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Abstract

The objective is to study a spectral problem which arises from physics
by using results from functional analysis. Spectral properties for the
principle operators are studied. It is shown how the spectral properties
of physically important operators such as the energy operator which
define the problem can be obtained. Spectral decomposition for the
Hamiltonian is constructed and an application to coherent states is pre-
sented.
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1 Introduction

The creation of quantum mechanics has led to the development of a great deal
of new mathematics and techniques to employ it. It is the intention here to
employ some of these concepts and methods that have arisen in this area to
study a spectral problem in nonrelativistic quantum mechanics, in particular,
functional analysis [1-3].

Suppose (X, || - ||) is a Banach space over C and Q C C is a non-empty
open set. A function f : Q — X is called analytic if for any zy € 2, there
exists a § > 0 such that f(z) = " a,(z — 2)" for every z € Bj(z), where
Bs(z) C © and a,, € X for any integer n > 0, the series converges in norm.
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Let X be a vector space, then A an operator on X signifies A : D(A) — X,
where the domain D(A) C X is a subspace, usually not closed in X. The
resolvent set p(A) of numbers A € C satisfies (i) Ran(A — A\I) = X (ii)
(A —XI) : D(A) — X is injective (75i) (A — X)7! : Ran(4 — M) — X is
bounded. The spectrum of operator A is the set o(A) = C\ p(A) and is made
up of the disjoint union of the point spectrum o,(A), A € C for which A— I is
not injective, the continuous spectrum o.(A) such that A — A is injective and
Ran(A — M) = X but (A — AI)~! is not bounded, and finally, 0,(A), A € C
for which A — AI is injective but Ran(A — \I) # X [4-6].

Let A be an operator on the Hilbert space H, then a vector ¢» € D(A) such
that A" € D(A) for any n € N is called a C* vector for A, and C*>*(A) is
the subspace of C*° vectors for A. A vector 1) € C*°(A) is an analytic vector
for A if for aome t > 0

> A" o 4 o, (1.1)

A vector ¢ € C*°(A) is a vector of uniqueness for A if A|p, is an essentially
self-adjoint operator on the Hilbert space H, = D_w, where Dy C H is the
span of A™p, for n =0,1,2,.... If ¢ is an analytic vector for A, the series

1Al

n!

n=0

converges for some z > 0. Convergence of power series results guarantee the

complex series
Z |[A"p| [ |A”¢’ "

converges absolutley for any z € C, |z| < x and uniformly on {z € C||z| < r}
for every r < x. Also the series of derivatives of any order

S ],
o n! ’

converges for any given p = 1,2,3,... [7-9].

Theorem 1.1 Let A be a symmetric operator on the Hilbert space H. If
D(A) has a set of vectors of uniqueness whose linear span is dense in H, A is
essentially self-adjoint.

Proof: It suffices to prove that the spaces Ran(A=+il) are dense, Ran(A + i) =
H. Given ¢ € H and € > 0, there is a finite linear combination of vectors of
uniqueness v; such that [|¢p — > 77", a;|| < €/2. Since ¢; € Hy and Alp,

is essentially self-adjoint on this space Ran(A +il) = H implies there exists
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m € Hy with (Aly +il)n — ¥il| < (¢/2)(52, layl)™". Setting n = Y.L, aun,
and ¢ = 32 gy, we have € D(A) and

[(A+il)n — ¢l <|[(Alp, +il)n =¥l + [l — || <e

As € > 0 is arbitrary, Ran(A + /) is dense. The similar claim concerning
Ran(A — il) is similar, so A is essentially self-adjoint since Ran(A +il) = H.
OJ

Theiorem 1.1 is used to prove Nelson’s analytic vector theorem: Let A be a
symmetric operator on the Hilbert space H. If D(A) contains a set of analytic
vectors for A whose span is dense in H, A is essentially self-adjoint.

Introduce the Schwarz space S(R) of R which is the space of smooth com-
plex functions that vanish at infinity along with any derivative, faster than any
negative power of x. This acts as the domain of the operator to be defined. Let
the complex Hilbert space L*(R,du) be given where dy is Lebesgue measure
on R. The main object of interest is to consider the problem posed by the
following operator Hy defined on the space S(R) = D(H,) and given by

Lo 1 5
Hy = %P + 5w X~ (1.2)
The operators X and P are related to the physical variables of position and
momentum and can be interpreted as position and momentum for a particle
moving in one-dimension.
A typical quantization scheme identifies P with the operator —ih0, and X
with multiplication by the coordinate x. This puts Hy in the form [3]

Hy = —— 0> + —mw?2?, (1.3)

where 2?2 is multiplication by R > z — 22 and kA, m and w are real constants.
In fact, Hy is not an observable since it is not self-adjoint. It has closure H
which is self-adjoint and can be considered the energy observable of the system.

Denote by (|) the inner product throughout, such as the L? used below, but
other Borel measures can be considered. If X is a locally compact Hausdorff
space, a Borel measure on X is a positive o-additive measure on the Borel sets
of X. If u,v € C¢ are C? functions with compact support, it follows that

(Houlv) — (u|Hov) =

2
1
h—@”(w) + —mw?o(z)] dz

| g @) + gmtu@lots) - u(@)- ") + 5

oo 2m 2

- /oo [—u"(z)v(x) + u(x)v" (x)] dx = 0.

[e.o]
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Thus, the operator Hy is symmetric as it is Hermitian and the Schwarz space
is dense in L*(R,du). As it commutes with anti-unitary complex conjugates
of L?, it admits self-adjoint extensions by Von Neumann’s criterion: Let A be
a symmetric operator on the Hilbert space H. If there exists a conjugation
C : H — H such that CA C AC, then A admits self-adjoint extensions.
One of the objectives is to show Hj is essentially self-adjoint and to obtain
the spectrum and provide an explicit expression for it in terms of the spectral
expansion of its unique self-adjoint extension Hy. The Hamiltonian can be
written in terms of of two operators which are usually called creation and
annihilation operators. These operators are studied in detail. It is shown
that the spectrum of the Hamiltonian is a discrete point spectrum, and an
application of these operators to construct coherent states is given [10-11].

2 Basic Operators and Their Properties

Introduce the following pair of operators which are defined as [4-5]

a*:\/?;;(x—m—a) a—\/’;T;_j( + o). Ne=aa @)

In the context of a physical model, these operators are called creation, an-
nihilation operators and N the number operator. respectively. It can be
assumed the operators are densely defined on the Schwarz space S(R), so
D(a) = D(a*) = D(N) = S(R), where S(R) is dense and invariant under Hy,
a and a*. A basis for the space L*(R, du) can be constructed from eigenvectors
of N and Hy by using a and a*. These will all be analytic vectors by Nelson’s
criterion: Let A be a symmetric operator on the Hilbert space H, If D(A)
contains a set of analytic vectors for A where their span is dense in H, then A
is essentially self-adjoint. Thus Hy and N are essentially self-adjoint on S(R).
By (2.1), the commutation relation

[a,a*] =1, (2.2)

holds, where each side acts on the dense, invariant space S(R). Clearly, it
holds that

. mw , 5 h h h R*
=— (" —— —20—0, +x—0, 0
T (= mw mw +xmw * (mw)? :)
and
fm/\/——h—26>2+1 2,2 Lpor (2.3)
=50 + gmwat — Shwl. :

Consequently, H, can be expressed in terms of the operator N as follows

Ho = hw (a"a + %1) — hw(N + %1). (2.4)
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Consider the equation defined on S(R) given by

Using (2.1) for a, this can be interpreted as a first order differential equation.
A solution can be obtained for it,

1 2 902 h
—= -z /20 —= _—
Yo(e) 7r1/4\/56 ’ ’ mw’ (26)
The constant in this solution enforces the constraint |[¢o|| = 1. The function

1 is a Hermite function in terms of the variable y = z/o. A sequence of
vectors can be constructed by applying the operator a* repeatedly to 1. The
the functions which result are denoted 1,

1 *\1 _
Py, = ﬁ(a) Yo, n=12.... (2.7)

Theorem 2.1:
‘M/}n = ﬁ¢n—17 a*¢n =vn+1 77071-1—17 (¢n|¢m) = 5nm (28)

Proof: With (2.5) and the commutation relation (2.2), (2.8) can be proved
by induction on n. Consider the first of these in (2.8).

! T 1 ¥\ 1 *\1
ﬁa(a) Yo = ﬁ[a, (a") Wo-irﬁ(a) ahy. =

The bracket at the end of (2.9) is

@Y = [a, (a™)"]¢bo.

(2.9)

1
Vnl

[a, (a*)"] = a(a®)" — (a*)"a — aa*(a*)" ' + a*a(a®)" — a*a(a®)" — (a*)"a.
Putting (2.10) into (2.9), we get

Ln(a*)n—lw _ ﬁ%(
Vi NN

The second identity proceeds the same way. The third follows from

W/Jn = a*)n—l ¢0 = \/ﬁwn—L (211)

(Vm|tn) = (Vm—1]a(a®) o)

1
nlm

1 *\n n syn—1
m(wm—lua’ (a ) ]WJO) = m(¢m_1|(a ) ¢0)

- \/%(%*W"—l) - m(¢o|¢n—m). (2.12)
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If m = n, the result is one and zero otherwise, since (Yg|tn_m) = (n —
m>1/2(w0|a*wn—m—l) = (n - m)il/2(aw0|¢n—m—1) =0, USing (2'5)'

O

Since the 1, up to a constant and change of variable are Hermite functions,
they form a basis of the Hilbert space. The inner product result in Theorem
2.1 implies that the set {1, },>o forms an orthonormal system in L?*(R,du)
such that, by the first two results in (2.8),

Hence from (2.4) where Hj is expressed in terms of N, the {1, } are a Hilbert
basis of eigenvectors of Hy which satisfy the eigenvalue equation

Ly (2.14)

Hot,, = hw(n + 5

Since the set {||Ho|||¢ € D(Hy), ||1o|] = 1} consists of all numbers fuw(n +
1/2), both the operator Hy and by (2.4) AN are unbounded. By Nelson’s
theorem, the symmetric operators Hy and N are both essentially self-adjoint,

since their domains contain a set {t,} of analytic vectors spanning a dense
subset in L*(R, du).

3 The Spectral Problem

The spectral decomposition of the operator Hy is determined. To obtain this,
let us construct a spectral measure on R which has support on n with n € N
such that if B(X) = B(X, X) is the subset of continuous operators,

mp=s5— Y Gu(ul),  FeBR). (3.1)

neFNN

The topology induced by the seminorms p, with p,(T) = ||T(z)||ly for T €
L(X,Y) or B(X,Y) is the strong topology on these spaces. To distinguish
strong limits from weak limits in operator spaces, it is customary to write
s, for example T' = s — lim T,,. Observables can be introduced by means of
projector-valued measures (PVM). This concept resides at the heart of the
mathematical foundation of quantum mechanics. The PMV obtained here cen
be reinterpreted as a PVM defined on N identified with the collection {#,}.
Thus for any measurable map f : R — C, it holds that

[ f@yara) = [ fow)inta) = s =% fwin+ )il 62

n>0
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The last equality follows from the definition that is, if >~ .y [f(2)[*|(z]¥)]* <
+00,
| f@dr@) =5 = 3 HG1),
N z€N

on a basis N of a separable Hilbert space H. If the function f in (3.2) is taken
to be R 3 x — z, so the following self-adjoint operator results

H= /R wdrn(r) =5 -3 hw(n + %)wnwnm. (3.3)

n>0

At this point, it can be shown that H = Hy. Thus, let (N) be the dense
subspace spanned by finite linear combinations of the ¢,,. By Nelson’s theorem,
Hyl(ny is still essentially self-adjoint, so

Ho = Hol(ny. (3.4)

It may be concluded that H, and Hy|ny have the same unique self-adjoint
extension, their closure. However, H is certainly a self-adjoint extension of
Hp|(ny because (3.3) implies that

H = (n 4 3)wibo = Hoth, (3.5)

for any n, so H|(vy = Ho|(ny. This means H must be the unique self-adjoint
extension of H0\< ~y, hence of Hy, which means that H = H,.

By the spectral theorem, decomposition of unbounded self-adjoint opera-
tors, if T is a self-adjoint, possibly unbounded, operator on the Hilbert space
H, there exists a unique projector-valued measure such that 7' = [ )\dﬂ'(T)()\).
Thus, the spectral measure associated to Hy is B(R) > F — 7wp, and there
exists the spectral decomposition of H, given by

Ho=s— 3 holn+ ) bultl) (36)

n>0

Moreover, the spectrum o(Hy) is obtained as
— — 1

The spectrum of Hy is therefore a point spectrum and the eigenspaces are
all finite-dimensional, even though the operator is not compact, as it is un-
bounded, although the first and second inverse powers of Hy are compact.

Theorem 3.1. The operators a and a* are closable and have the spectral
properties 0,(a) = C, o(a) = C and o.(a) = o,.(a) = 0.
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Proof: The operators are closable because they admit closed extensions,
as each is defined on a dense set and a C (A*)*, a* C a*. The Hilbert basis {¢'}
which was obtained in (2.7) can be used to construct explicitly an eigenvector
1 of @ which satisifes the eigenvalue equation

ay = ), (3.8)

for every A € C. To carry this out, define the expansion over {1, } to be

n=0

Apply the operator a to both sides of (3.9) and substitute (2.8) so eigenvalue
equation (3.8) becomes

> Vnbybur =AD" byt
n=1 n=0
The sum can be reindexed and we obtain

> VAt Tbuatn =AY buthn. (3.10)
n=0 n=0

The following recursion relation for the b, can be extracted from (3.10)

oo
Tl

The recursion in (3.11) can be solved by iteration

by, (3.11)

A 2 A"
A N A N A
\/ﬁ TL(TL—]_) \/n!

For real constant by # 0, solution (3.9) takes the form,

bo. (3.12)

=h3 ﬁw (3.13)

To verify that this satisfies the eigenvalue problem substitute (3.13) into (3.8)
— A" — A"

a = by ; ﬁ\/ﬁwn_l = 60; ﬁ% = \1). (3.14)

The series converges to a non-zero element of H which resides in D(a) for
by # 0 and satisfies the eigenvalue equation. The fact that aiyy = 0 has been
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used, and 0 € o,(a) as well. Thus the resolvent set is empty. The conclusion
is then: o.(a) = o,(a) = 0 and so o(a) = C. O

Theorem 3.2. With respect to the operators a, a*, let {1, } be the Hilbert
basis constructed in (2.7). Then the following system of equalities holds: a* =

o koo

a* = a* = a™*. In particular, the identities are true when a symmetric.
Morever,

d(z bndjn) :Z Vn—f—]-bn—l—lqvbnv a*(z bnd)n) :Z \/ﬁbn-&-lwn'
n=0 n=0 n=0 n=1

(3.15)
The domains of the two operators a and a* are given by
D(@) = {v € H| Y (n+ )|(%]n11)| < +o0},
n=0
D(a’) = {¢ € H| Y _ n|(¢|¢n-1)]* < +oo}. (3.16)

n=1
and D(a) = D(a*).

Proof: These results follow from the definition of adjoint and the following
theorem: If (H,(,)) is a Hilbert space, ¢ an operator on H, then if D(c) and
D(c*) are dense, it follows that ¢* = ¢* = ¢* = ¢***. If D(c) and D(c*) are
dense, the operators ¢*, ¢, ¢™* exist and in particular, D(c) C D(c™) is
dense. Since ¢* is closed, ¢* = ¢*. Take ¢ to be operator a in these statements.
Since it has been shown that a dense basis for H exists, for any ¢ € H, write

the expansion ¢ =Y " ¢, ¥, respect to basis {1} from (2.7). It follows that

ELZ Cplhy = Z Co /Ty 1 = Z vVn+1c, 1y, (3.17)
n=0 n=1 n=0

This series converges if and only if the sum > 0° (n + 1)|(¢n|tny1) > < +o0,
which characterizes D(a). Using the definition of adjoint, with n = (a*)*

(nlyp) = ((a")" Plep) = (Pla™v). (3.18)

the operator a* can be identified
At =Y ey i (3.19)
n=1

Moreover, this converges provided that >~ n|(¢[¢,_1)]* < +oo. The re-
lation D(a) = D(a*) is also evident if one simply rearranges the expansions
D(a) and D(a*) for ¢ € H.
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U
Corollary 3.1. For the operator N defined in terms of a and a* by (2.1),
it holds that
N =a"a = a*a, (3.20)

is the unique self-adjoint extension of the symmetric operator N defined on
the space of vectors {1, } which satisfy the eigenvalue problem N, = ni,
for n € N.

Proof: The operator a*a is the same as (2.1) on S(R) and extends to all
of the Hilbert space in the same way as in the proof of theorem 2. Moreover,
a* = a*, so it is the case that a*a = a*a.

O

4 Relationship of the Basic Operators to Co-
herent States

Applications of harmonic oscillators deal with the concept of coherent states.
Coherent states are over-complete and non-orthogonal system of Hilbert space
vectors. Thus at least one vector exists in the set which may be removed,
leaving the system to remain complete.

An important subset of such wave functions was considered, related to the
regular cell partition of the phase plane of a one-dimensional dynamical system
and was given by von Neumann [8-9]. States which are eigenfunctions of the
annihilation operator have been determined in (3.13).

Suppose an initial wavefunction of the form (3.13) called (x,0) here is
considered. The wave function at time ¢ is obtained by using the time-evolution
operator on ¥ (zx,0)

0 n ) ) > )\efiwt)n
z,t) = b n€—z(n+1/2)wt —b e—zwt/Q ( . 4.1
W(z,) o; =Y 0 ;—m Yoo (41)

Up to the inessential phase factor, v (z,t) and 1 (z,0) have the same func-
tional form. This leads to the statement that ¢(x,t) is an eigenfunction of the
annihilation operator with eigenvalue e~

Let us now use (2.1) for the annihilation operator in terms of the position
and momentum operators. Set p = \/hA/2mw, then

1 0
= — —. 4.2
R (4.2)
The eigenvalue equation for such an operator has been studied at ¢ = 0, and
so at t,

@ (e,1) = (. t). (4.3)
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The complex eigenvalue 7 is Ae™ ™! and writing A\ = pe’?, where p is real ,
v becomes pe® where ¥ = k — wt. Given (4.2), (4.3) can be written in a

separated form,

L i
Y(x,t) =Cexp(——+ —2x). 4.4
(@.) (- 4+ Lo) (4.4
The square of the modulus of ¥ (z,t) is given by
[W(z, )] = |CPe™?, (4.5)

where () is upon completing the square

=52 (z — 2up cos¥)? — 2p* cos® V. (4.6)

This produces the result for (4.5),
|1/J($C,t)|2 _ ’C|2 . 621)2 coszﬁef(xfwo)Q/Qﬂzj To = 2up cos 9. (47)

As usual, the constant C' which appears here can be evaluated by means of
the normalization condition. The eigenfunction ¥ (x,t) is usually called a co-
herent state. The annihilation operator does not correspond to any physical
observable, is not self-adjoint, hence its eigenvalues are in general complex.
The eigenfunctions of the creation operator does not have L? eigenfunctions
because solutions of the eigenvalue equation increase exponentially for large x,
unlike this previous case. Coherent states are minimum-uncertainty states.

5 Conclusions

A variety of concepts from modern functional analysis have been introduced
and applied to analyze a particular problem in quantum mechanics. A particu-
lar example appeared in the previous section, and further investigations of this
type related to other systems can also be carried out along similar lines. The
process demonstrates the influence and concurrent development of these two
areas on each other. This is a process which often takes place in mathematical
physics.
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