6)
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These boundary conditions lead to the domains
Do(H)={f € D(H,)| f(0)+af'(0)=0}, —-o<a<oo. (4.4.7)

On these domains, the formal differential operator A is self-adjoint. The boundary condition
that fits spherically symmetric potentials is f(0) = 0, i.e., & = 0. This condition selects our
domain (4.2.13),

D(H) = Dusy(H) = {f € D(H,) | £(0) =0} . (4.4.8)

4.4.2 Appendix 2: Resolvent and Green Function

The following theorem provides the procedure to compute the Green function of the Hamil-
tonian H (cf. Theorem XIII.3.16 of Ref. [30]):

Theorem 1 Let H be the self-adjoint operator (4.2.14) derived from the real formal
differential operator (4.2.5) by the imposition of the boundary condition (4.2.11d). Let
SE # 0. Then there is exactly one solution x(r; F) of (h — E)o = 0 square-integrable
at 0 and satisfying the boundary condition (4.2.11d), and exactly one solution ©(r; E) of
(h — E)o = 0 square-integrable at infinity. The resolvent (£ — H)™' is an integral operator
whose kernel G(r, s; E) is given by

2 W(x,0 r<s
Gr,s; E) = ( E()X@( . (4.4.9)
2m 53 s
o5 X 7 0) r>s,
where W (x, ©) is the Wronskian of x and ©
W(x,0) =x0"—x'0. (4.4.10)
If we define
- 2
ko= —h—? E, (4.4.11a)
~ 2m

then the functions J (E) of Eq. (4.2.23) are given by

(1 + i) ek 4 (—1 + i) eE“] : (4.4.12a)
Q Q

Jo(E) = %e@“ [(1 - %) ehe 4 (—1 - %) eE“] : (4.4.12b)

~ 1
Ji(E) = §€7Qa
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J5(E) = %eEb (1 + %) e T, (E) + (1 - %) e PT(E)|, (4.4.120)
Ji(E) = %J” [(1 - %) e 7,(E) + (1 + %) e PL(E)|,  (4.4.12d)
and the functions A(E) of Eq. (4.2.26) by
1 _ 1 Qb _ E —kb
As(E) = 5¢ (1 ©> e ™, (4.4.13a)
1 _1 Qb E —kb
A(E) = ge (1 + @> e (4.4.13b)
A(B) = %eE“ (1 + %) e Ay(E) + (1 - %) e @“A(E)|, (4.4.13¢c)
Ay(E) = %eE“ [(1 - %) @ Ay (E) + (1 + % e VR L(E)| . (4.4.134)
The expression for the Wronskian of x and O_ is
W(X,0_) = —2kJ5(E) . (4.4.14)
If we define
2
ko= h—? E, (4.4.15a)

Q= ,/277’? (E—Vp), (4.4.15b)

then the functions J(F) of Eq. (4.2.28) are given by

() = Lo (sin(ka) + % cos(ka)> | (4.4.16a)
Jo(E) = %eiQ“ <sin(ka) - % cos(ka)) , (4.4.16D)
J3(E) = %e_ikb {(1 + %) T (E) + (1 — %) e_inJQ(E)] , (4.4.16¢)
Ti(B) = e {(1 _ %) e 7, () + (1 + %) e_’ijz(E)] (44.16d)

and the functions A" (E) of Eq. (4.2.29) by

AT (E) = %ein (1 + g) ekt (4.4.17a)
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Af(E) = %ein <1 — g) ekt (4.4.17b)

Al (E) = %eik“ [(1 + %) e AT (E) + <1 — %) eiQ“AI(E)] , (4.4.17¢)
AS(E) = %ek [(1 — %) e QAT (E) + (1 + %) e‘iQ“AI(E)} . (4.4.174d)

The Wronskian of y and O is
Wi(x,0.) = 2ikJy(E) . (4.4.18)

The functions A~ (F) of Eq. (4.2.31) are given by

A; (B) = %e‘in (1 _ g) e—ikb. (4.4.192)
Ay (B) = (1 + g) e ", (4.4.19D)

5

A (E) = ;e“m [(1 + %) e’ Ay (E) + (1 — %) eiQ“A4(E)] , (4.4.19¢)
1,
3¢

A, (E) = [(1 - %) e Ay (E) + (1 + %) eiQ“A4(E)} . (4.4.19d)

The Wronskian of y and ©_

W(x,0_) = —2ikJ4(E). (4.4.20)

4.4.3 Appendix 3: Diagonalization and Eigenfunction Expansion

The theorem that provides the operator U that diagonalizes H is (cf. Theorem XIII.5.13 of
Ref. [30])

Theorem 2 (Weyl-Kodaira) Let h be the formally self-adjoint differential operator
(4.2.5) defined on the interval [0, 00). Let H be the self-adjoint operator (4.2.14). Let A be
an open interval of the real axis, and suppose that there is given a set oy, o9 of functions,
defined and continuous on (0,00) x A, such that for each fixed E in A, oy(-; E), oa(-; E)
forms a basis for the space of solutions of ho = FEo. Then there exists a positive 2 x 2
matrix measure {p;;} defined on A, such that

1. the limit

c—0d—oo

(U F):(E) = lim lim Uf Vor(r: B)d } (4.4.21)

exists in the topology of L*(A, {p;;}) for each f in L*([0,00),dr) and defines an iso-
metric isomorphism U of E(A)L?([0,00),dr) onto L*(A, {pi;});
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2. for each Borel function G defined on the real line and vanishing outside A,

UD(G(H)) ={[fi] € L*(A{pi}) | [Gfi] € L* (A {pis})} (4.4.22)

and

(UG(H)f){(E) = GEYUF)(E), i=1,2 EcA, feDGH).  (4.4.23)

The theorem that provides the inverse of the operator U is (cf. Theorem XIII.5.14 of
Ref. [30])

Theorem 3 (Weyl-Kodaira) Let H, A, {p;;}, etc., be as in Theorem 2. Let Ej; and E}
be the end points of A. Then

1. the inverse of the isometric isomorphism U of E(A)L?([0,00),dr) onto L*(A, {p;;}) is
given by the formula

(UT'F)(r) = lim lim (Z Fy(E)o,(r; F) pw(dE)> (4.4.24)

po—FEo p1—FE
3,7=1

where F' = [F, F5] € L*(A, {pi;}), the limit existing in the topology of L*([0, 00), dr);

2. if G is a bounded Borel function vanishing outside a Borel set e whose closure is
compact and contained in A, then G(H) has the representation

/ F($)K (H, 1, 5)ds (4.4.25)

where

K(H,r,s) Z / G(E)oi(s: B)o (r; E)piy (dE) (4.4.26)

t,j=1

The spectral measures are provided by the following theorem (cf. Theorem XIII.5.18 of
Ref. [30]):

Theorem 4 (Titchmarsh-Kodaira) Let A be an open interval of the real axis and O
be an open set in the complex plane containing A. Let oy, 09 be a set of functions which
form a basis for the solutions of the equation ho = Eo, F € O, and which are continuous on
(0,00) x O and analytically dependent on F for E in O. Suppose that the kernel G(r, s; E)
for the resolvent (E — H) ™! has a representation

ZQ,J IHZJ(E)UZ(T E)o;(s , E) r<s

G(r,s; F) = (4.4.27)
>ijet 05 (B)oi(r; B)oy(s; E) r>s,
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for all £ in Re(H)N O, and that {p;;} is a positive matrix measure on A associated with H
as in Theorem 2. Then the functions 95 are analytic in Re(H)N O, and given any bounded
open interval (Ey, Fy) C A, we have for 1 <i,j <2

pij((E1, Es)) = limsolime o1 5= 57 fEler; —i€) — 0;;(E +ie)|dE
(4.4.28)
= limgy limeyor 5t [o 03 [05(E — i€) — 05 (E + ie)|dE .
The functions B(E) of Eq. (4.2.32a) are given by

> 1 —Qb k kb

Bs(E) = —e 1+ =) e, (4.4.29a)
2 Q

» 1 Qb k Kb

By(E) = —e — = e, (4.4.29b)
2 Q

23 _ —ka @ @a é —Qa

Bl(E) = <€ 1+ z € Bg(E) + 11— z 64( ) , (44296)

2 ka é Qa3 @ —Qa

By(E) = —e 1 T e“'Bs(E)+ | 1+ = e “By(E) (4.4.29d)

The functions C(E) of Eq. (4.2.39b) are given by

1, k.

Ci(E) = —e~i@0 (cos(ka) — s1n(ka)> , (4.4.30a)
2 10
1, ko

Co(E) = ielQ“ (cos(ka) + 0 s1n(ka)> : (4.4.30b)

i

Cs(E) = Lok {(1 + %) e'9C (E) + (1 — %) eiQ”CQ(E)] . (4.4.30c)

2
Ci(E) = %eikh [(1 — %) e'9C (E) + <1 + %) eincg(E)] : (4.4.30d)

4.4.4 Appendix 4: Construction of the RHS

Proposition 1  The quantities

lollnm = \// dr [(r+1)"(h + 1)mgo(r)|2, n,m=0,1,2,..., p € P, (4.4.31)
0

are norms.
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Proof 1t is very easy to show that the quantities (4.4.31) fulfill the conditions to be a
norm,

16+ Pllnm < Nellnm + 1 llnm (4.4.32a)
||a90||n,m = |all¢ nym s (4.4.32b)
[ellnm >0, (4.4.32¢)
If |¢llnm = 0, then ¢ = 0. (4.4.32d)

The only condition that is somewhat difficult to prove is (4.4.32d): if ||¢||5,m = 0, then
(14+7r)"(h+1)"p(r) =0, (4.4.33)
which yields
(h+1)p(r) =0. (4.4.34)

If m =0, then Eq. (4.4.34) implies ¢(r) = 0. If m = 1, then Eq. (4.4.34) implies that —1 is
an eigenvalue of H whose corresponding eigenvector is ¢. Since —1 is not an eigenvalue of
H, ¢ must be the zero vector. If m > 1, the proof is similar.

Proposition 2 The space @ is stable under the action of H, and H is 7g-continuous.

Proof 1In order to see that H is 7¢-continuous, we just have to realize that

|He n,m = |(H +1)p—¢ n,m
< H + Dollnm + l@llnm
= [l¢llnm+r + llellnm - (4.4.35)

We now prove that ® is stable under the action of H. Let ¢ € ®. To say that ¢ € ® is
equivalent to say that ¢ € D and that the norms ||¢||,, ., are finite for every n,m = 0,1,2,. ..
Since Hy is also in D, and since the norms ||H ||, are also finite (see Eq. (4.4.35)), the
vector H is also in .

Proposition 3 The function
|E): ® — C
o () = / Sr)o(r; B)dr = (U9)(E). (4.4.36)
0

is an antilinear functional on @® that is a generalized eigenvector of (the restriction to ® of)
H.

Proof From the definition (4.4.36), it is pretty easy to see that |E) is an antilinear
functional. In order to show that |E) is continuous, we define

M(E) := sup |o(r;E)| . (4.4.37)

ref0,00)
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Since

(elE)| = |Up(E)]
/OerU(T;E)‘

< / " dr (o)l B)|
< M(B) /Ooodmso(rn

— M(E)/Ooodrll

(L))

< M(E) (/OOO dr ﬁ)m (/Ooo dr |(1+ T)<,0(1")|2>1/2

00 1 1/2
= M(E) (/0 dr m) lellio
= M(E)|¢llho, (4.4.38)

the functional |E) is continuous when @ is endowed with the 74 topology.
In order to prove that |E) is a generalized eigenvector of H, we make use of the conditions
(4.2.78) and (4.2.81) satisfied the elements of ®,

(p|H*|E) = (Hy|E)

= E{p|E). (4.4.39)
Similarly, one can also prove that

(ol (H7)"|E) = E"(p|E) . (4.4.40)

4.4.5 Appendix 5: Dirac Basis Vector Expansion
Proposition 4 (Nuclear Spectral Theorem) Let
® C L*([0,00),dr) C &~ (4.4.41)

be the RHS of the square barrier Hamiltonian H such that ® remains invariant under H
and H is a 7g-continuous operator on ®. Then, for each E in the spectrum of H there is a
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generalized eigenvector |E) such that

H*|E) = E|E) (4.4.42)
and such that
(bo0)= [ dE@IEXEW), Voues, (4.4.43)
Sp(H)
and
(. H™p) = / dE E"(p|EY(E[Y), Vo, € ® n=1,2,... (4.4.44)
Sp(H)

Proof Let ¢ and ¢ be in ®. Since U is unitary,
(p0) = Up,Ud) = (5,4). (4.4.45)

The wave functions @ and ¢ are in particular elements of L*([0,00),dFE). Therefore their
scalar product is well-defined,

(@@z/ dE G(E)Y)(E). (4.4.46)
Sp(H)
Since  and ¢ belong to ®, the action of each eigenket |E) on them is well-defined,
(p|E) =P(E), (4.4.47a)
(E|) =p(E). (4.4.47D)

Plugging Eq. (4.4.47) into Eq. (4.4.46) and Eq. (4.4.46) into Eq. (4.4.45), we get to Eq. (4.4.43).
The proof of (4.4.44) is similar:

(hH) = UpUHUT )
- G.E
- / 1B (E)(B"J)(E)
— / 1E E"3(E)i)(E)
_ /S o AEE AN EL). (4.4.48)

4.4.6 Appendix 6: Energy Representation of the RHS

Proposition 5 The energy representation |E) of the eigenket | E) is the antilinear Schwartz
delta functional.
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Proof  Since

the functional U*|E) = |E) is the antilinear Schwartz delta functional.

(4.4.49)






Chapter 5

Scattering off the Square Barrier
Potential

In this chapter, we turn to the description of the Lippmann-Schwinger equation within the
RHS formalism. The Lippmann-Schwinger eigenfunctions will be computed first. We shall
define the Lippmann-Schwinger eigenkets in terms of these eigenfunctions and see that they
act on different spaces of wave functions. The Lippmann-Schwinger kets will be used as
basis vectors to expand the wave functions. The Mgller operators and the S-matrix will be
explicitly constructed.

It is so hard to be good!

Thales of Miletus

171
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5.1 Introduction

In the previous chapter, we constructed a RHS of the square barrier potential. The RHS was
meant to incorporate certain boundary conditions imposed upon the Schrodinger equation:

Schrodinger equation
+ — & CHCP".
boundary conditions

The Hilbert space H was needed to incorporate the requirement that the wave functions be
square integrable. The space ®* was needed to incorporate the Dirac kets associated to the
eigenfunctions of the time independent Schrodinger equation subject to certain boundary
conditions. The space ® was needed to incorporate the wave functions on which the Dirac
kets act as continuous antilinear functionals. The space ® was identified with the space of
physically preparable wave functions, because in @ all of the algebraic operations and all of
the expectation values are well defined.

In this chapter, we consider the problem of scattering off the square barrier potential.
Loosely speaking, we send a beam of prepared initial in-states ¢ towards the square barrier
potential. After the collision takes place, the in-state ©™ becomes ©°“. We then measure
the probability to find a final out-state 1)°“*. The amplitude of this probability is given by
the following scalar product:

(wout) QDOUt) — (,‘/)out, SQOW) : (511)

where S is the S-matrix. The canonical understanding is that the initial in-states ™ and
the final out-states ¢°“* are asymptotic forms of the so-called in-state vector ¢* and out-
state vector ¢/~ in the remote past and in the distant future, respectively. In terms of these,
the probability amplitude (5.1.1) can be written as

W™, 9"). (5.1.2)

The asymptotic states ¢ and °“" are related to the “exact” states ¢t and 1~ by the
so-called Mgller operators:

Q™" = ", (5.1.3a)
Q™ =op . (5.1.3b)

Along with the (total) Hamiltonian H, it is customary to consider another “free” Hamil-
tonian Hy, which is assumed to differ from H by the (square barrier) potential V|

H=Hy+V. (5.1.4)

The potential V' represents the interaction between the components of the initial prepared
states, for instance, the interaction between the in-going beam and the target. The canonical
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understanding is that the initial in-state ¢ and the final out-state 1)°** evolve under the
influence of the free Hamiltonian H,, whereas the in-state ¢ and the out-state ¢~ evolve
under the influence of the (total) Hamiltonian H.

The dynamics of a scattering system is therefore governed by the Schrédinger equation
subject to certain boundary conditions. These boundary conditions specify what is “in”
and what is “out.”

The Lippmann-Schwinger equation for the in- and out-kets |E*) has the scattering
boundary conditions built into it. As we shall see, the Lippmann-Schwinger equation tells
us what is “in” and what is “out” by specifying certain analytical properties of its solutions.
The analytical properties satisfied by the in-ket |E™) (or, equivalently, by the wave function
(pT|ET)) are different to those satisfied by the out-ket |E~) (or, equivalently, by the wave
function (¢"|E~)). In incorporating these two different types of boundary conditions into
a RHS framework, we will end up constructing two different RHSs:

&, CHCI. (5.1.5)

On our way, we will also construct the Mgller operators and the S-matrix, and we will
express the matrix element (5.1.2) in terms of the in- and out-Lippmann-Schwinger kets:

(w—ﬂﬁ»=3£wdE<w1E-MXEx+Ew#» (5.1.6)

This expression will be used to derive the complex basis vector expansion in Chapter 6.

5.2 Lippmann-Schwinger Equation

5.2.1 Lippmann-Schwinger Kets

One of the fundamental equations of scattering theory is the Lippmann-Schwinger equation,*

1
E*)Y = |E) + ————VI|E%). 5.2.1
2% = 1B) + 5 V1) (5:2.1)
This equation is also written as
1
EXH=|EY\+ —————VIE). 2.2
[E%) = |B) + ———VIE) (52

In Egs. (5.2.1) and (5.2.2), the kets |E*) represent generalized eigenvector of the total
Hamiltonian H,
H*|E*) = E|EF), (5.2.3)

whereas |E) represents a generalized eigenvector of the free Hamiltonian Hy,

HY|E) = E|E). (5.2.4)

In this chapter, the symbol |E) will denote the generalized eigenket of the free Hamiltonian that appears
in the Lippmann-Schwinger equation (5.2.1), and not an eigenket of the total Hamiltonian as in Chapter 4.
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5.2.2 Radial Representation of the Lippmann-Schwinger Equa-
tion

Since our square barrier potential is spherically symmetric, we shall work in the radial
representation. In this representation and for [ = 0, Hy acts as the formal differential

operator hy,
h? d?
Hof(r) =hof(r) = o a2 (r),

V' acts as multiplication by the square barrier potential V' (r),

(5.2.5)

0 0O<r<a
V(ir)=9 Vo a<r<b (5.2.6)
0 b<r<oo,

and H acts as the formal differential operator h,

B d?
In the radial representation, Egs. (5.2.1) and (5.2.2) become
1
Ty — +
(11E%) = (018) + | V1), (5.250)
1
£\
(1) = r1B) + (g V1) (5.250)

In Eq. (5.2.8), the quantities (r|E) are eigenfunctions of the formal differential operator hy,

ho(r|E) = —%;—;(T|E> = E(r|E), (5.2.9)

whereas the quantities (r|E*) are eigenfunctions of the formal differential operator h satis-
fying proper boundary conditions (that we will specify later),

h(r|E*) = (—h—;d—z + V(r)> (r|E*) = E(r|E*). (5.2.10)

In the absence of potential, the Lippmann-Schwinger eigenfunctions tend to the free Hamil-
tonian eigenfunctions,
lim (r|E%) = (r|E). (5.2.11)

V()*)O

The generalized eigenvectors |E) of Hy and the eigenfunctions (r|E) of hy are related by

(o) = /Ooo dr (o|r)(r|E) . (5.2.12)
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The generalized eigenvectors |E*) of H and the eigenfunctions (r|E*) of h are related by

<g0+|E+>:h£%/ dr (o [PV (B + i)y, ot e ®_ (5.2.13a)
€ 0

(W |E7) = lg%/ooo dr (O~ |r)(r|(E —i€)"), v~ €, . (5.2.13b)

The wave functions ¢ are usually called in-states, whereas the the wave functions ¢~ are
called out-states. However, we shall call the 1)~ observables (or out-observables), because
they are determined by the registration apparatus. In order to grasp the meaning of this ter-
minology, let us consider the matrix element (¢)~, ). This scalar product is the amplitude
of the probability to observe the out-state ¢~ in the in-state p*. Since ¢~ is determined by
the property we want to measure, it stands to reason that we call it observable and denote
it by a specific symbol.

The action of the Lippmann-Schwinger kets is defined as the limits in (5.2.13). We are
now going to elaborate on that definition.

The difference between the in-states and the observables is reflected not only in the
notation, but also in the fact that they belong to different subspaces of the Hilbert space.
The reason for this is the following:?> the boundary conditions built into the Lippmann-
Schwinger equation for the in-ket |E™) (or, equivalently, for the eigenfunction (r|ET)) are
different to the boundary conditions for the ket |E~) (or, equivalently, for the eigenfunction
(r|E~)). Since the boundary conditions determine the space of test functions on which the
kets act, the in-ket |ET) acts on a space ®_, and the out-ket |E~) acts on a space @,
which is different to ®_.

The difference in the boundary conditions for the in- an out-kets is built into the +ze of
Eq. (5.2.1). The meaning of the +ie is that we are approaching the cut (i.e., the spectrum
of H) either from above (+i¢) or from below (—ie). Therefore, the action of the Lippmann-
Schwinger kets |E*) should be viewed as the limit of the action of certain kets |(E + ie)*)
that have meaning when € # 0,

((E +ie)®) — |E*). (5.2.14)

If we want this limit process to be well-defined, the following integrals should be well-
defined:

(pT|(E +ie)t) = /000 dr (o*|r)(r|(E+ 1)), ot ed | (5.2.15a)

(W~|(E —ie)”) = /oo dr (™ |r)(r|[(E —i€)™), ¢~ € @,. (5.2.15b)

0
Thus the action of the Lippmann-Schwinger kets, that has to be viewed as the limit of the
action of the kets (5.2.15) when € tends to zero, would be defined by

(" |E) =lim(g*|(E +i0)"), ¢"€d, (5.2.16a)
(W IE) = lm(u|(E —ie)), v € 2. (5.2.16D)

2For a mathematical approach to this question in terms of RHSs of Hardy functions see Ref. [31].
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In addition, we would like our spaces ® to be stable under the action of the Hamiltonian.
This is why we should also impose the following conditions:

(E+ie)" (o |(E +ie)T) = /000 dr (H"ot|r)(r|(E +ie)t), ¢t ed_, (5.2.17a)

(E—ie)”(w|(E—ie)>:/ooodr(H”1b|r>(r|(E—ie)>, boed,,  (5.2.17h)

for every n = 0,1,2,... In the position representation, the conditions (5.2.17) should lead
to restrictions in the asymptotic behavior of the wave functions ¢*(r) and ¢~ (r). In the
energy representation, the conditions (5.2.17) should lead to analytical properties of the
wave functions @+ (F) and @‘(E)

The precise connection between the conditions satisfied by ¢ (r) (¢~ (r)) and those
satisfied by $+(E) (¢~ (E)) is still an open problem. Our guess is that 3" (E) will be the
limit value of a Hardy class function from below, and that ¢~ (E) will be the limit value of a
Hardy class function from above (cf. Appendix 5.5.2 for the definition and general properties
of Hardy class functions).

5.2.3 Solution of the Radial Lippmann-Schwinger Equation

Instead of solving the integral equations (5.2.8), we solve the equivalent differential equations
h? d?
h(r|E*) = (——— + V(r)) (r|E*) = E(r|E*) (5.2.18)
m

subject to the boundary conditions that are built into the integral equations (5.2.8). These
boundary conditions are

(0]EF) =0, (5.2.19a)
(r|E*) is continuous at r = a and at r = b, (5.2.19b)
d
d—<r|Ei> is continuous at =@ and at r = b, (5.2.19c¢)

N
VlggomEi) = (r|E), (5.2.194)
(r|E*) ~ e % — S(E)e™ as r — oo, (5.2.19¢)
(r|E7) ~ e*" — S*(E)e ™" as r — oo, (5.2.19f)

where
2m

and S(E) is the S-matrix in the energy representation.
It is well-known (cf. [72, 73]) that the in- and out-eigenfunctions are given by

v oo X(E)
X (r E) = 7.(B)

(5.2.21)
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where x(r; E) is the eigenfunction (4.2.28),

sin(y/22Er) 0<r<a
X(r; B) = jl(E)ei\/%T + Jy(B)e VAREET (5.2.22)
‘73(E)6i\/%7? + ‘74(E)e_'\/%7m b<r<oo,
and J4(F) are the Jost functions,
J(E)=-2iJ,(E), (5.2.23a)
J (E)=2iJ3(F). (5.2.23Db)

In terms of the Jost functions, the S-matrix is given by
_J.(B)
J+(E)

From Eq. (5.2.21) it follows that the in- and out-eigenfunctions are proportional to each
other,

S(E) . (5.2.24)

X" (r; E) = S(E)x (r; E). (5.2.25)

It is worthwhile noting that the boundary condition that singles out the in- and out-
Lippmann-Schwinger eigenfunctions is their asymptotic behavior at infinity as functions
of r (see Egs. (5.2.19¢) and (5.2.19f)). That asymptotic behavior is transfered into the
energy representation as a certain analytical property of the eigenfunction x*(r;E) as a
function of E. Since the boundary conditions satisfied by the elements of the space of
test functions are related to the boundary conditions satisfied by the eigenfunctions of the
Schrodinger equation, it seems reasonable to expect that the boundary conditions that
single out the ¢ (r) and the ¢~ (r) are related to their asymptotic behavior, and that
this asymptotic behavior is transfered into the energy representation as a condition on the
analytical properties of the wave functions ¢*(E) and ¢~ (E).

5.2.4 Direct Integral Decomposition Associated to the In-States

Once we have obtained the in-Lippmann-Schwinger eigenfunction, we can construct the
direct integral decomposition induced by it. In order to do so, we follow the procedure of
Section 4.2.4.

The domain D(H) on which the formal differential operator h is self-adjoint was obtained
in Section 4.2.2,

D(H) = {f(r)| f(r),hf(r) € L*([0,00),dr), f(r) € AC?[0,00), f(0) =0}.  (5.2.26)
As we saw in Section 4.2.2, this domain induces a self-adjoint operator H,

(Hf)(r) :=hf(r)= <—h—2d—2 + V(r)) f(r), f(r)eDH). (5.2.27)

2m dr?
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The spectrum of H is [0,00) (cf. Section 4.2.4).

It is worthwhile noting that the space ®_ associated to the in-Lippmann-Schwinger
eigenfunction x*(r; F) will be a subspace of D(H). In fact, it will be a subspace of the
maximal invariant subspace of H. However, the space ®_ will be different to the space ®
of Chapter 4, because the boundary conditions fulfilled by the elements of ®_ are different
to the boundary conditions fulfilled by the elements of ®.

The Green function of H was computed in Section 4.2.3 for different regions of the
complex plane. Since we want to expand the wave functions in terms of the eigenfunction
xt(r; E), we write the Green function in terms of x*(r; E). From Eqs.(4.2.27) and (5.2.21),
we can see that

2m/h2 (. :
———— X" (i E)O,(s;E) r<s
G(r, 5 E) = ij//:E R(E) >0, S(E) > 0. (5.2.28)
—WXJF(S;E) O.(rE) r>s

From Egs. (4.2.30) and (5.2.21), we can see that

om/iE .
————— X (i E)O_(s;E) r<s
2m/h? E
G(r,s; E) = ng//hz R(E) >0, S(E) <0. (5.2.29)
—\/m X (S, E) @,(T’; E) r>s
We are now in a position to compute the generalized Fourier transform U, induced by
the Lippmann-Schwinger eigenfunction x*(r; E). In order to be able to apply Theorem 4
of Section 4.4.3, we choose the following basis for the space of solutions of ho = Fo that is
continuous on (0,00) x A and analytically dependent on E:

oi(r; B) = x"(r; ), (5.2.30a)
cos(y/22Er) 0<r<a
ox(riB) =4 cy(B)eVEEO ey (mye WVEETT g << (5:2:30b)
C3(E)e’ W Ci(E)e™ e b<r<oo.
The functions C; — C4 are given by Eq. (4.4.30) of Appendix 4.4.3.
Eqgs. (4.2.29), (4.2.31) and (5.2.30) lead to
21J4(E)Cy(E VA
O, (r; E) = %Ul(r; E)+ V;EE;@(T; E) (5.2.31)
e 205G () (5
1J4 3 3
(rEF)= ———rr— B — B 2.32
@ (r, ) W(E) O—l(r, ) W(E)O—2(r’ )7 (5 3 )
where

W(E) = Jy(E)C3(E) — J3(E)C4(E) . (5.2.33)
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By substituting Eq. (5.2.31) into Eq. (5.2.28) we get to

ey 2R [AT(E)CE) o J(E) T
Gt = 2 [ B E sy 4 S Gt ) (s ),

RE)>0,S(E)>0,r>s. (5.2.34)

By substituting Eq. (5.2.32) into Eq. (5.2.29) we get to

G(r,s; F) =

2m/h?  Ju(E) 2074(E)C3(FE) _ J3(E) _ '
/72m/h2E jg E |:_ W(E) 0'1(7”, ) W(E) (7”, E):| 01(87 E) )
R(E)>0,3(E)<0,r>s, (5.2.35)

where we have used the fact that

(1 E) = —ﬁg o E). (5.2.36)
Since
(58 = —ﬁg o1(s: E), (5.2.37)
Eq. (5.2.34) leads to
om/i? 1

G(r,s; E) = [Zijg(E)C4(E)01(r; E)o(s; E) + J3(E)oa(r; E)oy(s; E)

RE)>0,S(E)>0,r>s, (5.2.38)

V2m/m2E W(E)

and Eq. (5.2.35) leads to

Sy 2m/R 1 . = . =
Glrsi ) = — e 5 [2iT4(E)C3 ()01 (r; B (53 B) + Jo(E)o(r; E)o(5; B)

RE)>0,S(E)<0,r>s. (5.2.39)

The expression of the resolvent in terms of the basis 01, 09 can be written as (see Theorem 4
in Appendix 4.4.3)

G(r,s; E) 29 E)oi(r; E)oj(s; E), r>s. (5.2.40)

1,j=1

By comparing (5.2.40) to (5.2.38) we get to

2m/h?  2iJ3(E)C4(E) 0
om/R2E  WI(E)

o5(E)=| v Tt aE) o | RE)>0,5(E)>0. (5.2.41)
\/2m/n2 E W(E)
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By comparing (5.2.40) to (5.2.39) we get to

2m/h®  2iJ4(E)C3(E) 0

2m/n2E W(E)
oLE) = | VI . R(E)>0, S(E) <0. (5.2.42)

om/h2 E W(E) 0

From Egs. (5.2.41) and (5.2.42) we can see that the measures pja, po; and py in Theorem 4
of Appendix 4.4.3 are zero and that the measure p;; is given by

60 e—=0+ 271

Jol)
pi1((Ey, Ey)) = lim lim i/ 01, (E — ie) — 0}, (E + i) dE

o E1+6
1 % iE (5.2.43)
which leads to
HE) = p(B) = - 2 p e (0,00). (5.2.44)

T \/2m/h2E’

By Theorem 2 of Appendix 4.4.3, there is a unitary map (7+ defined by
U, : L*([0,00),dr) +— L*((0,00), p" (E)dE)
fr) — f(E)=(U.f)(E) = / drf(r)xt(r; E),  (5.2.45)
0

that brings D(H) onto the space

D(E) = {f(E) € L*((0,00), p" (E)dE) | /OOO dE E*|f(E)p"(E) <oc}.  (5.2.46)

Egs. (5.2.45) and (5.2.46) provide a p*-diagonalization of H. If we seek a d-diagonalization,
then the measure p*(E) must be absorbed by the eigenfunctions

= /ot (B) xt(r; B), (5.2.47)
and by the wave functions
= Vo B(E), J(B) € L((0,0),p" (E)E). (5.2.48)

The function o™ (r; E) is the eigensolution of the Lippmann-Schwinger equation (5.2.8) that
is J-normalized. Using Eq. (5.2.48) we can construct the unitary operator

ﬁ+:L2((o,oo)),p+(E)dE)~ — Lj((o 00), dE)
fo— f(B)=(UN)E) = p"(E)f(E). (5.249)

The operator that d-diagonalizes our Hamiltonian is U, := ﬁ ﬁ
Uy : L*([0,00)),dr) +— L*((0,00),dE)
fo— Uf:=T. (5.2.50)
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The action of U, can be written as an integral operator,

~

fE) = (U f)(E) = /OOO drf(r)o*(r;E), f(r) € L*([0,00),dr). (5.2.51)
The image of D(H) under the action of U, is
D(E) := U, D(H) = {f(E) € L*((0,00), dE) | /Ooo E*|f(E)|?dE < co}. (5.2.52)

Therefore, we have constructed a unitary operator

U, : D(H) C L*([0,00),dr) — D(E) c L*((0,00),dE)
fo— [=Uf (5.2.53)

that transforms from the position representation into the energy representation. The oper-
ator U, diagonalizes H, i.e., F = U+HU+_1 is the multiplication operator,

E:D(E) c L*(0,00),dE) —s L*((0,00),dE)

f — Ef(E):=EJ(E). (5.2.54)
The inverse operator of U, is given by (see Theorem 3 of Appendix 4.4.3)

~

fr)=Uf(r) = /Ooo dE f(E)o*(r,E), [(E) e L*((0,00),dE). (5.2.55)

The operator U;l transforms from the energy representation into the position representa-
tion.

The expressions (5.2.51) and (5.2.55) provide the eigenfunction expansion of any wave
function in terms of the d-normalized eigensolutions o (r; F) of the Lippmann-Schwinger
equation.

The unitary operator U, can be also looked at as a sort of generalized Fourier transform
that connects the position and the energy representations. The eigenfunctions o™ (r; E') can
be viewed as “transition elements” between the r- and the E-representations.

Thus we have constructed the direct integral decomposition of the Hilbert space associ-
ated to the eigenfunction x*(r; E) of the Lippmann-Schwinger equation,

H — UH=H=0 H(E)dE
Sp(H)

-~ -~

[ — Usf={f(E)}, feD(H), f(E)eHE). (5.2.56)

In Eq. (5.2.56), the Hilbert spaces #, H and H(E) are the same as in Eq. (4.2.64).
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5.2.5 Direct Integral Decomposition Associated to the Observ-
ables

In this section, we compute the unitary operator U_ induced by the Lippmann-Schwinger
eigenfunction x~ (r; E). Since the computations are very similar to the computations per-
formed in Section 5.2.4 for the in-states, we will restrict the explanations to the minimum
and just write down the results.

The functions

oi(r; E) = x"(r; E), (5.2.57a)
cos(y/22Er) 0<r<a

o2(r; E) = ¢ (B)e VBT oy (mye WVAEE o (5:2.57D)
C3(E)e’ W Ci(E)e”" e b<r<oo.

form a basis for the space of solutions of ho = Eo that is continuous on (0, 00) X A and ana-
lytically dependent on E. Therefore, we are allowed to apply Theorem 4 of Appendix 4.4.3.
Eqs. (4.2.29), (4.2.31) and (5.2.57) lead to

0. (r: F) = 22;73‘/(‘/5(1)54( )01(7"3 E)+ ‘{Zﬁgg; oy(r; E) (5.2.58)
and to 0i T (E\Co(E s
O ()= 153[/(1/()]53( ) (r; B) — gj’"EEi oo(r; B), (5.2.59)
where
W(E) = Ju(E)Cs(E) — J5(E)Cy(E) . (5.2.60)
By substituting Eq. (5.2.58) into Eq. (5.2.28) we get to
2m/h?  J3(E) [ 2iJ3(E)Ci(E) . Ji(E) . ‘
G(r,s; E) = o2 E Ji(E) [ W (E o1 (r; E) + W(E)O'Q(T,E)] o1(s; B),
R(E) > 0,3(E)>0,r>s. (5.2.61)
By substituting Eq. (5.2.59) into Eq. (5.2.29) we get to
. _ 2m/h2 2Zj3( )Cg( )0' - . jg(E)O_ - o1 (s
G5 =~ [P i) = Gt ) s ),
RE)>0,S(E)<0,r>s. (5.2.62)
Since
o1(s;E) = _H(E) o1(s; E), (5.2.63)
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Eq. (5.2.61) leads to

2R 1 e
G(r,s;E) = N [2ZJ3(E)C4(E)UI(T,E)UI(S,E) Ti(E)os(r; E)o( ,E)]

R(E)>0,3(E)>0,r>s, (5.2.64)

and Eq. (5.2.62) leads to

2R 1 e
G(r,s;E) = N [2zﬂ(E)C3(E)al(r,E)al(s,E) Ti(E)os(r; E)o( ,E)]

R(E)>0,3(E)<0,r>s. (5.2.65)

The expression of the resolvent in terms of the basis 01, 09 can be written as (see Theorem 4
in Appendix 4.4.3)

G(r,s; E) ZHU )oi(r; E)o;(s; E) r>s. (5.2.66)

i,j=1
By comparing (5.2.66) to (5.2.64) we get to

2m/h?  2iJ3(E)C4(E) 0

om/n2E WI(E)
oE) = Ve o | RE)>0,3(B)>0. (5.2.67)

-~ Vem/n2E W(E)

By comparing (5.2.66) to (5.2.65) we get to

2m/h?  2iJ4(E)C3(E) 0
+ _ om/2E W(E)
gij (E) - \/ 2m/h?  Ju(E) 0 )
om/h2 B W(E)

R(E) >0, S(F)<O0. (5.2.68)

From Egs. (5.2.67) and (5.2.68) we can see that the measures pja, pa; and pey in Theorem 4
of Appendix 4.4.3 are zero and that the measure p;; is given by

1 Eo—d
_ . . - + _ . _ + .
pu((Ey, Ey)) = (155%621& i /El+6 (071 (E — i€e) — 01, (E + ie)| dE
E> 1 2 h2

I/ (5.2.69)

T \/2m/h? E
which leads to L oy

m

p (E)=pn(E)==- E € (0,00). (5.2.70)

T /2m/h2E’

In order to d-normalize, we define

=V (E)x (r E), (5.2.71)
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which is the eigensolution of the Lippmann-Schwinger equation (5.2.8) that is d-normalized,

and
7(B) == o (B)F(E), J(E)e L(0,5), p(E)dE). (5.2.72)
The unitary operator that d-diagonalizes the Hamiltonian is,

f(E) =(U_f)(E) = /000 drf(ryo=(r; E), f(r)€ L*[0,00),dr). (5.2.73)

The inverse operator of U_ is given by (see Theorem 3 of Appendix 4.4.3)

fr) = U P)r) = /0 dE f(B)o(rE), F(E)€ L2((0,00),dE).  (5.2.74)
Therefore, we have constructed a unitary operator
U :D(H) C L*[0,),dr) — D(E)c L*((0,00),dE)
f— f=UF (5.2.75)

that transforms from the position representation into the energy representation. The oper-
ator U_ diagonalizes H. The operator U~ transforms from the energy representation into
the position representation.

The expressions (5.2.73) and (5.2.74) provide the eigenfunction expansion of any wave
function in terms of the §-normalized eigensolutions o~ (r; E') and the direct integral decom-
position of H associated to the observables.

5.3 Construction of the Lippmann-Schwinger Kets and
Dirac Basis Vector Expansion

In this section, we sketch the construction of the spaces ®. on which the Lippmann-
Schwinger kets act as antilinear functionals.
In order to associate a ket |E™) to the eigenfunction (r|E™), we define

|ETy:®_ — C

ot — (pT|ET) = PL%/OOO dr (ot r)(r|(E + ie)*) . (5.3.1)

As mentioned above, the action of the Lippmann-Schwinger ket |E™) should be viewed as
the limit of the action of some ket |(E + i€)™) when € tends to zero. This is why we define
the action of |[ET) on ¢T as the limit of the integral in Eq. (5.3.1), and not just as

/Ooo dr (o* ) (r| B (5.3.2)

The functions ¢ € ®_ on which the action of the in-ket of Eq. (5.3.1) is well defined satisfy
(at least) the following conditions:
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i.) They belong to the maximal invariant subspace of H.
ii.) They are such that the limit in Eq. (5.3.1) makes sense.
iii.) They satisfy (5.2.17a) for every n =0,1,2,...

By means of the unitary operator U,, which was constructed in Section 5.2.4, we can
obtain the energy representation of the space ®_,

U@ =P |ps. (5.3.3)

We have denoted the energy representation of the space ®_ by </I\>_|R+ (rather than by </I\>_),
because its elements are boundary values on the positive real line of functions that have
meaning for complex energies. As we said above, those functions @ (E) seem to be realized
by analytic functions from below. For the sake of definiteness, we shall assume that

|+ =SNH g+, (5.3.4)

where § is the Schwartz space and H? is the space of Hardy functions from below (cf. Ap-
pendix 5.5.2).

Under the assumptions made on the elements of the space ® , one can prove that
|ET) is a well defined antilinear functional and that |E™) is a generalized eigenvector of the
Hamiltonian H (the proof is almost identical to the proof of Proposition 3 of Appendix 4.4.4),

HX|E*) = E|E"), (5.3.5)

ie.,
(o [H*|E*) = (H*|E*) = B(p*|EY), Vo™ €@ (5.3.6)

The in-ket |[E*) can be used to expand the in-states ¢™ € ®_ in a Dirac basis vector
expansion. This expansion is the restriction of the eigenfunction expansions (5.2.51) and
(5.2.55) to the space ®_,

(Bl = [ arCEINGIeY, pee, (5:3.7a)
0
(ot = [ dBGIEDN B, ot es., (5:3.7b)
0
Similarly, the out-ket |E~) associated to the eigenfunction (r|E~) is defined by

|[E7):®, — C
v o— (YTIET) = 11_1}1&/0 dr (Y~ |r)(r|(E — ie)™) . (5.3.8)

The functions ¢~ € ®, satisty (at least) the following conditions:

i.) They belong to the maximal invariant subspace of H.
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ii.) They are such that the limit in Eq. (5.3.8) makes sense.
iii.) They satisfy (5.2.17b) for every n =10,1,2,...

By means of the unitary operator U_, which was constructed in Section 5.2.5, we can
obtain the energy representation of the space ®_,

U.®, =, |p. (5.3.9)
For the sake of definiteness, we shall assume that
@, [xr =S NH g, (5.3.10)

where H?2 is the space of Hardy functions from above (cf. Appendix 5.5.2).
The out-ket is also a generalized eigenvector of H,

(WTIH|E™) = (HY~|E7) = EQT|ET), V¢~ € @, (5.3.11)

The Dirac basis vector expansion induced by the out-ket reads
CEW) = [ drCEn ). o e e, (5.3120)
0
(rly™) = / dE(r|E")(E7), ¢ €®,. (5.3.12b)
0

The Moller operators 2. can be expressed in terms of the operators Uy (cf. Sections 5.2.4
and 5.2.5) and Uy (cf. Appendix 5.5.1) as (cf. [75])

Q. =ULl,. (5.3.13)

Obviously, {24 are unitary operators in the Hilbert space L*([0,00), dr). The Moller opera-
tors can be used to construct the space ®;, of asymptotic in-states ™ and the space @,
of asymptotic out-observables 1)?%,

& =0l (5.3.14)

out

A vector ¢ belongs to ®;, if .
("Elp*) = (Elp™), (5.3.15)

where p* = Qo™ A vector ¢°"* belongs to ®,,; if
(TE[Y™) = (Elp™), (5.3.16)
where ¢~ = Q_1°“. From the last two equations it follows that

QY|E) = |E*). (5.3.17)
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The following diagram summarizes the results concerning the states:

Hy;  ¢™(r) D, C L*[0,00),dr) C @ |E) position repr.
10y 10y 1O
H; ot (r) D C L*[0,00),dr) C ®* |E*T)  position repr.
LU LU LUS
E; ¢+(E) ®_|p+r C L%[0,00),dE) C (®_|g+)* |E+) energy re(pr. |
5.3.18

The results concerning the observables are summarized by the following diagram:

Hy; (r) ®,; C L*([0,00),dr) C @

out

|E) position repr.

10 1 1 ox
H; ¢~ (r) d, C L*([0,00),dr) C @ |E~) position repr.
LU LU LUz

E; ¢ (E) D |er C L2([0,00),dE) C (o |as)* E-) energy repr.
(5.3.19)

5.4 S-matrix and Mgller Operators

Our next goal is to construct the S-matrix and to compute the expression of the S-matrix
element in terms of the Lippmann-Schwinger kets (see Eq. (5.4.11) below).
As we said in Section 5.1, the S-matrix element

(7, ™) = (¥, Sp™) = (Y7, ¢¥) (5.4.1)

is to represent the probability to detect the property described by ¢°“ (or, equivalently,
by 1) in the prepared ingoing beam characterized by ¢™ (or, equivalently, by ¢T). The
expression of the S-matrix operator in terms of the Mgller operators read

S=00,. (5.4.2)

The operator S is a unitary operator in the Hilbert space L*([0,00),dr). In the energy
representation, the operator (5.4.2) acts as the operator multiplication by the function
S(E)=J-(E)/J+(E). To be more precise, if we define the operator S as

S:L([0,00),dE) — L*([0,00),dE)

f — (SH(E)=S(E)f(B), (5.4.3)

then it can proved that R
S =U,SU,*. (5.4.4)
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In order to prove Eq. (5.4.4), we first prove that

(U-9)(E) = S(E)(Uyg)(E), Vg€ L*([0,00),dr). (5.4.5)
Since
ot (r;E) = S(E)o (r;E), (5.4.6)
and since
— 1
S(F) = m, E>0, (5.4.7)

we conclude that
o (r;E) =S(E)ot(r; E). (5.4.8)

By substituting Eq. (5.4.8) into the integral expression (5.2.73) of the operator U_ we
get to

(U_g)(E) = /0 " dr g(r)S(BYo T (i ). (5.4.9)

Comparison of (5.4.9) to the integral expression (5.2.51) of U, leads to (5.4.5).

Now,

(UoSUGHF = (ol g f
= (DU 'U_ULUUHF
= (UUDHFf
= S, (5.4.10)

where we have applied Eq. (5.4.5) to g = Ui]/"\in the next to the last step.

As we said in Section 5.1, the S-matrix element can be written in terms of the Lippmann-
Schwinger eigenkets as

(b, p") = / B (b |E)S(B)(“Elot). (5.4.11)

The proof of Eq. (5.4.11) is as follows: Let ¢y~ € ®, and ¢ € ®_. Since ¢y~ and
¢t belong, in particular, to the Hilbert space L?([0,00),dr), we can let the unitary
operator U_ act on both of them,

W7 0") = Uy~ U_¢"). (5.4.12)
The vectors U_1)~ and U_pT belong to L?([0, 00),dE). Therefore,
U U = [ BT BB (5.4.13)
From Eq. (5.4.5) it follows that

(U-p")(E) = S(E)(Usp™)(E). (5.4.14)
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Thus,
(U=, U_p*) = /0 dE U_ 4 )(B)S(B)(Us o) (B) . (5.4.15)

Since 1~ € ®, we are allowed to write

U_¢ ) (B) = (y~|E7). (5.4.16)
Since ¢ € ®_, we are allowed to write

(Usp™)(E) = ("Elp"). (5.4.17)

Substitution of (5.4.16) and (5.4.17) into (5.4.15) leads to (5.4.11).

A similar argument to that used to prove Eq. (5.4.11) can be used to prove that
W, 5% = [ dB 0 |E)S(E)EL"). (5:415)
0

Many formal identities follow from Egs. (5.4.11) and (5.4.18). For instance,

(E|S|E') = (“E|E') = S(E)S(E — B'), (5.4.19)
/OOO dr (Bl (r | E") = /Ooo dr (EE|r)(r|E'%) = §(E — B, (5.4.20)

and -
/0 dr (" E|r){r|E'""Y = S(E)6(E — E') . (5.4.21)

The “proof” of these identities follows the pattern of Section 4.2.9.

5.5 Appendices to Chapter 5

5.5.1 Appendix 7: Free Hamiltonian

In this appendix, we compute the RHS associated to the free Hamiltonian. We will follow
the method used in Chapter 4 for the total Hamiltonian.

Self-Adjoint Extension

The first step is to define a linear operator on a Hilbert space corresponding to the formal
differential operator

hy= ——— . (5.5.1)

The Hilbert space that is in the RHS of the free Hamiltonian is realized by the space
L*([0,00), dr) of square integrable functions f(r) defined on the interval [0, 00). The same
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procedure that was used to find the domain of the total Hamiltonian can be applied to the
free Hamiltonian,

D(Hy) = {f(r) | f(r), hof(r) € L*([0,00),dr), f(r) € AC?[0,00), f(0) =0}.  (5.5.2)

On D(H,) the formal differential operator hy is self-adjoint. In choosing (5.5.2) as the
domain of our formal differential operator hg, we define a linear operator Hy by

HOf(r) = hof(r) =~ (), (r) € D(Hy) (553

Resolvent and Green Functions

The expression of the free Green function G°(r, s; F') is be given in terms of eigenfunctions
of the differential operator hy subject to certain boundary conditions (cf. Theorem 1 in
Section 4.4.2).

Region R(E) <0, S(EF) #0

For R(E) < 0, S(F) # 0, the free Green function (see Theorem 1 in Section 4.4.2) is
given by

2m/h? XO(r;E) 6°(s;E)

_\/—2m/h2E 2 r<s
G'(r, s, F) = U R(E) <0, S(E)#0. (5.5.4)
2m/h? XO(s;) ©0(r; )
_\/—2m/h2E 2 r=s

The eigenfunction Y°(r; F) satisfies the equation
hoX'(r; E) = EX°(r; E) (5.5.5)
and the boundary conditions (4.2.21),

X'(r;E) = eV BE oy TEE g<r<oo. (5.5.6)

The eigenfunction ©°(r; E) satisfies the equation (5.5.5) and the boundary conditions (4.2.24),

Q' r;E) =¢ 7%&, 0<r<oo. (5.5.7)

Region R(E) > 0, J(EF) >0
When R(E) > 0, S(FE) > 0, the expression of the free Green function is

2m/h? 0. 0 (-
—————X"(r; E)O4(s; E) r<s
GOr,s;E) =4 VPE R(E) >0, S(E)>0.  (5.5.8)

m 2
—\/% X’(s;E)OL(r E) r>s
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The eigenfunction x°(r; E) satisfies the Schrodinger equation (5.5.5) and the boundary con-

ditions (4.2.21),
0/ ) 2m
X (r; E) = sin( ﬁEr) , 0<r<oo. (5.5.9)

The eigenfunction ©Y (r; E) satisfies the equation (5.5.5) subject to the boundary conditions
(4.2.24),

% (r; E) = e’V %ET, 0<r<oo. (5.5.10)

Region R(E) > 0, S(E) <0
In the region R(E) > 0, I(E) < 0, the free Green function reads
2m/h> 0. 0 (g
—TX (T,E) @7(S,E) r<s
GOr,s;E) = VME R(E) >0, S(E) <0. (5.5.11)

—\/% X'(s; E)O U (r; E) 1> s

The eigenfunction x°(r; E) is given by (5.5.9). The eigenfunction ©° (r; E) satisfies the
equation (5.5.5) and the boundary conditions (4.2.24),
O (rE)=¢ "V %Er, 0<r<oo. (5.5.12)

Spectrum of H,

We compute the spectrum Sp(Hy) of the operator Hy by applying the method used in
Section 4.2.4 to compute the spectrum of H.

Subset A = (—o0,0)

We first take A from Theorem 4 of Section 4.4.3 to be (—o0,0). We choose a basis for
the space of solutions of the equation hyo = Fo as

51 (r E) = eV b : (5.5.13a)
Go(r; B) = 0°(r; E) . (5.5.13b)

Obviously,
X°(r; E) = 61(r; E) — G9(r; E) (5.5.14)

which along with Eq. (5.5.4) leads to

2m /) h?

1
/—2m/12E 2

G%(r,s;F) = — [01(r; E) — oa(r; E)] oa(s; E), r<s, R(E) <0,3(E) #0.

(5.5.15)
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Since
09(5; F) = 09(s; F), (5.5.16)
we can write Eq. (5.5.15) as
2m/h* 1 [ — —
0 B = — - - B - B — - E - E
G (7", 3 ) —2m/h2E 9 |:O.1(T7 )02(87 ) UQ(T’ )02(5’ ) )

r<s, R(E)<0,3(E)#0. (5.5.17)

On the other hand, by Theorem 4 in Section 4.4.3 we have

G'r,s;E) = 22: 0 (E)oi(r; E)5,(s; E) r<s. (5.5.18)

ij=1

By comparing Egs. (5.5.17) and (5.5.18) we see that

2m/h* 1

0;8) = | | VorImRER ) pE) <0, S(E) #£0. (5.5.19)

2m/h? 1

/—2m/n2 E 2

The functions ¢;(E) are analytic in a neighborhood of A = (—00, 0). Therefore, the interval
(—00,0) is in the resolvent set Re(Hy) of the operator Hy.

Subset A = (0, c0)

In this case, we choose the following basis for the space of solutions of hyo = Eo:

ai(r; E) = X"(r; E), (5.5.20a)

oy E) = cos(,/ii—’?m) | (5.5.20D)

Egs. (5.5.10), (5.5.12) and (5.5.20) lead to
O% (r; E) = io1(r; E) 4+ 02(r; E) (5.5.21)
and to
O° (r; E) = —ioy(r; E) + 0o(r; E). (5.5.22)
By substituting Eq. (5.5.21) into Eq. (5.5.8) we get to

2m ) h?

V2m/i2E

G'r,s;F) = — o1(s; E) [ioy(r; E) + o2(r; E)] , 7> s, R(E) > 0,3(F) >0.
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By substituting Eq. (5.5.22) into Eq. (5.5.11) we get to

0r o 2m/ o (st —io (r oo (1 r> s X
G (r,s; E) = 7*27”/712]5 1(s; E) [—ioy(r; E) + o2(r; E)] ,r > s, R(E) > 0,3(F) <O0.
(5.5.24)
Since
o1(s; F) = 01(s; E), (5.5.25)

Eq. (5.5.23) leads to

G55 =~ 2 [ B )+ utrs D)
RE)>0,S(E)>0,r>s, (5.5.26)
and Eq. (5.5.24) leads to
GOr 5. ) = — 2 [—ior(r; E)or(s: B) + 0u(r; E)ou(s: B)|

R(E)>0,3(E)<0,r>s. (5.5.27)

The expression of the resolvent in terms of the basis 01, 09 can be written as (see Theorem 4
in Section 4.4.3)

Or, s; F) Z@U )oi(r; E)oi(s; E), r>s. (5.5.28)
i,j=1
By comparing (5.5.28) to (5.5.26) we get to

__ 2m/n? i 2m/h?
+ = m m
0,5 (E) = ( \/20/th \/20/h2E ) , R(E)>0, S(E)>0. (5.5.29)
By comparing (5.5.28) to (5.5.27) we get to
2m/h? i 2m/h?
05(E) = ( Ve E S \/2m /02 E ) , R(E)>0, XE)<O. (5.5.30)
0 0

From Egs. (5.5.29) and (5.5.30) we can see that the measures pya, pa; and pey in Theorem 4
of Section 4.4.3 are zero and that the measure p;; is given by

Ey—6
(B By) = lim lim —— / [07,(E — ic) — 07, (E + ic)] dE

§—=0e=0+ 271 J g 15
1 om/p

\/2m/h2E

1 2m/h?
O(E) = pu(E) = -~
p (E) = pu(E) T /72m/h2E
The function 6 (E) has a branch cut along (0,00), and therefore (0,00) is included in
Sp(Hy). Since Sp(Hy) is a closed set, Sp(Hp) = [0, 00).

(5.5.31)

which leads to
E € (0,00). (5.5.32)
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Diagonalization and Eigenfunction Expansion

In the present section, we diagonalize our Hamiltonian H, and construct the expansion of
the wave functions in terms of the eigenfunctions of the differential operator hy.
By Theorem 2 of Section 4.4.3, there is a unitary map U, defined by

Up : L*([0,00),dr) — L*((0,00), p°(E)dE)
1) = FB)=Gsw)= [ arfoXmE),  (653)

that brings D(Hy) onto the space
D(E) = {f(E) € L*((0,00), p’(E)dE) | /OOO dE E*| f(E)[*p(E) < oo} (5.5.34)

In order to d-normalize, we define

o’(r; B) == /p°(E) X (r; E) (5.5.35)
which is the eigensolution of the differential operator hy that is 6-normalized, and
F(E) = /P(E)f(E), [(E)eL*(0,00),p"(E)dE), (5.5.36)

and construct the unitary operator
Uo : L*((0,00)), P"(E)dE) — L*((0,00),dE)
fo— f(B)=Uf(E):= V" (E)f(E).  (5.5.37)
The operator that d-diagonalizes our Hamiltonian is Uy := ﬁoﬁo,
Up : L*([0,00)),dr) +—— L*((0,0),dE)
f — Uf:=f. (5.5.38)

The action of Uy can be written as an integral operator,

-~

f(E)=Uyf(E) = /000 drf(r)o®(r; E), f(r) € L*([0,00),dr). (5.5.39)

The image of D(H,) under the action of Uy is

-~

D(E) := UD(Hy) = {J(E) € L*((0,0),dE) | /OOO E2|f(B)*dE < o0o}.  (5.5.40)

Therefore, we have constructed a unitary operator

Uy : D(H) C L*([0,00),dr) — D(E) C L*((0,00),dE)
fo— F=Uf (5.5.41)
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that transforms from the position representation into the energy representation. The opera-
tor Uy diagonalizes the free Hamiltonian in the sense that £ = Uy HyU; " is the multiplication
operator. The inverse operator of Uy is given by (see Theorem 3 of Section 4.4.3)

-~

fr)=Us'f(r) = /Ooo dE f(E)o’(r,E), [f(E) € L*((0,00),dE). (5.5.42)

The operator U ! transforms from the energy representation into the position representa-
tion.
The expressions (5.5.39) and (5.5.42) provide the eigenfunction expansion of any square
integrable function in terms of the eigensolutions ¢°(r; E) of hg. One can easily see that
lim Uy =U,. (5.5.43)

Vo—0

Construction of the RHS of the Free Hamiltonian

The Sturm-Liouville theory only provides a domain D(H,) on which the Hamiltonian Hy is
self-adjoint and a unitary operator U, that diagonalizes Hy. This unitary operator induces
a direct integral decomposition of the Hilbert space (see [4, 5]),

H — U[]HE?/'Z:EB/ H(E)dE

Sp(Ho)

~ ~

f o Uf={f(B)Y, f(BE)ecHE). (5.5.44)

As we saw in Chapter 4, the direct integral decomposition does not provide us with a
dense invariant domain ®, on which all the powers of Hy and all the expectation values of
Hy are well-defined, and on which the Dirac kets act as antilinear functionals. In order to
construct ®(, we first construct the maximal invariant subspace Dy of Hy,

Dy := ﬁ D(HY) . (5.5.45)

It is easy to check that

Dy = {¢ € L*([0,00),dr) | hio(r) € L*([0,00),dr), hio(0) =0,n=0,1,2,...,
p(r) € C*([0,00))} . (5.5.46)

The second step is to find a subspace @, on which the eigenkets |E) of Hj are well-defined
as antilinear functionals. That subspace is given by

<I>0:{<,0€D0|/ dr |(r +1)"(ho + 1) o(r)2 < 00, mym=0,1,2,..}.  (5.5.47)
0

On @, we define the family of norms

||g0||27m = \//0 dr |(r 4+ 1)"(hy + l)m<,0(1")|2 ., n,m=20,1,2,... (5.5.48)
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The quantities (5.5.48) fulfill the conditions to be a norm (the proof is almost identical to
the proof of Proposition 1 of Section 4.4.4) and can be used to define a countably normed
topology 7e, on ®, (see [5]),

Po—rp M |pa—@ll0m—0, n,m=0,1,2,... (5.5.49)
a—00 T a0

One can see that the space ® is stable under the action of Hy and that Hy is 7,-continuous
(the proof is almost identical to the proof of Proposition 2 of Section 4.4.4).

Once we have constructed the space ®,, we can construct its topological dual ®; as the
space of 7g,-continuous antilinear functionals on ® (see [5]) and therewith the RHS of the
free Hamiltonian

&, C L*([0,00),dr) C ® . (5.5.50)

For each E € Sp(Hy), we associate a ket |E) to the generalized eigenfunction o°(r; E)

through

|E) : ®y — C
© — (p|E) ::/0 o(r)o’(r; E)dr = (Upyp)(E). (5.5.51)

The ket |E) in Eq. (5.5.51) is a well-defined antilinear functional on ®, i.e., |E) belongs to
®; (the proof is almost identical to the proof of Proposition 3 of Section 4.4.4). The ket
|E) is a generalized eigenvector of the free Hamiltonian Hy (the proof is almost identical to
the proof of Proposition 3 of Section 4.4.4),

HY|E) = E|E), (5.5.52)

ie.,

(olH{'|E) = (Hop|E) = E(p|E), Vo€ . (5.5.53)

Dirac Basis Vector Expansion for H,

We are now in a position to derive the Dirac basis vector expansion for the free Hamilto-
nian. This derivation consists of the restriction of the Weyl-Kodaira expansions (5.5.39)
and (5.5.42) to the space ®y. If we denote (r|¢) = ¢(r) and (E|r) = o°(r; E), and if we
define the action of the left ket (E| on ¢ € ®( as (E|p) := §(F), then Eq. (5.5.39) becomes

(Elo) = [ drER)rle), o€, (5.5.54)
0
If we denote (r|E) = o°(r; E), then Eq. (5.5.42) becomes
(TI@Z/ dE(r|E)(E|p), ¢ € ®y. (5.5.55)
0

This equation is the Dirac basis vector expansion of the wave function ¢ in terms of the free
eigenkets |E). We can also prove the Nuclear Spectral Theorem for the free Hamiltonian
(the proof is almost identical to the proof of Proposition 4 of Section 4.4.5),

(o, H')) :/0 dE E™(@|EWE), Vo1 € & ,n=1,2, ... (5.5.56)
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Energy Representation of the RHS of H,

We have already shown that in the energy representation the Hamiltonian Hy acts as the
multiplication operator E. The energy representation of the space ® is defined as

®) = Uy®, . (5.5.57)

Obviously d, is a linear subspace of L?([0,00),dE). In oder to endow d, with a topology

~

Tg,, We carry the topology on @y into ®,
g, = UnTa, - (5.5.58)

With this topology, the space </I\>0 is a linear topological space. If we denote the dual space
of ®; by ®;, then we have

Uy ®; = (Upg®y)* = @ . (5.5.59)
If we denote |E) = UJ|E), then we can prove that |E) is the antilinear Schwartz delta
functional, (the proof is almost identical to the proof of Proposition 5 of Section 4.4.6),

EY:® — C

— (PIE) :=3(E). (5.5.60)

Sy B

It is very helpful to show the different realizations of the RHS through the following
diagram:

Ho;  o(r) ®, C L*([0,00),dr) C ®f |E) position repr.
LUy I Ug } Uy (5.5.61)
E; P(E) ®, C L*([0,0),dE) C </I\>§ |E> energy repr.

We should stress that the space ®, is neither ®;, nor ®,,—the boundary conditions
satisfied by the elements of the spaces ®;,,, are different to the boundary conditions
satisfied by the elements of ®.

5.5.2 Appendix 8: Spaces of Hardy Functions

In this Appendix, we list the definition and main properties of functions of Hardy class and
review the Bohm-Gadella construction of RHS of Hardy functions.

General Properties of Hardy Functions

A Hardy function f(z) on the upper half of the complex plane C* is a function satisfying
the following conditions [76, 77, 78, 79]:

i.) It is an analytic function on the open upper half plane, i.e., on the set of complex
numbers with positive imaginary part.
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ii.) For any value of y > 0, the integral

/_00 |f(z + iy)|* dx (5.5.62)

o0
converges.
iii.) For all y > 0, these integrals are bounded by the same constant K,

+00
sup/ |f(z+iy)|Pde < K . (5.5.63)
y>0 J —oc0

The set of Hardy functions on the upper half plane, often referred to as Hardy functions
from above, is a vector space that we denote by ’Hi

Similarly, Hardy functions on the lower half plane C~ are analytic on the open lower
half plane, and for these functions the conditions (ii) and (iii) hold with y < 0. We denote
the vector space of Hardy functions from below by H?2.

Boundary values for Hardy functions are defined at almost all (with respect to the
Lebesgue measure) points of the real axis. For any Hardy function, these boundary values
yield a square integrable function f(z), which is uniquely defined on the real line, save for
a set of zero Lebesgue measure,

iig{l) flxtiy) = f(x), feHL. (5.5.64)

The square norm of f(z) is also bounded by K. Thus, a function in H% uniquely determines
(almost everywhere) a square integrable function on R.

An important theorem, due to Titchmarsh [80], states that Hardy functions can be
recovered by their boundary values on the real line. If f(z) is the function representing the
boundary values of a Hardy function f(z) on C*, then

N A C)

2t J_oo T — 2

flz) ==+ dx , (5.5.65)

where the signs (4) and (—) correspond to Hardy functions on the upper and lower half
plane, respectively.

Another important theorem on Hardy functions is that by Paley and Wiener [81, 76,
77,78, 79], which determines whether a square integrable function is also a Hardy function.
The theorem asserts that the Fourier transform F is bijection between H?, the space of
Hardy functions from below, and L?(R") the space of square integrable functions defined
on the positive real axis. The conclusion holds also for %% and L?(R™). That is,

FL*(R™) =H2, (5.5.66a)
FL*(R") = H% . (5.5.66b)
There is another version of the same result that can be summarized as follows:

FH2 = L*(RY), (5.5.67a)
FH? = L*(R7). (5.5.67b)
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Since the Fourier transform is an isometry on L*(R), we conclude that H? and H? are
closed subspaces of L*(R), and hence Hilbert spaces. Since L*(R) = L*(R") & L*(R ),
where @ stands for orthogonal direct sum, we have

L*(R) =H. ®H. (5.5.68)

A theorem due to van Winter [53] establishes that a Hardy function can be recovered
by its boundary values on the semi-axis RT. Whether the recovered function is an element
of H% or H? is to be determined by means of the Mellin transform. Thus, if we call #% |
the space of boundary values on R* of the functions in %% and H? , the space of boundary
values on RT of the functions in H#2, we have the following bijection:

OH: =H2, | (5.5.69a)
OH> =H?, , (5.5.69b)

where the image of any fi(z) € H2 by 0 is a function which is equal to fi(z) for x € RF
and is not defined for negative values of x.

The following are among the other interesting properties of Hardy functions [80]:

i.) Let us define the Hilbert transform for an L?(R) function f as

0 f(z) = % 73/_00 %dt, (5.5.70)

where P denotes the Cauchy principal value. The Hilbert transform is linear and its image
also lies in L?(R). A square integrable complex function f(z), with real part u(z) and
imaginary part v(x), belongs to H% if and only if

Hu==+v and $Hv=TFu. (5.5.71)

In particular, a Hardy function cannot be either real or purely imaginary on the whole real
line.

ii.) From i.), we immediately see that f(z) € H2 if and only if its complex conjugate

iii.) Hardy functions vanish at infinity. More precisely, they behave for large values of
|z| as 1/y/z (cf. [79]).

iv.) Some Hardy functions on C* admit analytic continuation beyond the real axis to
CT. We may consider the functions f(x) € L?(R*) such that there is a positive number «
with the property that e*®' f(z) € L?(R*). Then, the Fourier transforms of these functions
are Hardy functions on CT, and they admit an analytic continuation beyond the real axis to
a strip of width . This means that if e®®/f(x) € L?(R™), its Fourier transform is analytic
on {z€C ; —a<Imz < oo} and if e*®! f(x) € L?(R"), its Fourier transform is analytic
on{ze€C ; —oo<Imz<a}l (cf [82]).

v.) A function which is simultaneously Hardy on both the upper and lower half planes
would be obviously entire, and, as a consequence of above condition iii), is also bounded.
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Hence, Liouville theorem asserts that such a function is constant. A constant function
cannot be square integrable unless it is zero almost everywhere. However, there exist entire
functions that are also Hardy either on the upper or the lower half plane.

vi.) It is now clear that the spaces ’Hi and H? have a trivial intersection. However, the
spaces of functions which are restrictions of Hardy functions to the positive semiaxis R
have a nontrivial intersection. Moreover, the intersection #% , NH2 | is dense in L*(R") [83].

Rigged Hilbert Spaces of Hardy Functions

We now summarize the Bohm-Gadella construction to describe resonances. This construc-
tion is based on RHS of Hardy functions.

All functions fulfilling the following conditions yield two rigged Hilbert spaces [20]:

i.) They belong to the Schwartz space S.

ii.) Their supports are in R*.

We call these spaces ST, respectively. Take their Fourier transforms. Since the Fourier
transform of a Schwartz function is again a Schwartz function, the Fourier transforms of the
functions in ST have the following properties:

a.) They belong to the Schwartz space.

b.) They belong to HZ.

c¢.) The space of all these Fourier transforms FS* coincide with the intersection of S
and ’H?F, ie, FST=8n H?F

d.) Since §* is dense in L*(R*), S N H2 is dense in HZ with respect to the Hilbert
space topology inherited from L?(R).

e.) Note however that the direct sum of spaces SNH% &S NH2 does not coincide with
S, since the Fourier transform of any of its functions vanish at zero.

f.) Since S N HL are subspaces of S, they inherit the topology of S. They have good
enough properties so that

SNHLCHL C(SNHL™ (5.5.72)

are well defined rigged Hilbert spaces.

We mentioned earlier in this Appendix that Hardy functions are determined by their
values on the positive semiaxis plus a specification which says if they are Hardy on the upper
or the lower half planes. Thus, we have defined the spaces 0H% = H2 | and 0H% = H2 .
Now consider:

SNH
SNH2

0. (SNH2), (5.5.73a)
0_(SNH). (5.5.73b)

‘R+ -

‘R+ -

The spaces SN ’Hi‘ﬂw are dense in L?(R*). Since  is a bijection, we can transport the
topology from SNH2 to SN ’Hi‘ﬂw by means of #. The transported topologies have the
same properties as the original ones and they are finer than the Hilbert topology on L*(R").

In particular, SN ’Hi‘w are metrizable topological vector spaces and

SNHL|,. CL*RY) C(SNHL|p,)" (5.5.74)

e+
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are RHS. The spaces S NH% |, and SN H?2|,, have a nontrivial intersection [84].
We can define the dual of the mapping € using the following formula:

(OF ()]0 Fy) = (fo(2)|Fs), Vfe(x) e SNHE, VE, € (SNHL)X. (5.5.75)

The mapping € is a bijection. Moreover, the following property is fulfilled algebraically
and topologically:

O (SNH)* = (SNHL|,.)* = (BSNH))™, (5.5.76)

i.e., the topology on (SN Hi‘R+)X is transported from (S NHZ)* by *.
It is important, however, that the mapping #* does not extend . The cause lies in the
non unitarity of the latter.



Chapter 6

The Gamow Vectors of the Square
Barrier Potential Resonances

In this chapter, we study the resonances of the square barrier potential. We first compute
the resonance energies as poles of the S-matrix. The integral equation of A. Mondragén et
al. for the Gamow vectors will be translated into the RHS language. Next, we compute the
Gamow eigenfunctions in the position representation as the solutions of the time independent
Schrodinger equation subject to the purely outgoing boundary condition. The [0, 0o)-energy
representation of the Gamow eigenfunction will be related to the complex delta function,
and the (—o0, 00)-energy representation of the Gamow eigenfunction will be related to the
Breit-Wigner amplitude. The semigroup time evolution of the Gamow vectors will also be
computed. The Gamow vectors will be used as basis vectors. We shall see that the Gamow
vectors do not form a complete basis—an additional set of kets needs to be added in order
to obtain a complete basis. The time asymmetry of the purely outgoing boundary condition
will be disclosed. To finish this chapter, we shall discuss the exponential decay law of the
Gamow vectors.
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It don’t bring you

Well I know it ain’t been roses lately
Baby it’s just been thorns

And no matter what we do

Nothing seems to change

Love has always been my shelter
For you it’s been a storm

But for awhile I thought

We’d almost beat the rain

Now there’s a hole here in my pocket
Where all my dreams have gone
Falling out like so many nickels
and dimes
And last of all you
You’d always been my good luck charm
I should’ve known that luck
Is a waste of time

Cause it don’t bring you love if you don’t love

And it don’t bring you time if you ain’t got time

And it don’t bring you strength baby if you ain’t strong
And it don’t bring you kindness if you ain’t kind

Now there’s a whole lot in life to be unsure of
But there’s one thing I can safely say I know
That of all the things that finally desert us
Pride is always the last thing to go

But it won’t bring you love if you don’t love

And it won’t bring you time if you ain’t got time

And it won’t bring you strength baby if you ain’t strong
And it won’t bring you kindness if you ain’t kind

And now I wish you only the roses without the thorns
And I hope your dreams are always within reach

And I wish you shelter baby from all your storms
They scared you but they never seemed to teach

That I can’t bring you love if you don’t love

And I can’t bring you time if you ain’t got time

And I can’t bring you strength baby if you ain’t strong
And I can’t bring you kindness if you ain’t kind

And I can’t bring you kindness if you ain’t kind

Mary Chapin Carpenter, State of the Heart
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6.1 Introduction

Most elementary particles are only quasistable states decaying through various interactions
and thus have finite lifetimes of various orders of magnitude [36]. Several theoretical schemes
have been proposed to describe quasistable particles. The S-matrix and the Gamow vectors
are two of the most widely used schemes.

Experimentally, resonances often appear as peaks in the cross section that resemble the
well-known Breit-Wigner distribution [50]. The Breit-Wigner distribution has two charac-
teristic parameters: the energy Ei at which the peak reaches its maximum, and its width I'g
at half-maximum. The inverse of I'g is the lifetime of the decaying state [33]. The peak of
the Breit-Wigner is related to a first-order pole of the S-matrix in the energy representation
S(E) at the complex number zp = Fr — i['g/2. The shape of the theoretical expression
of the cross section in terms of S(E) fits the shape of the experimental cross section in the
neighborhood of Eg. This is why the first-order pole of the S-matrix is often taken as the
theoretical definition of a resonance.

Although a resonance has a finite lifetime, it is otherwise assigned all the properties that
are also attributed to stable particles, such as angular momentum, charge, spin, parity and
other particle labels. For example, a radioactive nucleus has a finite lifetime, but otherwise
it possesses all the properties of stable nuclei. In fact, radioactive nuclei are included in the
periodic table of the elements together with the stable nuclei. Therefore, it seems natural
to seek a theoretical description that provides “particle status” to the quasistable states.
The Gamow vectors provide this particle status. The description of resonances by Gamow
vectors allows us to interpret resonances as autonomous experimentally decaying physical
systems. This description, impossible in the Hilbert space, can be accomplished within the
Rigged Hilbert Space.

The original energy eigenfunction with complex eigenvalue Er — i['g/2 was introduced
by Gamow [38]. The quantities Er and 'y are interpreted as the resonance energy and the
resonance width of the decaying state, respectively. However, Gamow’s heuristic approach
cannot be made rigorous in the Hilbert space framework, because self-adjoint operators on
a Hilbert space can only have real eigenvalues. An extended framework is therefore needed.
As we shall see, the Rigged Hilbert Space is the most natural framework to describe Gamow
vectors.

In this chapter, Gamow eigenkets will be obtained as solutions of a homogeneous integral
equation of the Lippmann-Schwinger type. In the radial position representation, this integral
equation is equivalent to the time-independent Schrodinger equation subject to a purely
outgoing boundary condition. The resonance spectrum is therefore singled out by the purely
outgoing boundary condition. As we shall see, this is the same resonance spectrum as that
defined by the poles of the S-matrix. The Gamow eigenfunctions will be associated to certain
eigenfunctionals, that we call Gamow kets. These Gamow kets are generalized eigenvectors
of the square barrier potential Hamiltonian with complex eigenvalue Er — il'g/2.

The energy representation of the Gamow vectors will be obtained. We shall see that
in the [0, 00)-energy representation (i.e., in the representation associated to the physical
spectrum), the Gamow vector is represented by the complex delta function, whereas in the
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(—o00, 00)-energy representation (i.e., in the representation associated to the support of the
Breit-Wigner amplitude), the Gamow vector is represented by the Breit-Wigner amplitude.
We shall also obtain the time evolution of the Gamow vectors, which is given by a semigroup.

Therefore, the Gamow vectors have all of the properties that are demanded from a
resonance state:

1. They are eigenvectors of the Hamiltonian with complex eigenvalues.
2. They correspond to the Breit-Wigner amplitude in the energy representation.
3. Their time evolution is given by a semigroup, and obeys the exponential decay law.

The organization of this chapter is as follows. In Section 6.2, we compute the resonance
energies as poles of the S-matrix. In Section 6.3, we introduce the integral equation that
is satisfied by the Gamow vectors. Next, we compute the Gamow eigenfunctions in the
position representation as the solutions of the time independent Schrédinger equation with
complex eigenvalues subject to a purely outgoing boundary condition. These eigensolutions
will be associated to certain eigenfunctionals (Gamow kets). The [0, c0)-energy represen-
tation of the Gamow eigenfunction will be related to the complex delta function, and the
(—00, 00)-energy representation of the Gamow eigenfunction will be related to the Breit-
Wigner amplitude. In Section 6.4, the Gamow vectors will be used as basis vectors. We
shall see that the Gamow vectors do not form a complete basis—an additional set of kets
needs to be added in order to obtain a complete basis. The time evolution of the Gamow
vectors is computed in Section 6.5. Section 6.6 deals with the time asymmetry behind the
purely outgoing boundary condition. Section 6.7 studies the exponential decay law of the
Gamow vectors.

6.2 S-matrix Resonances

The S-matrix in the energy representation is given by (see Section 5.4)

_J(E)
- Ji(B)’

As it stands, this expression is valid only for positive energies. As we said in Section 6.1,
the S-matrix resonances are associated to the poles of the analytic continuation of S(E)
into the whole complex plane. Since S(E) is not a single-valued function, it is convenient
to write the S-matrix as a function of the momentum £ before we perform the analytic
continuation,

S(E)

E>0. (6.2.1)

J-(k)
S(k) = , k>0. 6.2.2
8= 70 (622
Here the momentum £ is given by
2
k=12g. (6.2.3)
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Eq. (6.2.3) provides a Riemann surface in a natural way. The analytic continuation of the
numerator and the denominator of S(k) yield two analytic functions J4 (k). Therefore, the
continuation of S(k) is analytic except at its poles. These are precisely the zeros of the
denominator of S(k) (see [85]),

Ji(k) =0, (6.2.4)

where now k is complex. From Egs. (4.4.16d) and (5.2.23a) it follows that the equality
(6.2.4) is equivalent to the following:
(1-— %)eiQ(”“) (sin(k‘a) + % Cos(ka)> + (1 + %)eiQ(”“) (sin(ka) — % cos(ka)> =0.
(6.2.5)

The solutions of (6.2.5) are the (S-matrix) resonances of the square barrier potential. Equa-
tion (6.2.5) has a denumerable infinite number of complex resonance energy solutions. These
solutions come in pairs Er +il'p/2 (see Figure 6.2 of Appendix 6.9). The pole Er—il'g/2 is
associated with the decaying part of the resonance, and it is located on the lower half-plane
of the second sheet of the two-sheeted Riemann surface corresponding to the square root
mapping (see Figure 6.2a of Appendix 6.9). The pole Ex + i['g/2 is associated with the
growing or formation part of the resonance, and it is located on the upper half-plane of the
second sheet of the Riemann surface (see Figure 6.2b of Appendix 6.9). In the momentum
plane, this pair of energy poles corresponds to a pair of poles +Re(k) — ilm(k) in the lower
half of the k-plane that are mirror images of one another with respect to the imaginary axis
(see Figure 6.1 of Appendix 6.9).

The width of the resonances increases as the energy increases, and therefore their lifetime
Tr = h/T i decreases. The resonances whose energies are below the top of the barrier £ = 1
are close to the real axis. As F keeps increasing the resonances move away from the real
axis towards infinity. The square barrier potential poles never correspond to a bound or a
virtual state, i.e., they do not lie in the imaginary axis of the momentum plane. The square
barrier potential poles are always simple (cf. [86] for an example of a barrier with double
poles).

In order to distinguish each of the denumerable infinite number of resonance poles, the
decaying resonance energies of the square barrier potential will be denoted by

Iy

zn:En—i?, n=12,..., (6.2.6)
whereas the growing resonance energies will be denoted by
Zn:En+z7, n=12... (6.2.7)

The corresponding momentum poles will be denoted respectively by
k, = Re(k,) —ilm(k,) = /2, n=12,..., (6.2.8)

and by
-k = —Re(k,) —ilm(k,) = /22, n=12,... (6.2.9)
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6.3 The Gamow Vectors

Gamow vectors are usually defined as eigensolutions of the Schrédinger equation subject to
a purely outgoing boundary condition (see Section 6.3.2 below). Although we could start
the study of Gamow vectors with that definition, we will follow instead the procedure used
for the Lippmann-Schwinger kets. We will define a Gamow vector as the solution of an
integral equation. This integral equation has that purely outgoing boundary condition built
into it. Needless to say, the solutions of that integral equation will be found by solving the
time independent Schrodinger equation subject to the purely outgoing boundary condition.

6.3.1 Lippmann-Schwinger Equation of the Gamow Vectors

The Gamow vectors are solutions of an integral equation of the Lippmann-Schwinger type.
If zr = Er —il'g/2 denotes the complex energy associated to a resonance of energy Er and
width g, then the decaying Gamow vector |zy) fulfills

1

Vi), 6.3.1
o Ho i ) (6:3.1)

2r) =

This equation was introduced (with a different notation) by A. Mondragén et al. in Ref. [40].
The +i0 in Eq. (6.3.1) means that we are working with the retarded free Green function,
which has a purely outgoing boundary condition built into it. The retarded free Green
function is analytically continued across the cut into the lower half plane (of the second
sheet of the Riemann surface), where the complex number zg is located. Therefore, as
A. Mondragén has pointed out, Eq. (6.3.1) should be written as

1
)= lim ——VI|E). 6.3.2
70) = Jim s VIE) (63.2)

The notation in this equation expresses better the fact that we first have to compute the
retarded free Green function (E — Hy +40)~! and then continue it across the cut into the
lower half plane.! The minus sign in |zj;) means that the decaying Gamow vector will be
defined as an antilinear functional over the ¢y~ € &_.

As we said above, the integral equation (6.3.1) has a purely outgoing boundary condition
built into it. To be more precise, Eq. (6.3.1) in the position representation is equivalent to
the time independent Schrodinger equation subject to the condition that far away from the
potential region the solution behave as a purely outgoing wave.

As we saw in Section 6.2, to each decaying pole zgr = Er — iI'g/2 of the S-matrix there
corresponds a growing pole zj, = Fr +il'g/2. We now associate a growing Gamow vector

L This also shows that a consistent notation will always have flipping of signs like p* € ®_, ¢~ € ®,
etc. This flipping of signs comes from the fact that we perform analytic continuations from the upper (lower)
rim of the cut, which is labeled by +i0 (—i0), into the lower (upper) half plane, which is labeled by C~
(CH).
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|25 ) to the pole of the S-matrix at zj,. The integral equation satisfied by |z},") should

read
1

1
— V|2 = lim ———V|E). 6.3.3
O = Jm ) (633)

E-zy, B — Hy —i0

In contrast to Eq. (6.3.1), Eq. (6.3.3) has a purely incoming boundary condition built into
it. That is, Eq. (6.3.3) in the position representation is equivalent to the time independent
Schrodinger equation subject to the condition that far away from the potential region the
solution behave as a purely incoming wave.

2k") =

6.3.2 The Gamow Vectors in Position Representation

In this section, we obtain the solutions of the integral equations (6.3.1) and (6.3.3). In
oder to do so, we will work in the radial position representation. In this representation we
will solve the Schrodinger equation under purely outgoing boundary conditions. We will
see that there is a one-to-one correspondence between the complex poles of the analytically
continued S-matrix and the complex generalized eigenvalues obtained under purely outgoing
boundary conditions.

In the radial representation, Eqgs. (6.3.1) and (6.3.3) read

| |
- — - - = ]_ ———— E . 4
len) =l e e = e e e B (6:3.42)
1 1
R = ———— V0T = | - VIE). .3.4b
(rlz™) <T|z;—H0—¢0V|ZR )= gV IE) (6.3.4b)

Instead of solving these integral equations, we solve the equivalent Schrodinger differential
equation

<—h—2d—2 + V(r)) (rlzr) = 2r(r|zr), (6.3.5)

2m, dr?

subject to the boundary conditions built into them,

(0]zr) =0 (6.3.6a)

(r|zg) is continuous at r = ¢ and at r = b (6.3.6b)

d—(r|zR> is continuous at r = a and at r = b (6.3.6¢)
r

(r|zr) ~ e*" as r — oo, (6.3.6d)

where

[2m

In Egs. (6.3.5) and (6.3.6), we have used the same symbol (r|zg) to denote both (r|zy)
and (r|z;*). This will create no confusion, because whenever zp = Egp — i['g/2, then
(r|zg) will mean (r|zy), and whenever zp = Eg + i['g/2, then (r|zg) will mean (r|z}").
Condition (6.3.6d) is the purely outgoing boundary condition. At first glance, it may look
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like we have imposed also a purely outgoing boundary condition upon the growing Gamow
eigenfunctions (r|z5"). However, since kg is complex, the function e’*%" is not always an
outgoing wave. In fact, it is an outgoing wave only when Re(kg) is positive, i.e., when we
are working with the decaying Gamow vector (r|zp), and it is an incoming wave only when
Re(kpr) is negative, i.e., when we are working with the growing Gamow vector (r|z}"). This
means that working with the momentum kz rather than with zz will allow us to obtain the
decaying and the growing Gamow vectors at the same time.
The purely outgoing boundary condition (6.3.6d) is often written as

lim du(r; zg)
r—00 dr

—ikgu(r;zg) =0, (6.3.8)

where
u(r; zr) = (r|zr) - (6.3.9)
One can easily check that (6.3.8) is equivalent to (6.3.6d).
If we impose the conditions (6.3.6a)-(6.3.6¢) upon the general solution of Eq. (6.3.5), we
obtain that, up to a normalization factor, the solution has the form

sin(kgr) 0<r<a
x(r;2r) = x(r; kr) = { Ji(kr)e'Qr" + Jo(kp)e 9Or™ a <r <b (6.3.10)
T3(kr)e™ " + Jy(kg)e ™" b <r < oo,
where
,  2m 2m

The eigensolution (6.3.10), which does not satisfy the purely outgoing boundary condition
yet, is equal to the analytic continuation of the regular solution x(r; E) of Eq. (5.2.22). In
Eq. (6.3.10), there is no restriction on the values that zp can take, i.e., before imposing
the purely outgoing boundary condition zz can be any complex number. If we now impose
(6.3.6d) upon the eigensolution (6.3.10), then the coefficient Jy(kgr) = i/2 Jy(kg) must be
zero. Since this condition is the same as the condition (6.2.4) for the complex poles of the
S-matrix, the set of generalized complex eigenvalues zr must include the set of S-matrix
resonance poles. We now show that these two sets of solutions are the same.

The boundary conditions (6.3.6) can be written in terms of the coefficients of (6.3.10)
as

Jie' 9t 4 Joe @R = sin(kga) (6.3.12a)
iQr(J1e" 9 — Joe 9% = kpcos(kgra) (6.3.12b)
TzeRY = J,e19R0 4 F,e~1QRY (6.3.12¢)
ikpJze™ R = iQRr(J1e"9R" — Joe 9RY). (6.3.12d)
Writing this set of linear equations as a matrix equation we obtain
sin(kra) 0 —eiQra —e~@ra 1 0
kg cos(kra) 0 —iQReiPre jQpe~i@ra 7 0
0 giknb _iQrb _o—iQrb 72171 o (6.3.13)
0 ikre®rb  —iQRe'PRY  jQre @R J> 0
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This is a homogeneous system of four equations with four unknowns. The system has a
non-trivial solution iff the determinant of the coefficients is equal to zero,

sin(kra) 0 _¢iQra —e—iQra
kg cos(kra) 0 —iQpReire jQpe iQRa
0 eika _eiQRb _e*iQRb - O . (6314)
O ikReika —iQReiQRb iQRe_iQRb

Straightforward computations show that the condition (6.3.14) is the same as the condition
(6.2.5). Thus the set of generalized eigenvalues of the time independent Schrédinger equation
subject to purely outgoing boundary conditions is the same as the set of S-matrix poles.

As we mentioned earlier, the solutions of (6.2.5) come in pairs of a growing and a decaying
pole. We have denoted those poles by z, and z; and their corresponding momenta by k,
and —k’. The eigenfunction associated to z, = FE,, —il',/2 is the decaying Gamow vector
in the position representation, whose radial part, up to a normalization factor, is

jg( 5 sin(k,r) 0<r<a
U,n(T; Zn) = U:n(r; kn) - Jggkzg iQnr + %efiQ"T a<r<b (6315)
etknt b<r<oo.

The eigenfunction associated to z = E, +iI',/2 is the growing Gamow vector in the position
representation, whose radial part, up to a normalization factor, is

sin(—k;r) 0<r<a

Js( ky)
Un(r, Z:L) = un(TJ _k:;) = :;j;g zége_lQ;T + % Qnr a<r<b (6316)
e kn b<r<oo.

Form equations (6.3.10), (6.3.15) and (6.3.16) it follows that the Gamow eigenfunctions are
proportional to the analytic continuation of the regular solution,

2
o 2 .k
un(r; —ky) = T(_k;)x( s —kn) - (6.3.17b)

The Gamow vector (6.3.15) is defined up to a normalization factor. By normalization
we mean the function IV, of z, by which we can multiply the Gamow eigenfunction u, (r; z,)
to obtain another eigenfunction N,u,(r; z,) with the same eigenvalue z, and satisfying the
same boundary conditions (6.3.6). If no confusion arises, we denote the normalized Gamow
vector also by uy,(r; z,),

j;\(fg)sm(k T) 0<r<a
un (13 2n) = up(riky) = ¢ Fhldei@nr 4 BeBlulemiCur g < < ) (6.3.18)

N, etknr b<r<oo.
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After this normalization Eq. (6.3.17a) becomes

2iN,,
T (k)

xX(r; k) (6.3.19)

Un(r; 2n) = up(r; ky) =

There is an extensive literature on the normalization of Gamow vectors (cf. [40] and refer-
ences therein). We shall not treat this problem here, although we would like to mention
that the normalization proposed by A. Mondragén et al. [40] seems to be the most suitable.

The eigenfunctions u,(r; z,) of the differential operator h are obviously not square in-
tegrable, i.e., they do not belong to the Hilbert space L?([0,0),dr). In order to construct
an eigenket |z;7) of the Hamiltonian H associated to the eigenfunction wu,,(r; 2,), we follow
the pattern of Section 5.3. The Gamow ket |z, ) associated to the eigenfunction u,(r; z,) is
defined by

|z,) : ®, — C

B e () = /Ooodrw_(r)u(r;zn). (6.3.20)

Under the assumptions made upon the elements 1)~ of @, the function |z;,) is a well-defined
antilinear functional. It is easy to show that the function |z, ) is a generalized eigenvector
of H with complex eigenvalue z,,

H*|z,) = znl2,), (6.3.21)
or more precisely,
(W H"|2z,) = 2o (7 |2,), Y~ € . (6.3.22)
In a similar vein, we can define a ket |2%™) associated to the eigenfunction w,(r; z}),
22y ® — C

ot — (o) ;:/ dr ot (r)u(r; z,,) (6.3.23)
0

and prove that this is a well defined antilinear eigenfunctional of the Hamiltonian H with
complex eigenvalue 2,

(O H* |25 = 25 (ot 2%, Vot e ®_. (6.3.24)

6.3.3 The Gamow Vectors in Energy Representation

Once we have constructed the Gamow vector |z, ) in the position representation, it is
straightforward to compute its energy representation. We shall obtain the Gamow vector
in two different energy representations. One of them is the standard energy representation
associated to the physical spectrum, which is [0, 00) in our example. The other one is asso-
ciated to the (—oo, 00) spectrum. These two representations are related by the function € of
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Appendix 5.5.2. We shall show that in the [0, co)-energy representation the Gamow vector
acts as the antilinear complex delta functional? multiplied by a normalization factor. In the
(—o00, 00)-energy representation, the Gamow vector can be associated to the Breit-Wigner
amplitude multiplied by a normalization factor.

First, we define the antilinear complex delta functional |Z)),

5 Bules — C i
o= @) = (), (6.3.25)

where the function ¢ (z) is defined by

O (z) =0 (2). (6.3.26)

The funct1on |z ) is a well defined antilinear functional over the space ‘/I\>+|R+, since the
elements 1/) of @+|R+ were taken to be in 2.

It can be shown that the [0, c0)-energy representation of |z, ) is the antilinear complex
delta functional |z ) save for a normalization factor A,,

U |27 = Au|ZD) . (6.3.27)

The proof of Eq. (6.3.27) is as follows: from Egs. (5.2.21) and (6.3.19) we conclude
that the Gamow eigenfunction u(r; k,) is proportional to the analytic continuation of
the Lippmann-Schwinger eigenfunction x (r; k),

Un (T3 kn) = 20N, X~ (15 kn) - (6.3.28)

Then the Gamow eigenfunction is proportional to the analytic continuation of the
eigenfunction o~ (r; E),
un(r; Zn) = A, 0" (7"; Zn) . (6329)

From Eq. (6.3.29) and from the (assumed) properties of the elements 1)~ € ® (see
Section 5.3) it follows that

GTIUX|z) = <¢—|z—>

= <w |z >, V€ B fns (6.3.30)

where in the last step we have used the definition (6.3.25). This proves Eq. (6.3.27).

2For a great deal of information about the antilinear complex delta functional and its representations,
the reader is referred to [87].
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If we write the action of |z ) as an integral operator, the kernel of integration is the
complex delta function,

() = [ dBASE -~ 2)T (). (6.3.31)

We are now going to study the relation between the complex delta function and the
Breit-Wigner amplitude. We shall show that

1
E— z,
where 6 is the dual extension of the function 6, and 6 is the function that takes any function
of @ into its restriction to the positive real line (cf. Appendix 5.5.2). The functional |Ejzn )
of Eq. (6.3.32) is associated to the Breit-Wigner amplitude by

| 1
E— =z,

6|

) =Auz), (6.3.32)

7>:‘$+ — (C

i o~ 1 > 1 A, PR
0 o g = [ dE (g )0 (B,

N (6.3.33)

where A,, is the normalization factor of Eq. (6.3.27). We shall call the functional defined
by Eq. (6.3.33) the Breit-Wigner functional. By Titchmarsh theorem [80], the Breit-Wigner
functional is a well defined antilinear functional. R R

The key property that will be used to prove (6.3.32) is that the functions ¢~ of ® |g+ are
boundary values of Hardy functions from above. In order to build the ground of that proof,
we first show the relation between the [0, 0co)-energy representation and the (—oo, 0o)-energy
representation:

o, D, |er C L2([0,00),dE) C (®|as)* [0, 00)—energy repr.
6 A
01y, ®,. C HA C </I\>i (—00, 00)—energy repr.
(6.3.34)

where H? is the space of Hardy functions from above. It is worthwhile noting that although
we have denoted the functions 0*112)\* and z/p\* by a different symbol, they are indeed the same
function. More precisely, they are different “pieces” of the same function. In particular, the
value of their analytic continuation at a complex number z is the same,

01 (2) =0 (2). (6.3.35)
Obviously, the functions {/)V’ and 9’11;’ enjoy an analogous property,
0 (2) =4 (). (6.3.36)

The reason why we use a different symbol for different “pieces” of the same function is that
the the proof on the connection between the Breit-Wigner amplitude and the complex delta
function becomes more apparent:
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Let 6=~ € @i Then 19~ = 014y~ € H2. By Titchmarsh theorem [80],

~ 1 o0 1

—1 57— —1 57—
= —— E E). .3.
0 () =~ [ AB =07 () (6:3.37)
Multiplying this equation by A, we obtain
Ap0 Y™ (zp) = —— dE ——— 07~ (FE). (6.3.38)

211 —0 E—ZR

From Egs. (6.3.33) and (6.3.38) it follows that

- ~ 1
A0 (2n) = (07 "9p™ ). 3.
V() = 07— ) (6.3.39)
We now define the action of 6% on |E71zn*> by
~ ~ 1
16* Ty =071y ). 6.3.40
I ) = (07 ) (6:3.40)
Egs. (6.3.39) and (6.3.40) lead to
~ 1 B o~
(3 |0X|E Y= A, 0 (). (6.3.41)
—

Taking advantage of Eq. (6.3.36) we can write (6.3.41) as

1

T )= At () V€ s (6.3.42)

(167

The right hand side of this equation equals the action of the complex delta function
at ¢~ multiplied by A,,

1

7, )= 4n P15, V€ Bylpe, (6.3.43)

(107

which proves (6.3.36).

Therefore, the Gamow eigenfunction u,(r;z,), the complex delta function (multiplied
by a normalization factor) A,0(E — z,) and the Breit-Wigner amplitude (multiplied by a
normalization factor) iA, /27 (E — z,) correspond to the same object in different represen-
tations,

Un (75 21) — A (E = 2z,), E€]0,00) — —2%”. E{T;n , B € (—o0,00)
posit. repr. [0, 00)-energy repr. — (00, 00)-energy repr.

(6.3.44)
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We summarize the results of this section in the following diagram:
H; ¢ (r) &, C L*[0,00),dr) C o3 (rlz,) = un(r; 2,)
LU LU 10U

E; ¢7(B)  @.|er C I*[0,00),dE) C (Bi[p+)*  ("E|z) = Ad(E - 2,)

1o 10"
E; 0=(B) &, C H2 c ¥ ("Elzy) = — gk A
(6.3.45)

In this diagram, we have denoted both ¢ (E) € &, |z+ and 6 ¢ (E) € &, by the same
symbol zi)\*(E), since no distinction is necessary any more. We stress that in the second line
of (6.3.45) the energy is allowed to run over the physical spectrum [0, 00), whereas in the
bottom line the energy is allowed to run over (—oo,00).

6.4 Complex Basis Vector Expansion

The Lippmann-Schwinger kets are basis vectors that were used to expand a normalizable
smooth function ¢* as in (5.3.7). The Gamow vectors are also basis vectors. The expansion
generated by the Gamow vectors is called the complex basis vector expansion. However, the
Gamow vectors do not form a complete basis system. The complex basis vector expansion
needs an additional set of Dirac kets corresponding to the energies that lie in the negative
real axis of the second sheet of the Riemann surface. This has been realized also by other
authors [40, 43, 42], who have used the Green function to construct the complex basis vector
expansion.

In this section, we expand a normalizable wave function in terms of the Gamow vectors
and a continuous set of Dirac kets. The Gamow vectors contain the resonance contribution,
whereas the contribution of the additional set of Dirac kets is interpreted as a background.
The complex basis vector expansion is not valid for every normalizable wave function, i.e.,
for every element of the Hilbert space, but only for functions o™ € ®_. The technicalities
of that expansion can be found in [88].

In a scattering experiment, we measure the transition probability from a state (in-state)
T into an observable (out-state) ¢»~. In Section 5.4, we wrote the amplitude of this prob-
ability as

(") = / 1B )S(E)(E|o)dE. (6.4.1)

The function S(E) is the energy representation of the S-matrix. This function can be
analytically continued into a two-sheeted Riemann surface, and the quantity S(E) in (6.4.1)
represents the boundary value of this analytic function on the upper lip of the cut in the
Riemann surface. We now extract the resonance contribution out of (6.4.1). This resonance
contribution is carried by the Gamow vectors. In order to do so, we deform the contour of
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integration into the lower half-plane of the second sheet of the Riemann surface, where the
decaying resonance poles are located (see Figure 6.3a of Appendix 6.9). Using the results
that appear in [88], we can write (6.4.1) as

(v, ¢%) = / WIE)S(B)E B — 200 S ra( ) (o), (642)

n=0

where 7, denotes the residue of the S-matrix at z,. The integral in Eq. (6.4.2) is done on
the negative real semiaxis of the second sheet of the Riemann surface. The series in (6.4.2)
can be shown to be convergent [88]. Omitting ¢/~ in (6.4.2), we get the complex basis vector
expansion for the states,

o = / BB Bl )E - 2mi 3 ralen ) (Faalo®) (6.4.3)

In Eq. (6.4.3), the infinite sum contains the resonances contribution, while the integral
is interpreted as the background contribution. Needless to say, the Gamow vectors in
Eq. (6.4.3) are defined up to a normalization factor.

Similarly, we obtain the complex basis vector expansion for the observable ¢~ [88], but
now we deform the contour of integration into the upper half-plane of the second sheet of
the Riemann surface, where the growing resonance poles are located (see Figure 6.3b)

o0

¥ = / T BNSENE [ )E + 200 il ) ) (6.4.4)

n=0

In this equation, 7} denotes the residue of S-matrix at 2. The integration in (6.4.4) is
performed on the negative real semiaxis of the second sheet of the Riemann surface. The
series in (6.4.4) has been shown to be convergent [88].

6.5 Semigroup Time Evolution of the Gamow Vectors

Now, we want to study the time evolution of the Gamow vectors. In order to do it, we
need to consider the operator U (t) = e **/" which governs the time evolution of the vector
states in Hilbert space. The operator conjugate to U(t) is defined by

(Pl ()| F) = U (t)gl F), (6.5.1)

where ¢ denotes ¢t € ®_ or ¢y~ € ®, and F belongs to ®* or ®7, respectively. Eq. (6.5.1)
will also be denoted as ' '
(ple™ M Fy = (M| ). (6.5.2)

The conjugate operator U (t) determines the time evolution of the elements in ®%, whenever
it can be defined.
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We have assumed that :I;i = SN HZ%. Under this assumption, the following statements
can be proved [20, 91]:

i.) For any t > 0, ef''/"®_,_ c ®, and e''"/" is continuous on ®,. For any t < 0, there
is a ¢y~ € ®, such that e/hyp~ ¢ &

ii.) For any t < 0, e!/"®_ C ®_ and e'"*/" is continuous on ®_. For any ¢ > 0, there
is a ¢t € ®_ such that "ot ¢ B_.

This leads to the following consequences:

i.) For any t > 0, one can define the conjugate of U(t) = e *#!/" which extends the
evolution operator U(t) = e /" to a continuous operator and defines the time evolution
on ®;. This cannot be done for any ¢ < 0. We denote this extension as U] (t) = efot/h.
ii.) For any ¢ < 0, one can define the conjugate of U(t) = e™#*/" which extends the

evolution operator U(t) = e /" to a continuous operator and defines the time evolution
on ®*. This cannot be done for any ¢ > 0. We denote this extension as U (t) = e_'" /",

It seems natural to consider these extensions as the operators that determine the time
evolution of the objects in the dual spaces. We observe that this time evolution is not
defined for all values of ¢. This has important consequences for the time evolution of the
Gamow vectors.

Consider the decaying Gamow vector |z, ). From the above comments, it is not difficult
to see [20] that the evolution operator U (t) acts on |z, ) if and only if ¢t > 0,

UX ()| 2) = e HEntlh =Int/CR) =y only for ¢ >0, (6.5.3)
or more precisely,
(U (t)|2,) = e Entlh e Tnt/CR (= 27) - Wb~ € @, ¢ > 0 only. (6.5.4)

We see that the Gamow vector decays exponentially. Thus it fulfills the properties that are
demanded from the decaying resonance states. Much more significant is the property that
the time evolution of the decaying Gamow vectors occurs for ¢ > 0 only—the time evolution
of Gamow vectors is time asymmetric.

Consider now the Gamow vector |z:"). The evolution operator U*(t) acts on |z:t) if
and only if £ <0,

U (t)]25H) = e Ent/h lnt/Ch) ety only for t < 0, (6.5.5)
or more precisely,
(QTIUX (1) |22 = e Ent/h oDt/ CR) (b |20y - Yt € @+ < 0 only. (6.5.6)

Therefore, the symmetric group evolution of the Hilbert space splits up into two semi-
groups, expressing time asymmetry on a microscopic level.?

3For more on the description of time asymmetry in Quantum Mechanics in terms of the propagators,
the reader is referred to [32].
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6.6 Time Asymmetry of the Purely Outgoing Bound-
ary Condition

The semigroup time evolution of the Gamow vectors expresses the time asymmetry built
into them. We will show here that the purely outgoing boundary condition that singles
out the resonance energies has also a time asymmetry built into it. To be more precise,
we will show that the purely outgoing boundary condition should read as purely outgoing
only for the decaying part of a resonance and as purely incoming for the growing part of
the resonance. Because the purely incoming condition is the time reversed of the purely
outgoing one, the growing Gamow vector can be viewed as the time reversed of the decaying
Gamow vector [60] (see also next chapter).

6.6.1 Outgoing Boundary Condition in Phase

First, we study the meaning of the purely outgoing boundary condition when it is imposed
on the decaying part of the resonance. The complex energy associated to the decaying
part of a resonance is z, = E, —il',/2 (F,,T;, > 0) which lies in the fourth quarter of
the second sheet of the Riemann surface (see Figure 6.2a). Its corresponding momentum
k, = Re(k,) — ilm(k,) (Re(k,), Im(k,) > 0) lies in the fourth quadrant of the momentum
plane (see Figure 6.1). The decaying Gamow vector u,(r; z,) of Eq. (6.3.15) was obtained
after imposing the purely outgoing boundary condition (6.3.6d) upon (6.3.10). If we had not
imposed this condition, we would had obtained a solution of the form (6.3.10), and every
complex number would had been a generalized eigenvalue of the Hamiltonian. In the region
r > b, this solution would had been the sum of two linearly independent solutions

d ] —i —i
yecaying (T;Zn;t) = Jue zknre iznt/h

incoming
— (ﬂe—lm(kn)r—l“nt/(%)) e—iRe(kn)T—iEnt/h’ r> b7 (661)

which we call incoming decaying Gamow vector, and

d ) . »
u ecaymg(r;zn;t) — j3€zknre iznt/h

outgoing
— (jgelm(kn)r—l“nt/(%)) eiRe(kn)T—iEnt/ﬁ, 7 r> b , (662)

which we call outgoing decaying Gamow vector. These names come from the standard
interpretation (see, for instance, [92]) of plane waves with a complex exponent: the expo-
nential with purely imaginary exponent—the term that carries the phase—is interpreted as
the term that governs the propagation of the wave, and the exponential with real exponent
is interpreted as the term that just changes the amplitude of the wave on the surfaces of
equal phase [92]. We are going to interpret (6.6.1) and (6.6.2) in the same fashion. The
terms between brackets in (6.6.1) and (6.6.2) determine the amplitude of the waves. The
propagation of u%®™ i soverned by etRetkn)re—iEnt/h an{ therefore u?%™ i an outgoing

outgoing outgoing
decaying —iRe(kn)r o —1Ent/h
incoming )

is an incoming wave (in phase). Imposing the purely outgoing boundary

wave (in phase). Analogously, the propagation of u is governed by e

decaying

and thus w,coming
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condition J; = 0 is tantamount to forbidding u?ﬁﬁ%%"g. Thus for the decaying part of the

resonance the purely outgoing boundary condition allows only purely outgoing waves (in
phase).

The meaning of the purely outgoing boundary condition applied to the growing part
of the resonance is the opposite. The growing energy eigenvalue 2z} = E, + i[',,/2 lies in
the first quadrant of the second sheet of the Riemann surface (see Figure 6.2b), and its
momentum —k; = —Re(k,) — ilm(k,) lies in the third quadrant of the momentum plane
(see Figure 6.1). The growing Gamow vector u,(r;z;) of Eq. (6.3.16) was obtained after
imposing the condition J;, = 0 on (6.3.10). If we had not imposed this condition, in the
region r > b the solution would had been the sum of two linearly independent solutions

growing Lk, _ —ikir _—izit/h
incoming(r72n7t) - j3e " "

(j3elm(kn)7‘+rnt/(2ﬁ)) e—iRe(kn)T—iEnt/ﬁ, 7 r> b 7 (663)

that we call incoming growing Gamow vector, and

ugrowing (7"' S*e t) — j4€ik;;re—iz;§t/h

outgoing\" » “n>
_ (ﬂe—lm(kn)r-i-rnt/@h)) eiRe(kn)T—iEnt/ﬁ 7 r> b, (664)

that we call outgoing growing Gamow vector. The names come also after the standard
interpretation [92] of plane waves with a complex exponent. Therefore, the purely outgoing
boundary condition Jy = 0, when applied to the growing part of a resonance, bans u,;, ;"
and allows only purely incoming waves (in phase).

6.6.2 Outgoing Boundary Condition in Probability Density

In the previous section, we showed how the time asymmetry built into the purely outgoing
boundary condition affected the phase of the Gamow vectors. In this section, we show the
same time asymmetry but now considering the probability density of the Gamow vectors.

For the decaying part of the resonance, the probability densities (before imposing the
purely outgoing boundary condition) are obtained by taking the absolute value square of
(6.6.1)

decaying

pincoming(r; Zn; t) = |udecaying (’I“; Zn; t)|2 = |j4|2e*21m(kn)7"*1_‘nt/h

incoming
= |JufPe M) e s b (6.6.5)
that we call incoming decaying probability density, and of (6.6.2)
decaying(r; Zn t) _ |udecaying (T, Zn; t)|2 — |L73|2621m(kn)r71_‘nt/ﬁ

poutgoing outgoing
= | Js|Pe7 /Ao s (6.6.6)

that we call outgoing decaying probability density (v, = I';,/(2hlm(k,))). By imposing the
purely outgoing boundary condition J; = 0, we only allow (6.6.6) and forbid (6.6.5), which
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we interpret by saying that we have a purely outgoing probability density condition for the
decaying part of the resonance.

For the growing part of the resonance, the probability densities (before imposing J; = 0)
are the absolute value square of (6.6.3)

growing (T' Z*t) _ |ugr0wing (7”' Z*t)|2 _ |L73|2621m(kn)r+1_‘nt/ﬁ
) “n)

pincoming )~ incoming
| T3Pt/ M) e s b (6.6.7)

that we call the incoming growing probability density, and of (6.6.4)

growing (’I“' S*e t) _ |ugrowing (7”' o*- t)|2 — |j4|26721m(kn)r+1"nt/h

poutgoing ) “n) outgoing\" » “n)
| TafPel Mo e s b, (6.6.8)

that we call the outgoing growing probability density. For this growing part, the condition
Ji = 0 leads to the conclusion that in the growing stage of a resonance only waves with
purely incoming probability density are allowed.

In short, the purely outgoing boundary condition (6.3.6d) must be read as purely outgoing
(in phase or in probability density) only for the decaying part of the resonance and as purely
incoming (in phase or in probability density) for the growing part of the resonance.

6.7 Exponential Decay Law of the Gamow Vectors

If we are dealing with a scattering system with resonances, the complex basis vector expan-
sion allows us to isolate the contribution of each resonance. To illustrate this, we are going
to see how the exponential decay law holds if only the contribution of a resonance is taken
into account.

We want to determine the probability Pas,(t) of detecting the decaying state within
a shell of width Ary outside the potential region (r > b). This is the probability that
is measured by the counting rate of a detector placed, for example, outside a radioactive
nucleus from which an « particle is emitted. We assume that the detector surrounds the
nucleus completely and that is at a distance ry > b from the center r = 0.

Theoretically, the probability Pa,,(t) to observe an in-state ¢* at time ¢ within the
interval Arg around the surface r = r¢ is given by

Pare(t) :/cm/A r2dr|(r, 0, 80" (D)2 (6.7.1)

Experimentally, the probability of finding the decaying state particle around ry, that is,
the counting rate of the detector, is not defined for all times ¢: a resonance must be first
prepared before the system can decay. The time at which the preparation of the resonance
is finished and at which the decay starts can be chosen arbitrarily (we choose it to be 0). For
example, the « particle emitted by an a-unstable nucleus travels at speed v = I'p/(2hIm(k))
and reaches the point ¢ at the time ¢(rg) = ro/v. For times less than t(rq), the « particle
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is not there yet, and therefore the counting rate measured by a detector placed at rq is zero
for times ¢ < ro/v. Whatever would have been counted by the detector before the instant
t(ro) at 7o cannot be connected with the decaying state. Thus the theoretical probability
to detect a resonance at ry should be zero for ¢ < ro/v. This is an instance of the time
asymmetry built into a decaying process.

Experimentally as well, the decay of unstable systems usually follows the exponential
law (cf. Refs. [44, 45, 46, 47]).

The Hilbert space cannot accommodate either the time asymmetry of Pa,,(t) [89] or
the exponential decay law [90]. To account for these two features, we should use the Rigged
Hilbert Space. In the RHS formulation, the Gamow vectors have an asymmetric time
evolution given by a semigroup e ¥ ¥" (cf. Section 6.5 above), which accounts for the time
asymmetry of a resonant process. The behavior of the semigroup evolution is in contrast to
the time-symmetric Hilbert space time evolution, which is given by a group.

We are going to show that the exponential decay law holds if we consider only the
resonance (Gamow vector) contribution to the probability (6.7.1). In Section 6.4, we used
the Gamow vectors as basis vectors to expand the normalized in-state ™ in terms of the
background and the resonance contribution (see Eq. (6.4.3)). In order to compute the n-th
resonance contribution to the probability (6.7.1), we approximate ¢ by the Gamow vector
by neglecting the background term and the contribution of the rest of the resonances in
(6.4.3),

Pt (r,0,0) = v (r,0,¢

Thus the n-th resonance contribution to the probability is

Pary(t) ~ /dQ/A r2dr|(r, 0, d|Y2 (1)) . (6.7.3)

Yoo(6, ¢) . (6.7.2)

The time evolution of the n-th Gamow vector is given by
1/)5({/.) _ efiHXt/ﬁ,q/)T? — efi(EntfiFn/2)t/h1/)£, (674)

and therefore

5 %)

<7”, 9, ¢|1/)£(t)> — efi(Enszn/Z)t/ﬁ %Y’O,O(Q, ¢) . (675)

Inserting (6.7.5) into (6.7.3) yields

|€_F"/(2h)t|2/ dr |, (15 2,)]?
Arg

_ e—rnt/h/ dr|2iNn|2|ei(Re(k")_“m(’“"))"|2
Arg

PATO (t)

12

ro+Arg
67Fnt/h|2]\/*n|2 / d,r€2lm(k;n)r

T0o
2Im(kn)Arg __ 1
~Tut/hig N [220m(kn)ro €
e RN e oTm(k,)
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12

e—Fnt/ﬁ,|2Nn|2621m(kn)7‘o ATO 7

12N, |2 Arg e Tr/BU=ro/on) g s g fp, (6.7.6)
where we have used the approximation Ary small in the next to the last step. Therefore,
Par,(t) = |2N,, 2 Arge Tn/hlt=ro/vn) t>ro/v,. (6.7.7)

Equation (6.7.7) represents the n-th resonance contribution to the counting rate measured
by a detector placed at ro. This counting rate reaches its maximum at ¢ = ry/v,, and
decreases exponentially as time goes on. Therefore, the n-th Gamow vector (resonance)
contribution to the probability Pa,,(t) follows the exponential decay law.

6.8 Conclusion to Chapter 6

In this chapter, we have constructed the Gamow vectors of the square barrier potential
resonances, and studied their properties. We have defined a decaying Gamow vector |z, )
as the solution of the integral equation (6.3.1), whereas a growing Gamow vector |z:*) has
been defined as the solution of (6.3.3). We have seen that in the radial representation the
Gamow eigenfunction (r|z; ) satisfies the Schrodinger equation subject to a purely outgoing
boundary condition, whereas the growing Gamow eigenfunction (r|z:*) satisfies a purely
incoming boundary condition. We have also seen that the purely outgoing boundary con-
dition produces the same resonance spectrum as the S-matrix spectrum of Figure 6.2. The
[0, 00)-energy representation of the eigenfunction (r|z, ) has been shown to be the complex
delta function multiplied by a normalization factor A, 0(F — z,). The (—o0, 00)-energy rep-
resentation of the eigenfunction (r|z.) has been shown to be the Breit-Wigner amplitude
multiplied by a normalization factor —1/(2mi) A, /(E — z,).

The time evolution of the Gamow kets has been shown to be governed by a semigroup,
expressing the time asymmetry built into a resonance.

The Gamow vectors have been used as basis vectors in the complex basis vector ex-
pansions (6.4.3) and (6.4.4). However, they do not form a complete basis, and therefore
a continuous set of Dirac kets was added to complete them. The expansions (6.4.3) and
(6.4.4) extract the resonance contribution out of the in- and out-states, respectively.

We have uncovered the time asymmetry that arises from the purely outgoing boundary
condition. We have seen that the purely outgoing boundary condition should read as purely
outgoing only for the decaying part of the resonance, and as purely incoming for the growing
part of the resonance.

The exponential law has been shown to hold if the background term of the complex
basis vector expansion is neglected—only the resonance (Gamow vector) contribution to
the probability is taken into consideration.



224 6 Gamow Vectors of the Square Barrier Potential Resonances

6.9 Appendix 9: Figures

In this Appendix, we show the graphics of the square barrier potential resonance poles, both
in the momentum and energy complex planes. We also show the contours that where used
to obtain the complex basis vector expansion.

Imk

Rek

Figure 6.1: The resonance momenta of the square barrier potential.



6.9 Appendix 9: Figures 225

E (first sheet)
@
/ Sp(H)
E (second sheet)
E (second shest)
(b)
\ Sp(H)
E (first sheet)

Figure 6.2: The resonance energies of the square barrier potential.
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Figure 6.3: Deformation of the path of integration into the second sheet of the energy
Riemann surface; (a) for the decaying states and (b) for the growing states.



Chapter 7

The Time Reversal Operator in the
Rigged Hilbert Space

In this chapter, we study the behavior of resonances under the time reversal operation. We
shall study the standard time reversal operator and also a non-standard one, which yields
a doubling of the RHS.

VLADIMIR: We’ve nothing more to do here.
ESTRAGON: Nor anywhere else.

VLADIMIR: Ah Gogo, don’t go like that.
To-morrow everything will be better.

ESTRAGON: How do you make that out?
VLADIMIR: Did you not hear what the child said?
ESTRAGON: No.

VLADIMIR: He said that Godot was sure to come
to-morrow. (Pause). What do you say to that?
ESTAGRON: Then all we have to do is to wait here.

Samuel Beckett, Waiting for Godot

227
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7.1 Introduction

In the previous chapter, we have seen that the time evolution of the Gamow vectors is given
by a semigroup and therefore is time asymmetric. We now want to discuss how this time
asymmetry behaves under the action of the time reversal operator in the nonrelativistic
domain [59]. We shall forget about our beloved square barrier potential and work with a
“general” potential.

We have seen in the previous two chapters that a scattering process should be described
by two RHSs. One RHS corresponds to the states o™,

b CH,.CP*, (7.1.1)
whereas the other RHS corresponds to the observables ¢,
P, CHae C DT (7.1.2)

In both RHSs, the space H,. represents the Hilbert space of scattering states of the total
Hamiltonian H (“ac” stands for absolutely continuous). On H,., H has absolutely contin-
uous spectrum only. We shall assume that this spectrum coincides with the positive real
line.

Suppose the S-matrix has a pair of simple poles at zp = Er — i['g/2 and at z}, =
ERr + il'g/2, and denote their corresponding Gamow vectors as |z5) and |z25"). These
Gamow vectors have the following properties:

i.) The Gamow vectors are functionals,

|2k) € ®F, (7.1.3a)
|25ty e @F. (7.1.3Db)

ii.) They are generalized eigenvectors of the total Hamiltonian H,

H*|zg) = zrl2g), (7.1.4a)
H* 23,1 = 2525 1) (7.1.4b)
iii.) The time evolution operator e=** can be continuously extended to ®7 for positive
values of time and to @ for negative values of time. The continuity of the extensions refers
to the weak topology [93]. In addition we have:

e 1) = TR 1) = TRl IRY2 52y U for t > 0, (7.1.5a)
e g Ty = o7 R g T) = T WERLURYZ 2 Y for t < (. (7.1.5b)
—iH*t

The action of e on |z5) for t <0 and on |23") for ¢ > 0 is, however, not defined. Thus
the Hilbert space group evolution splits into two semigroups. This splitting is a consequence
of the choice of @ and the properties of Hardy functions. The choice of Hardy functions is
related to a causality condition, and therefore the splitting is also related to causality. The
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splitting of the group of evolution into two semigroups shows the irreversible character of a
resonance [52, 54, 55].

In his study of the representations of the Poincaré group extended by time reversal and
parity, Wigner found four different possibilities (cf. Table I of Appendix 7.4 and Refs. [61,
62]). The first possibility is the standard one, but the other three imply a doubling of the
space that supports the representation. J. F. Carinena and M. Santander constructed the
projective representations of the Galilei group extended by time inversion and parity [63].
They also found four possibilities for the case with mass. As for the Poicaré group, the
standard case does not yield a doubling of the space that supports the representation,
while the other three do yield a doubling. Bohm [64] has studied the latter time reversal
(e = ¢, = —1) in the relativistic case, which yields a doubling. One of our goals is to
construct an analog to this doubling in the non-relativistic case for s-waves (j = 0).

In the next section, we discuss the effect of the time reversal operator on Gamow vec-
tors in the standard case. This standard case is labeled by er = ¢; = 1 (see Table I of
Appendix 7.4). In Section 7.3, we study the the case ¢y = ¢, = —1 (see Table I of Ap-
pendix 7.4) and present the idea of time reversal doubling. In Appendix 7.4, we review some
general aspects of the time reversal operation.

7.2 The Standard Time Reversal Operator (e; = ¢; =
1)

In this section, we present the effect of the standard time reversal operation on scattering
systems having (simple pole) resonances. The notation we are using here does not differ
essentially from that in Ref. [59], although there is a couple of differences:

i.) The restriction to the positive real semiaxis of intersections of Hardy spaces with the
Schwartz space are denoted here by

HINS|,, - (7.2.1)

The plus sign stands for Hardy functions on the upper half plane and the minus sign for
Hardy functions on the lower half plane. § is the Schwartz space on the real line.

ii.) The extension of the evolution operator e “* to the space ®% is denoted as U (t)
for ¢ > 0, and the extension of e ! to ®* is denoted as U*(t) for ¢ < 0. These are the two
semigroups discussed in the introduction.

For simplicity, we shall work with a spherically symmetric potential and consider particles
without spin or any other possible degrees of freedom. We restrict ourselves to zero values
of the angular momentum, and denote the corresponding Hilbert space by H,y. If the system
does not have bound states, the space H, coincide with H,..

Let us recall that the unitary operators Uy diagonalize the total Hamiltonian H (or its
restriction to its absolutely continuous space H,., if H has bound states), in the sense that
these operators give a unitary equivalence between H and the multiplication operator on
L*(R*,dFE). They are a product of the inverses of the Mgller operators times the operator
Uy that diagonalizes the free Hamiltonian, Uy = UOQL.
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For s waves (j = 0), the standard choice of the time reversal operation is e, = ¢, = 1 (see
Table I of Appendix 7.4). Therefore, in the energy representation the time reversal operator
Ar acts as the complex conjugation C. Since the mapping C' transforms any function of £
into its complex conjugate, we have

C:HINS|, — HENS|,, (7.2.2)

Moreover, one can show that this map is continuous.
Our next goal is to define time reversal operators Ay, on ®.. These operators should
be equivalent to C' and the equivalence should be given by U.. Their definition is:

Ape == ULCOUs. (7.2.3)
This definition makes the following diagram:

C
HINS|,, —— HENS|,.
Ul | LUl (7.2.4)

@i — @1
Arg
These operators have the following properties:
1. Ary are continuous antilinear mappings from ®4 onto ®..

2. They can be extended to (continuous) antiunitary mappings from #,. onto itself.

3. Their adjoints are given by
T
Al = [U;g C U¥] —ULCUL = Ay ; (7.2.5)

that is, they are adjoint to each other.

4. They are inverse to each other,

Ap Ap_=UlcUu_UICUL =1, on&®_, (7.2.6)
Ap Ap, =UlCcUUICU =1, on®,.

Consider now a densely defined continuous antilinear operator A on ‘H with the following
property: there are two RHSs ® C H C ®* and ¥ C H C ¥* such that AT maps
continuously ® into W. Then, A can be extended by continuity to ®* using the following
formula:

(Y| A F) = (ATQ|FY = (F|ATy), VF e &%, Ve . (7.2.8)

Thus A* is a weak continuous antilinear mapping from ®* into ¥*. The proof of this goes
exactly as the proof for the linear case [93].
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It is straightforward to apply this definition to the time reversal operator, after making
the identification ® = &, ¥ = &, A = Ap,, and AT = Ap.. Thus, we have the following
continuous antilinear extensions:

Afy s ®L s B (7.2.9)

These extensions are one-to-one, onto mappings with continuous inverses, and they indeed
extend Apy as originally defined in (7.2.3).

We now obtain the images of Lippmann-Schwinger kets and of the Gamow vectors by
AZ%,. To this end, let us consider two arbitrary vectors ¢F € ®,.! Their wave functions in
the energy representation are given by

PT(E) = ("Ele™) = (Urp™)(E) € HENS|,, - (7.2.10)
Using the definition of A;. we obtain
(% | A5, |EF) = (FE|A} o) = CF*(B) = PEE) = (¢*|B); (7.211)
that is,
ASL|ET) = |EF) . (7.2.12)
Take now the Gamow vectors |z5) and |25,T). Then
(Pt AT zR) = (CzrlAL 0") = CPT (2r) = §F (2r) = (¢ 123") ; (7.2.13)
that is,
Af lm) = okt (7.214)
Analogously
AZ1Z5T) = |2R) - (7.2.15)

Next, we study the action of the standard time reversal operator on the time evolution
semigroups. We know that ¢1'®, C &_ if ¢t > 0. Then,
ApsetAp ot = UlCU U CU, of
Ulce™Cu, ot
Ui e, ot
= T pted [ t>0. (7.2.16)

Analogously, if ¢t < 0, we have that e¢/'®_ C ®_. Then

Ap e Ap o= == - ed®, | t<0. (7.2.17)

Therefore,
Ap UL (DA =UL(—t), t>0, (7.2.18a)
Ap UL () Apy =UL(—t), t<0. (7.2.18b)

'In this chapter, we shall denote the observables ¢y~ by ¢~ in order not to repeat the formulas twice.
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We see that the operators A;. transform one semigroup into the other. The extension of
these formulas to the dual spaces yields

A U OA; =UX(—t), t>0, (7.2.192)
AF U (DA, =U(—t), t<0. (7.2.19b)

One could expect that the operators A;. are the same operator restricted to different
subdomains. That is true. As a matter of fact, their extensions to H,. coincide:

The proof of this statement is rather simple. Write

A2, =vlcu_ulcu_. (7.2.20)
Since Uy = UOQL, one has
A2, = o ulcu o uicuQl . (7.2.21)
The S operator is given by
s=0'Q,, (7.2.22)
and its adjoint is given by
st=ala . (7.2.23)
Since
UpSU, ' = UpSUJ = S(E) (= S(E+i0), E>0), (7.2.24)
we have that
UoSTU} = (UnSU{)T = S(E). (7.2.25)

Plugging Eqgs. (7.2.22)-(7.2.25) into (7.2.21) we obtain

A2, = QUiCcUSUlcu0
= Q. Ulcs(E)cUQ"
= Q. UIS(E)UN
= q,stol
= o.0lo of
= I, (7.2.26)

where [ is the identity on Ha.. The same is true for Ap_. Therefore Ary is an
invertible bounded operator such that Ay = A;i on H,.. Since A;}r and Ap_
coincide on the dense subspace ®_, they are equal on #Hy, and we have that Ap_ =
Apl = Apy.
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7.3 The Time Reversal Doubling (e = ¢; = —1)

In this section, we present the construction of the time reversal doubling. According to
Wigner [61, 62], there are three other possible representations of the Poincaré group extended
by time reversal and parity besides the (standard) one of the previous section. All four
possibilities are listed in Table I of Appendix 7.4.

Let us consider the following pair of RHSs:

HINS|, ®C CL*(R)®C C (HINS|,,) ®C, (7.3.1)

where C? denotes the two-dimensional linear space of column vectors whose entries are
complex numbers. The elements of each space of the triplet (7.3.1) can be expressed as
two-dimensional vectors whose entries belong to the space in the left hand side of the tensor

product. In the case e = €¢; = —1, the time reversal operator in the energy representation
is defined by (cf. Table I of Appendix 7.4)
0 C
C:= ( _C 0 ) , (7.3.2)

where C' denotes the complex conjugation. This operator is antilinear and continuous from
HEN S‘RJF ® C* onto H% ﬁS‘RJr ® C?. By duality, it can be extended to a continuous

antilinear mapping C* from (H2 N S‘W)X ® C? onto (HZ N S‘RJF)X ® C2.
Each space H3 N S|, ® C* has two distinguished subspaces,

Si=HiNS|,, ® ( 3‘ ) , (7.3.3a)
Yi=HiNS|,, ® ( g ) : (7.3.3b)

where a and [ are arbitrary complex numbers. We have, therefore, two new RHSs that can
be written in the following form:

¥ c L*@RY) c (25~ (7.3.4)
where

L**(RY) = I*(R") ® ( 3‘ ) , (7.3.5a)

L~ (R") = I*(R") ® ( g ) : (7.3.5b)

The dual of the spaces (7.3.3) can be written as

(ED)* = (HINS|.) ® ) , (7.3.6a)

(S0 = (HinS|,) ® ) : (7.3.6b)

/N 7N
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It is not difficult to show that C is a continuous antilinear bijection from X onto T,
Cyi =37, (7.3.7)
Thus C can be continuously extended to the dual spaces,
C(ZE)" = (ST)~. (7.3.8)
As an operator on H,. ® C?, the square of C is proportional to the identity,
C? = —I1=el, (7.3.9)

where I represents the identity on H,. ® C? .

In order to clarify the notation, we replace the superscript signs by r, with r = +, —.
That is, we shall write X', and so on. This notation makes it clear that the signs above are
independent of the signs below.

Let us define the operators

Uy =UL®1, (7.3.10)
where I is the identity on C?. We can write these operators as
[ Us O
Uy = < 0 UL ) ) (7.3.11)
and their adjoints as
Ul o
o=zt = = : 7.3.12
== (G (7312

It is clear that {y maps H,. ® C* onto L?(R") ® C?. Using those operators, we can define
the following spaces:

o=l oy (7.3.13)
Clearly, the spaces ®', are subspaces of H,. ® C*. It is obvious that
=8, 0 < 8‘ ) , (7.3.14a)
— 0
P =B, ® < 5 ) . (7.3.14b)

The operators 1+ and their respective inverses ilTi can be continuously extended to the dual
spaces.
We are now in a position to introduce the time reversal operators for our e = ¢; = —1
choice. They can be defined as
Apy = +tl.CU . (7.3.15)

These two operators have similar properties to those satisfied by A;.. We list here these
properties without proofs, since these proofs do not differ much from those for Az.y:
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1. Ars are continuous antilinear mappings from ®’, onto ®", respectively. They can

be continuously extended to antilinear mappings between the respective duals.

2. They are adjoint to each other,

Al = Aps. (7.3.16)

3. As operators on H,. ® C?, they are antiunitary. In addition, they are inverse to each
other,

Ar i Ap_ =1, (7.3.17a)

Ar_Ar, =1. (7.3.17b)

4. On the Hilbert space H,. ® C?, we have that

Afe = -1 = Ar AriAry = —Ar = Ar = —Ar . (7.3.18)

Formulas (7.3.16)-(7.3.18) are a consequence of the definition chosen in (7.3.15) for Ar_
(with minus sign), which has its origin in the fact that CT = —C. If we redefined Ap_
without the minus sign in (7.3.15), we would have

Al = —Ape, (7.3.19a)
Ar  Ap. = -1, (7.3.19b)
Ar_Ary = -I, (7.3.19¢)

Ary = Ap_. (7.3.19d)

We can choose either (7.3.16)-(7.3.18) or (7.3.19). The choice (7.3.19) has the advantage of
having a unique time reversal operator, and the distinction between Ay, and Az _ indicates
the restriction of a unique time reversal operator to different subspaces ®’,. As we shall see
later, this choice has the disadvantage of leading to the appearance of a minus sign in the
formulas of the action of the time reversal operator on the semigroups.

The importance of the above construction lies on the possibility of extending the time
reversal operator to the dual spaces, which contain the Lippmann-Schwinger kets and the
Gamow vectors.

We define the Lippmann-Schwinger kets in the ez = ¢; = —1 case as
+
par=n=(1)) e (75200
+ 0 r=—\Xx
|E*r = =) = ( %) ) € (@ )". (7.3.20b)

The kets in Egs. (7.3.20) are generalized eigenvectors of the operator H ® I (H is the exact
Hamiltonian, and I is the identity on C?) with generalized eigenvalue £ > 0. We now
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determine the action of Ajpy on those eigenkets. We start with the following definition,
which has its origin in (7.2.8):

(EEAFLET;r) = (FE;r| AL EY), E*e@r. (7.3.21)
From (7.3.15) we obtain

Ary = i( _XH A(T)’i ) . (7.3.22)

= = ( 27; ) , (7.3.23)

where ¢, )* € ®,.. We shall study separately the cases r = . Take first r = +. Then

Let us write

B =44z = 2w (A7)

_A;Héﬂi
= +(FE|Aly™)
= H(YFALLET)
= +(Y*|E¥)
(
(

Il
He

= (1) )
= +(ZEEEr=-). (7.3.24)

This and Eq. (7.3.21) yield
BT r=4) = £|EEr = ). (7.3.25)

The = signs appear as the coefficient of |[E%;r = —) in Eq. (7.3.25) only if we make the
choice A;_ = —U' €4, . The choice A;_ = 4 CYL, replaces the + signs in (7.3.25) by plus.

Now take r = —. An analogous calculation to (7.3.24) yields
AfLETr = =) =FIESr=+), (7.3.26)
where the F signs have the same origin as in the case r = +. The choice Ay = ilT_Cil+

replaces them by minus.

The next step is to define the Gamow vectors and to obtain their images under time
reversal. The Gamow vectors |z5;) and |z},7) can be used to define the following Gamow
vectors for our ey = €7 = —1 case:

o7t = +) = ( |Z§> ) , (7.3.27a)

iz = =) = ( |Z%> ) , (7.3.27h)
2t = +) = ( |Z%+> ) , (7.3.27¢)

2 = =) = ( |Z9+> ) . (7.3.27d)
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The Gamow vectors (7.3.27a) and (7.3.27b) are generalized eigenvectors of the operator
H ® I with generalized eigenvalue zg, while the Gamow vectors (7.3.27¢) and (7.3.27d) are
generalized eigenvectors of H ® I with generalized eigenvalue 2z} . One can also show that

Apilegsr=+) = —lz"ir=-), (7.3.28a)
TileriT =) = v =), (7.3.28b)
TR =4) = lagir =), (7.3.28¢)
Af_lzgsr==) = —legir=+4). (7.3.28d)

The overall signs on the right hand side of Eqs. (7.3.28¢) and (7.3.28d) correspond to the
choice
Ap = —glcy . (7.3.29)

For the choice

Ap_=ulcu_, (7.3.30)

the overall signs on the right hand side of Eqgs. (7.3.28¢) and (7.3.28d) are the opposite.
Now, we obtain the action of the time reversal operator on the time evolution semigroups.
The time evolution semigroups are defined on the dual spaces (®7.)* as

Urit) 0

X X _ +

Wit =UI(t)®I= ( 0 U ) : (7.3.31)
The operator Wy (t) is well defined on (®7,)* for ¢ > 0 only, while WX (t) is well defined on
(@7 )* for t < 0 only. From Egs. (7.2.19) it follows that

T WERAT =WI(—t), t>0, (7.3.32a)
AP WX ()AL, =Wi(-t), t<0. (7.3.32b)

This result has been obtained for the choice of Az as in (7.3.29). If we made the choice
(7.3.30), a minus sign would appear on the right hand side of Eqs. (7.3.32). As mentioned
above, we prefer the choice (7.3.29), because we want Eqs. (7.3.32) to not have that minus
sign.

7.4 Appendix 10: Time Reversal

Textbooks on Quantum Mechanics usually define the time reversal operation in the position
representation as

(@, 1) = (&, —t), (7.4.1)

where the star denotes complex conjugation. We are going to explain what this definition
means.

Following Wigner, time reversal is an operation such that the following operations, when
performed sequentially, yield the identity:
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time displacement by ¢ x time reversal x time displacement by ¢ x time reversal . (7.4.2)

If we denote the time reversal operator by C, a possible definition would be Ct)(t) = ¢ (—t).
However, this kind of operation is obviously linear. The need for an antilinear time reversal
operation has been nicely shown by Wigner in the following terms:

Consider a system whose Hamiltonian has a complete set of eigenvectors ¢, (for
instance, the Harmonic oscillator, the bound states of the Hydrogen atom, or any
system formed by the bound states of the Hamiltonian, if any). Then, any state
vector ¢ can be expanded by those eigenvectors,

Y= Z anPn (7.4.3)

where
HSOn = EnSDn . (7.4.4)

The operations (7.4.2) yield the identity if and only if:

time displacement by ¢ X time reversal = time reversal x time displacement by —¢.

(7.4.5)
Let us apply these operations to ¢ in (7.4.3). If we assume that the time reversal
operator C' is linear, then

Cp= Zan0<pn. (7.4.6)

Since [H,C] =0, Cyp, is also an eigenvector of the Hamiltonian with the same eigen-
value F,. Therefore, time displacement by ¢ on (7.4.6) gives

Z ane EntCop, . (7.4.7)

n

According to the rule in (7.4.5), this should be equal to the result of performing first
the time displacement by —¢ on ¢

Z anefrlp, (7.4.8)
n

and then the time reversal operation C, which (assuming that C is linear) leads to

ZaneiE”thon. (7.4.9)
n

This result does not coincide with the expression given by (7.4.7). However, they do
coincide if C is defined as an antilinear operator.
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Once we have shown that the time reversal operator must be antilinear, we study its
action in the energy representation. In this representation, the Hamiltonian H acts as the
multiplication operator. If ¢)(F) is a wave function in the energy representation, then the
action of the time reversal operator on it is defined by

Cp(B) == y*(B), (7.4.10)

where we have chosen the complex conjugation as the time reversal operator (as Wigner
does). Time displacement by ¢ on (7.4.10) gives

e Lyt (E). (7.4.11)

If we apply time reversal to (7.4.11), which is now equivalent to perform the complex

conjugation operation, we obtain .
eFlay(E). (7.4.12)

Finally, time displacement by ¢ on (7.4.12) gives
e" P y(B) = ¢(F). (7.4.13)

Hence, the time reversal operator C' defined by (7.4.10) fulfills the above rule (7.4.2) and is
antilinear. Obviously,

C(Y(E,1) = C (e FY(B)) = ™'y (E). (7.4.14)

We can look at e!*(E) as the result of applying time displacement by —t on *(FE).

Therefore, e‘“t¢*(F) is what should be identified with the ¢*(E, —t) (or v*,(F)) that

appears in the literature. Note that ¢*(E, —t) = e'Pt*(E) = [e LU (E)]* = [Y(E,t)]".
The same can be argued in the position representation, where time reversal is given by

C () = (). (7.4.15)

However, in the momentum representation, the time reversal operator, which we denote
by C’, acts as
C'o(p) = [p(=p)]", (7.4.16)

since the time reversal changes p’ for —p.

In order to show it, let 1(Z) be a wave function in the position representation. Then
the corresponding wave function in the momentum representation is given by

~ 1 [~ ..

) = Fo@) = 2—/ e~ (7) df (7.4.17)
™ —o0

where F and hat denote the Fourier transform. The Fourier transform takes the time

reversal operator in the position representation into the time reversal operator in the

momentum representation,

C'=FCF". (7.4.18)
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Hence,

= (FCOy)(7)
L[ s o e
= 5 7006 (CY)(Z) dE
1 oo —UPT, % (2 72
= 5| @
= [P, (7.4.19)

which proves Eq. (7.4.16).

Consider now an arbitrary representation supported by the Hilbert space H. Let U be
the unitary operator that transforms from the position into that arbitrary representation.
Analogously to (7.4.18), we define the time reversal operator Ay on H as

Apd :=UCU ¢ = UCH(T). (7.4.20)

If we denote ¢! := Arg, ¢(t) := e ¢, and call H' = U'HU the Hamiltonian in the
position representation, then

Arg(t) = Ape ¢
= UCU e g
= UCU ‘e "MUg(z)
= UCe "'¢(7)
_ UeiH't¢*(f)
= MUCH(z)
= ¢MUCU¢
= AL
= (Ar¢)(-1)
= ¢'(—t). (7.4.21)

Thus A7¢(t) = ¢T(—t), which generalizes the equation C(Z,t) = o*(Z, —t).

However, this is not the whole story. As mentioned above, Wigner [61, 62] realized that,
when constructing projective representations of the Poincaré group extended by time inver-
sion and parity, new possibilities exist. These new possibilities are not independent of the
representation of the parity and imply a doubling of the space supporting the representa-
tion. We do not want to discuss this construction here. Instead, we present a table with
the four possibilities (see Table I below). The four possibilities are characterized by two
parameters, which also appear among the parameters that characterize the representations
of the extended Poincaré group.

Consider the space, time, and total inversion operators on a Hilbert space H, which we
denote respectively by Up, Ar and A;. The operator Up is unitary, while A, and A; are
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antiunitary. From the nature of the corresponding physical operations, it follows that the
operators U%, A%, and A% must be proportional to the unit operator. Since Up is unitary,

we can choose its phase such that
Up=1, (7.4.22)

while such a normalization is not possible for the antiunitary A, or A;. In fact, the antiu-
nitarity and the associative law of the group multiplication dictate that the squares of Ap
and A; must necessarily equal either +1 or —1:

A2 =erl, er==+l, (7.4.23a)
A% = 6[[, € — +1. (7423]3)

Moreover, the phase of A; can be chosen such that
A = UpAg. (7.4.24)

Corresponding to the values that e, and ¢; can take, there exist four extensions of the
continuous symmetry group. Barring the existence of any additional conditions, all four are
possible, and Wigner [61] has derived these four classes of projective representations of the
extended Poincaré group. The results are summarized in the following table:?

Table I
= a | Ur Ay
(~1)% | (-1 1 c
ol o (3 3) (%)
| (3 8)] (26)
e (£2) (% 6)

In this table, j refers to the spin of the particle under consideration, while C is the well
known (27 + 1)-dimensional matrix whose entries are c,, = (—1)7*#6, _,, —j < p,v < j.
In these representations, the continuous space-time transformations Uy, as well as any other
known observables such as the internal symmetry generators B, have the following form:

(U, 0 (B0
() 20 3)-

2In the non-relativistic case, J. F. Carifiena and M. Santander have obtained a totally analogous result
for the Galilei group (in the case with mass) [63].

(7.4.25)
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The representation space of the extensions of the space-time symmetry group by P and
T is therefore reducible under the restricted symmetry transformations and observables.
From Table T we see that only the case for which ez = ¢; = (—1)% leads to no doubling
of the space of the microscopic system under inversions. This is the only case discussed in
relativistic quantum field theory, and quantum fields have so far been constructed only for
this class of the four classes of projective representations of the extended Poincaré group [94].
In the three other cases, the restricted space-time symmetry transformation is doubled
after the time reversal operator is adjoined—the time reversal doubling. In these cases,
the two subspaces that are left invariant under Uy and B remain invariant also under Up,
albeit they have opposite relative parity in the two cases for eye; = —1. In these two
cases, the two subspaces can in fact be distinguished by their parity eigenvalue, and to
the extent that we associate microscopic systems with irreducible representations of the
symmetry group, the two subspaces would describe particles with the same mass and spin
but opposite parity. This, however, is not the situation for the extended group characterized
by e = €, = —(—1)% for which the relative parity of the two subspaces of states is +1. It is
this class of projective representations which have been used in Ref. [64], because for these
representations a label r can be introduced, a two-valued parameter, which was used in
Ref. [64] to distinguish between the space of prepared states and the space of time reversed
registered observables. These two subspaces (have the same parity and) remain irreducible
under U, and B. From Table I it is clear that A; changes the value 7.






Chapter 8

Conclusions

In this last chapter, we present the conclusions of the dissertation.

There is never an ending to Paris and the memory of each
person who has lived in it differs from that of any other. We
always returned to it no matter who we were or how it was
changed or with what difficulties, or ease, it could be reached.
Paris was always worth it and you received return for what-
ever you brought to it. But this is how Paris was in the early
days when we were very poor and very happy.

Ernest Hemingway, A movable Feast
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The RHS language has been used to describe Dirac kets, Lippmann-Schwinger kets and
Gamow vectors in a consistent way. We have seen that the mathematical image of those
objects should be the following:

‘ Physical quantity ‘ Mathematical image ‘ Symbol ‘ Name
Bound state of Normalizable eigenvector of H | |E,,) Bound state
energy F, <0 with eigenvalue £,
Scattering state of | Generalized eigenvector of H | |E™) Lippmann-Schwinger
energy £/ >0 with real eigenvalue E ket
Resonance of energy | Generalized eigenvector of H | |zp) Gamow ket
Er and width T'p with complex eigenvalue zp

In terms of results, we would like to highlight the following:

e We have presented a systematic review of the mathematical methods of the Rigged
Hilbert Space.

e We have reviewed and improved the construction of the RHS of the harmonic oscillator.

e We have shown that the natural framework for the solutions of the Schrodinger equation
is the RHS. We have illustrated this point by constructing ¢ RHS of the square barrier
potential explicitly.

e We have shown that a consistent description of the Lippmann-Schwinger equations
needs a pair of RHSs. We have also shown that the Lippmann-Schwinger kets act as anti-
linear functionals over spaces of wave functions that are boundary values of functions that
can be continued analytically.

e We have translated A. Mondragon et al.’s integral equation for the Gamow vectors
into the RHS language.

e We have constructed the Gamow vectors of the square barrier potential Hamiltonian.
We have shown that the [0, c0)-energy representation of these vectors is the complex delta
functional, and that their (—oo, co)-energy representation is the Breit-Wigner amplitude.

e We have disclosed the time asymmetry of the purely outgoing boundary condition.
e We have studied the action of the time reversal operator on resonances for the stan-

dard case and for one of the cases that lead to a doubling of the space supporting the
representation. The doubling has been explicitly constructed within the RHS framework.
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