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ABSTRACT. This paper begins the study of infinite-dimensional modules de-
fined on bicomplex numbers. It generalizes a number of results obtained
with finite-dimensional bicomplex modules. The central concept introduced
is the one of a bicomplex Hilbert space. Properties of such spaces are ob-
tained through properties of several of their subsets which have the structure
of genuine Hilbert spaces. In particular, we derive the Riesz representation
theorem for bicomplex continuous linear functionals and a general version of
the bicomplex Schwarz inequality. Applications to concepts relevant to quan-
tum mechanics, specifically the bicomplex analogue of the quantum harmonic
oscillator, are pointed out.

1. INTRODUCTION

The mathematical structure of quantum mechanics consists in Hilbert spaces
defined over the field of complex numbers [11]. This structure has been extremely
successful in explaining vast amounts of experimental data pertaining largely, but
not exclusively, to the world of molecular, atomic and subatomic phenomena.

Bicomplex numbers [2], just like quaternions, are a generalization of complex
numbers by means of entities specified by four real numbers. These two num-
ber systems, however, are different in two important ways: quaternions, which
form a division algebra, are noncommutative, whereas bicomplex numbers are
commutative but do not form a division algebra.

Division algebras do not have zero divisors, that is, nonzero elements whose
product is zero. Many believe that any attempt to generalize quantum mechanics
to number systems other than complex numbers should retain the division algebra
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property. Indeed considerable work has been done over the years on quaternionic
quantum mechanics [1]. However, in the past few years it was pointed out that
several features of quantum mechanics can be generalized to bicomplex num-
bers. A generalization of Schrodinger’s equation for a particle in one dimension
was proposed [!1] and self-adjoint operators were defined on finite-dimensional
bicomplex Hilbert spaces [5, 12].

In this spirit, eigenvalues and eigenkets or eigenfunctions of the bicomplex
analogue of the quantum harmonic oscillator Hamiltonian were obtained in full
generality [0] over an infinite-dimensional bicomplex module M. The harmonic
oscillator is one of the simplest and, at the same time, one of the most important
systems of quantum mechanics, involving as it is an infinite-dimensional vector
space. However, the module M defined in [6] does not have a property of com-
pleteness. Indeed it is made up of finite linear combinations of eigenkets or, in the
coordinate basis, of hyperbolic Hermite polynomials. Hence Cauchy sequences of
elements of M do not in general converge to an element of M.

In this paper we introduce the mathematical tools necessary to investigate the
bicomplex analogue of quantum-mechanical state spaces. This we do by defining
the concept of infinite-dimensional bicomplex Hilbert space, closely related to
its complex version and already introduced in [5, 12] for finite dimensions. In
Section 2, we summarize known algebraic properties of bicomplex numbers and
recall the concepts of bicomplex modules and scalar products. Section 3 contains
the main results of this paper. Bicomplex Hilbert spaces are introduced and sub-
sets are identified that have the structure of standard complex Hilbert spaces.
We derive a general version of the bicomplex Schwarz inequality and a version
of Riesz’s representation theorem for bicomplex continuous linear functionals.
For an arbitrary bicomplex Hilbert space M, the dual space M* of continuous
linear functionals on M can then be identified with M through the bicomplex
scalar product (-, ). These are the tools necessary to better justify the concept of
self-adjoint operators acting in an infinite-dimensional bicomplex Hilbert space
introduced in [0]. Bicomplex Hilbert spaces with countable bases are discussed
and results proved on important Hilbert subspaces. Section 4 examines the ex-
ample of the quantum harmonic oscillator. In the standard case the Hamiltonian
eigenfunctions generate the state space V = L?(R). We construct an infinite-
dimensional bicomplex module M = (e;V') @ (e2V), which has the property of
completeness and has the eigenfunctions of the bicomplex harmonic oscillator
Hamiltonian as a basis.

2. PRELIMINARIES

This section first summarizes a number of known results on the algebra of
bicomplex numbers, which will be needed in this paper. Much more details as
well as proofs can be found in [2, 10, 11, 12]. Basic definitions related to bicomplex
modules and scalar products are also formulated as in [0, 12], but here we make
no restrictions to finite dimensions.

2.1. Bicomplex Numbers.
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2.1.1. Definition. The set T of bicomplex numbers is defined as
T := {U} =21+ ZQiZ | 21,29 € (C(ll)}, (21)

where i; and iy are independent imaginary units such that i = —1 = i3. The
product of i; and iy defines a hyperbolic unit j such that j2 = 1. The product of
all units is commutative and satisfies

iz =, i) = —la, ipj = —i1.

With the addition and multiplication of two bicomplex numbers defined in the
obvious way, the set T makes up a commutative ring.
Three important subsets of T can be specified as

C(ix) :=={z + yix | =,y € R}, k=1,2;
D:={z+yj|zyeR}

Each of the sets C(ix) is isomorphic to the field of complex numbers, while D is
the set of so-called hyperbolic numbers.

2.1.2. Conjugation and Moduli. Three kinds of conjugation can be defined on
bicomplex numbers. With w specified as in (2.1) and the bar (7) denoting complex
conjugation in C(iy), we define

le = 21 + Zgiz, sz =Z1 — ZQiz, U)TS = 21 — 22i2.
It is easy to check that each conjugation has the following properties:
(8 +t)Tk — STk +tTk7 (sTk)Tk = s, (3 . t)Tk — STk . tTk'

Here s,t € T and £k = 1,2, 3.
With each kind of conjugation, one can define a specific bicomplex modulus as

jwl

]w\Z =w - le = (’21’2 — ‘22|2) -+ 2Re(2122)i2 € (C(lz),
|w|2 =w - ’LUT3 = (|Zl|2 + |22|2) — QIm(zlég)j € D.

=w-w? =22+ 22 € C(iy),

It can be shown that |s - t|7 = |s|3 - [t|?, where k = iy, i3 or j.
In this paper we will often use the Euclidean R* norm defined as

] == V/]z1* + 2> = /Re(|wf) -

Clearly, this norm maps T into R. We have |w| > 0, and |w| = 0 if and only if
w = 0. Moreover [10], for all s,t € T,

s+t <|s|+[t], |s-t] <V2]s|-[t].
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2.1.3. Idempotent Basis. Bicomplex algebra is considerably simplified by the in-
troduction of two bicomplex numbers e; and es defined as

14j 1—j
= —, €y 1m—m ——.
2 2
In fact e; and e, are hyperbolic numbers. They make up the so-called idempotent
basis of the bicomplex numbers. One easily checks that (k = 1,2)

2 2 _ T3 _ _
e]=e;, e;=ey e t+e=1 e’ =e ee;=0. (2.2)

e :

Any bicomplex number w can be written uniquely as
w = 21 + 2l = e + 2ea, (2.3)

where
2=z — 2l and 2z = 2 + 2l
both belong to C(iy). Note that

lw| = |27 + |22 (2.4)

1
V2
The caret notation (/1\ and 5) will be used systematically in connection with idem-
potent decompositions, with the purpose of easily distinguishing different types
of indices. As a consequence of (2.2) and (2.3), one can check that if ¢/z5 is an
nth root of 23 and /25 is an nth root of 23, then p/z7 e + /25 €2 is an nth root
of w.

The uniqueness of the idempotent decomposition allows the introduction of
two projection operators as

P weTr— 2 eCiy),
Py:we T z e Ciy).
The Py, (k = 1,2) satisfy
[P.)? =P,  Piei+ Pe;=1d,
and, for s,t € T,
Pu(s+t) = Pi(s) + Py(t), Py(s-t) = Py(s) - Pe(t).

The product of two bicomplex numbers w and w’ can be written in the idem-
potent basis as

/ !/ / / /
w-w' = (27€1 + z€2) - (271 + z5€2) = 273241 + 2375€s.

Since 1 is uniquely decomposed as e; + ez, we can see that w-w’ = 1 if and only
if 224 = 1 = 2325, Thus w has an inverse if and only if 27 # 0 # 23, and the
inverse w™" is then equal to (z7) 'e1 + (z3) 'e2. A nonzero w that does not have
an inverse has the property that either 2; = 0 or 23 = 0, and such a w is a divisor
of zero. Zero divisors make up the so-called null cone NC. That terminology
comes from the fact that when w is written as in (2.1), zero divisors are such that

2 4 .2
27 + 25 =0.
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Any hyperbolic number can be written in the idempotent basis as z7e; + z3eq,
with z7 and x5 in R. We define the set D" of positive hyperbolic numbers as

D" = {a7e1 + a5e2 | w7, 75 > O}

Since w's = ze; + Zes, it is clear that w - w's € DT for any w in T.

2.2. T-Modules. The set of bicomplex numbers is a commutative ring. Just
like vector spaces are defined over fields, modules are defined over rings [3]. A
module M defined over the ring T of bicomplex numbers is called a T-module |5,

).

Definition 2.1. Let M be a T-module. For k = 1,2, we define V, as the set
of all elements of the form ey|y)), with [¢)) € M. Succinctly, V} := e; M and
‘/2 = ezM.

For k = 1,2, addition and multiplication by a C(i;) scalar are closed in V.
Therefore, Vj is a vector space over C(iy). Any element |vy) € Vj satisfies |vg) =
ex|vk).

For arbitrary T-modules, vector spaces V; and V5 bear no structural similarities.
For more specific modules, however, they may share structure. It was shown in [7]
that if M is a finite-dimensional free T-module, then V; and V5 have the same
dimension. Other similar instances will be examined in Section 3.

Proposition 2.2. Let M be a T-module and let |1)) € M. There exist unique
vectors |v1) € Vi and |v2) € Vo such that ) = |v1) + |vg).

Proof. Let ) € M. We can always write

[¥) = exl) + ea|th) = |v1) + |va),

where |vg) = ex|y) € Vi, for kK = 1,2. Suppose that |[¢)) = |v]) + |v}), with
|v}.) € V. Then

V1) + [vz) = [v}) + [v5).
Multiplying both sides with e, and making use of (2.2), we obtain
|ve) = exluk) = ex|vg) = [vg)

for k=1,2. O

Henceforth we will write |¢)x = ex|t), keeping in mind that ex|v)x = [Y)xk.
Proposition 2.2 immediately leads to the following result.

Theorem 2.3. The T-module M can be viewed as a vector space M' over C(iy),
and M' =V, © Vs.

From a set-theoretical point of view, M and M’ are identical. In this sense we
can say, perhaps improperly, that the module M can be decomposed into the
direct sum of two vector spaces over C(iy), i.e. M =V & V5.
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2.3. Bicomplex Scalar Product. The norm of a vector is an important concept
in vector space theory. We will now generalize it to T-modules, making use of
the association established in Theorem 2.3.

Definition 2.4. Let M be a T-module and let M’ be the associated vector space.
We say that || - || : M — R is a T-norm on M if the following holds:

1. ]| -] : M — R is a norm;
2. Jw- 1Y) < V2|w|-||[¥)], Yw € T, V|y) € M.

A T-module with a T-norm is called a normed T-module.

In vector space theory, a norm can be induced by a scalar product. Having
in mind the use of such norms, we recall the definition of a bicomplex scalar
product introduced in [12] (the physicists’ ordering convention being used).

Definition 2.5. Let M be a T-module. Suppose that with each pair [¢)) and |¢)
in M, taken in this order, we associate a bicomplex number (|1), |¢)). We say
that the association defines a bicomplex scalar (or inner) product if it satisfies
the following conditions:

([0} [0) +1x)) = (1), |9)) + (1), 1)), VI¥), [9), [x) € M;
(|¢>7O‘|¢>) = 04(|¢>7 |¢>)7 Va €T, v|77D>7 |¢> € M;

(|¢>7 |¢>) = (|¢>7 |77Z)>)T3v \V/|77/J>, |¢> € M;

([0),[¥) =0 & [¢) =0,V[¢) € M.

Property 3 implies that (|¢),|¢)) € D. Definition 2.5 is intended to be very
general. In this paper we shall be more restrictive, by requiring the bicomplex
scalar product (-,+) to be hyperbolic positive, that is,

(I), ) € DY, Y[y) € M.

From Definition 2.5 it is easy to see that the following projection of a bicomplex
scalar product:

1.
2.
3.
4.

()3 =PFu((-,-) M x M — C(iy)
is a standard scalar product on Vj, for k =1, 2.

Theorem 2.6. Let |¢),|¢) € M, then
(1), 1)) = ex([¥)1, [9)1)1 + e2(¥)z2. |9)2)s (2.5)

Proof. Since |¢)) = [¢)1 + [¢)2 and |§) = [¢)1 + |$)2, we have

([1),19)) = ([)1 + [¥)2, (@)1 + |D)2)
= e1 ([¥)1,[0)1) + ez (|[¢)2, |0)2)
= ey {e1Pi(([V)1,[9)1)) + e2Pa(([1)1,[9)1)) }
+ex{erP1(([¢)2,|9)2)) + e2P2(([¥) 2, [9)2)) }
= e1Pi(([¢)1,[0)1)) + e2Pa(([¥h)2, [#)2))
=e1 ([¥)1,]0)1)7 + ez ([¥)2,[9)2)5 -
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We point out that a bicomplex scalar product is completely characterized by
the two standard scalar products (-,-); on Vj. In fact, if (-,-); is an arbitrary
scalar product on Vj, for & = 1,2, then (-,-) defined as in (2.5) is a bicomplex
scalar product on M.

3. BicoMPLEX HILBERT SPACES

3.1. General Results. In this section we define the notion of a bicomplex
Hilbert space and prove the analog of the Riesz representation theorem.

Definition 3.1. Let M be a T-module and let (-, -) be a bicomplex scalar prod-
uct defined on M. The space {M,(-,-)} is called a T-inner product space, or

bicomplex pre-Hilbert space. When no confusion arises, {M, (-, -)} will simply be
denoted by M.

Theorem 3.2. Let M be a bicomplex pre-Hilbert space. Then (Vi,(-,-);) is a
complez (in C(i1)) pre-Hilbert space for k =1, 2.

Proof. Since (-, -); is a standard scalar product when M’ is restricted to the vector
space Vi, then (V4, (+,-);) is a complex (in C(iy)) pre-Hilbert space. O

If V; and V5 are complete, then M’ = Vi ® V5 is a direct sum of two Hilbert spaces.
It is easy to see that M’ is also a Hilbert space, when the following natural scalar
product is defined over the direct sum [1]:

(1)1 @ [)2,[9)1 @ [9)2) = ([)1, [d)1)5 + ([¥)2,|)2)s

From this scalar product, we can define a norm on the vector space M':

1
19311 = /16 6h2)s + ()2, 6)2)3

_ 1 2 2
= 5\ lionf; + liehaly. G)
Here we wrote

100, =/ (1Dhcs [9))g (3.2)

where | - |, is the natural scalar-product-induced norm on V;. The 1/4/2 factor in
(3.1) is introduced so as to relate in a simple manner the norm with the bicomplex
scalar product. Indeed we have

9] = 55 /(100100 + (2. 0)2)s = |V/T20.16))

which is easily seen through (2.5), (2.4) and the remark on roots made after that
last equation.

It is easy to check that || - || is a T-norm on M and that the T-module M is
complete with respect to the following metric on M:

d(l9), 1)) = [|le) = [¥)]].

Thus M is a complete T-module.
Let us summarize what we found by means of a definition and a theorem.

Y
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Definition 3.3. A bicomplex Hilbert space is a T-inner product space M which
is complete with respect to the induced T-norm (3.1).

Theorem 3.4. Let {M, (-,-)} be a bicomplex pre-Hilbert space, and let the induced
space Vi, be complete with respect to the inner product (-,-); for k = 1,2. Then
{M, (-,-)} is a bicomplex Hilbert space.

The converse of this theorem is also true, as shown by the following two results.

Theorem 3.5. Let M be a bicomplex Hilbert space. The normed vector space
(Vi || - 1)) is closed in M for k =1,2.

Proof. Let {|¢n)} € Vi be a sequence converging to a ket [¢p) € M. Using
Property 2 of Definition 2.4, with w = ey, we see that |[¢,)x — [¥)x when
n — oo. Thus |[¢)x = |¢) and the sequence {|¢,)} converges in Vj. Hence
(Vs || - 1]) is closed in M. O

Corollary 3.6. Let M be a bicomplex Hilbert space. Then (V, (-, -)z) is a complex
(in C(i1)) Hilbert space for k =1,2.

Proof. By Theorem 3.2, (Vj, (+,-)z) is a normed space over C(iy). Using the T-
norm introduced in (3.1) and Theorem 3.5, it is easy to see that (Vj,| - |x) is
complete since

Hence Vj, is a complex (in C(iy)) Hilbert space. O]

As a direct application of this result, we obtain the following bicomplex Riesz
representation theorem.

Theorem 3.7 (Riesz). Let {M,(-,-)} be a bicomplex Hilbert space and let f :
M — T be a continuous linear functional on M. Then there is a unique |¢)) € M

such that Vo) € M, f(|¢)) = (|¥), |9)).

Proof. From the functional f on M we can define a functional P(f) on V (k =
1,2) as

Pr(f)([ohe) = Bu(f(|9)x)).

It is clear that Py(f) is linear and continuous if f is.
We now apply Riesz’s theorem [9] to P(f) and find a unique |¢;) € V} such
that V|¢)x € Vi,

Pr(N)(19)) = (o), |90 -
'Let]’\u/‘i[ng |1) := |¢1) + |12) and making use of Theorem 2.6, we get for every |¢)
(1), 19)) = e1([vr), [9)1)1 + e2([1h2), [#)2)5
= e1Pi(f)([6)1) + e2Pa(f)(|0)2)
=e1P1(f(|0)1)) + e2Pa(f(|9)2))-
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On the other hand,
f(19)) = e Pi(f(l9)) + e2Pa(f(|9)))
=e1Pi(f(e1]g)1 + e2|d)2)) + exPa(f(er]p)1 + ez|d)2))
=e1Pi(erf(|0)1) + e2f(|9)2)) + e2Pa(e1f(|9)1) + €2 (|9)2))
=e1 P (f(|¢)1)) +e2Pa(f(|9)2))-

Hence f(|¢)) = (|9}, 9)). If [¢) works also, then (|¢),[¢)) = ('), [)) for any
|¢) in M, and therefore (|¢)) —|¢'),|¢)) = 0. Letting |¢) = |¢) — [¢'), we conclude

that [¢0) — [¢') = 0, that is, [¢) is unique. O

Theorem 3.7 means that for an arbitrary bicomplex Hilbert space M, the dual
space M* of continuous linear functionals on M can be identified with M through
the bicomplex inner product (-,-).

We close this section by proving a general version of Schwarz’s inequality in a
bicomplex Hilbert space.

Theorem 3.8 (Bicomplex Schwarz inequality). Let |¢), |¢) € M. Then
(e, 1Dl < V2[[[)] [l

Proof. From the complex (in C(i1)) Schwarz inequality we have

[ [0zl < |1k - 110Nl VIehie D) € Vi
Therefore, if 1)), |¢) € M, we obtain from (2.4) and (3.2)

(9. 6)] = lea (), [8)2)z + ea(|¥)z: [6)2)s]
= <\l + ()2, 05l

< S\ Il0f; - [19hf; + [190al: - [0l

< V2[[[0)] [llo)])-
0

This result is a direct generalization of the bicomplex Schwarz inequality obtained
in [12] and proved here for an arbitrary bicomplex Hilbert space M without any
extra condition on the bicomplex scalar product.

3.2. Countable T-Modules. In this section we investigate more specific T-
modules, namely those that have a countable basis. Such modules have another
important Hilbert subspace.

3.2.1. Schauder T-Basis.

Definition 3.9. Let M be a normed T-module. We say that M has a Schauder
T-basis if there exists a countable set {|my)...|m;) ...} of elements of M such
that every element |¢)) € M admits a unique decomposition as the sum of a
convergent series [¢) = > "%, wi|my), w; € T.
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If {|m;)} is a Schauder T-basis in M, it follows that >, w;|m;) = 0 if and
only if w; = 0, VI € N. Moreover, if a normed T-module M has a Schauder
T-basis, then the vector space M’ is automatically a normed vector space with
the following classical Schauder basis:

{Im1)1, mi)a ... |my)1, |mi)a. .. }.

The normed space M’ with a Schauder basis is necessarily of infinite dimension
since it contains subspaces of an arbitrary finite dimension. For more details on
Schauder bases see [7].

A normed T-module with a Schauder T-basis is called a countable T-module.
For the rest of this section we will only consider bicomplex Hilbert spaces con-
structed from countable T-modules. We now show that in this context, it is
always possible to construct an orthonormal Schauder T-basis in M.

Theorem 3.10 (Orthonormalization). Let M be a bicomplex Hilbert space and
let {|s))} be an arbitrary Schauder T-basis of M. Then {|s;)} can always be
orthonormalized.

Proof. Using Theorem 2.3 and Corollary 3.6, we can write M = V; & V5, where
V1 and V; are the associated Hilbert spaces. Hence {|s;)x} is a Schauder basis of
Vi (k =1,2). Let {|s))x} be the orthonormal basis constructed from {|s;)x} in
Vi [7, p- 59]. For all [ € N we have that
(Isp)1 + |sp)2, [sp)1 + |s1)2) = 91\|S§>1ﬁ + ez||32>2\3 =1
and
(Is1 + Ist)2: [sp)1 + [s))2) =0

if | # p. From this we conclude that the set {|s})1+]s])2} is an orthonormal basis
in M. 0

It is interesting to note that the normalizability of kets requires that the scalar
product belongs to D*. To see this, let us write (|m4), |m;)) = ae; + ases with
a7, a3 € R, and let

[m) = (z7€1 + z3€2)|ma),
with 27, 25 € C(i1) and 27 # 0 # z5. We get
(Im4), Im1)) = (lz1l*ex + [ z5]"e2) (Jma), 1))
= (|1/%e1 + |25["e2) (aze1 + azes)
= cj09€1 + C3a3€2,
with ¢; = |#;|* € RT. The normalization condition of |m/) becomes
cgaqe1 + czazes = 1,

or cga; = 1 = czag. This is possible only if a; > 0 and a; > 0. In other words,
(|m1), [m1)) € DT,
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3.2.2. Projection in a Specific Vector Space. Let {|my)...|m;) ...} be a Schauder
T-basis associated with the bicomplex Hilbert space {M,(-,-)}. That is, any
element |¢) of M can be written as

) = wilmy), (3.3)

with w; € T. As was shown in [12] for the finite-dimensional case, an important
subset V' of M is the set of all kets for which all w; in (3.3) belong to C(iy). It is
obvious that V' is a non-empty normed vector space over complex numbers with
Schauder basis {|m1) ... |my)...}. Let us write w; = e1 23 + €223, so that

o0 o) [e.e]
) = sz|ml> = Zelzzﬂml) + Zezzl§|m1>.
=1 =1 =1

From Theorem 3.5 we know that the two series on the right-hand side separately
converge to elements of V; and V5. However, it is not obvious that »°;°; zz|my)
(k = 1,2) converges since ey is not invertible. To prove this result, we need the
following theorem.

Theorem 3.11. Let {|¢,)} be an orthonormal sequence in the bicomplex Hilbert
space M and let {a,} be a sequence of bicomplex numbers. Then the series
>0 L anlthy) converges in M if and only if > o0 |ay|* converges in R.

Proof. The series > >~ | ay|1),) converges if and only if for k = 1,2, the series

Zek&nlwn> = Z Pk(&n)’¢n>k
n=1 n=1

converges. However, in the Hilbert space Vi, it is well-known [7, p. 59] that
>0 Pean)|tn)x converges if and only if Y7 | |Py(ay,)|* converges in R. Since
| Pr(n)* + [Pa(ew)]?

2 Y
we find that the series > 7, a,|t,) converges in M if and only if > 7 |a,|?
converges in R. Il

’O‘n|2 =

From Theorem 3.11 we see that if {|my) ... |m,) ...} is an orthonormal Schauder
T-basis and

o

> (e1z + e22)|mi)
=1

converges in M, then the series

o
Z le127 + 225/
=1



86 R. GERVAIS LAVOIE, L. MARCHILDON, D. ROCHON

converges in R. In particular, Y/ |zz|* also converges. Hence » %, zz|my)
converges and this allows to define projectors P, and P, from M to V as

o0

Pe(l)) = zglmi), k=12

I=1
Therefore, any [1)) € M can be decomposed uniquely as
) = e PA(|v) + e2 Pa([)). (3.4)

As in the finite-dimensional case [12], one can easily show that ket projectors and
idempotent-basis projectors (denoted with the same symbol) satisfy the following,
for k=1,2:

Bi(s[¢) +tl¢)) = Puls) Bu([¢)) + Pr(t) Pi([9))-
It will be useful to rewrite (3.4) as

V) = e1|Y)g + ezv)s = |[P)1 + [1)2,

where )z = Pi(|¢)). Note that the scalar product in Theorem 2.6 can be
reinterpreted as

(1), 19)) = er([¥)1, [#)7)7 + ea(|)s, |9)3)s-

The T-norm defined in (3.1) can be written as

1 2 2
o)l = v/ llegely + liensl. (3.5

where

1608l = (19)%: [6)2)z = (e, [O1)z = [l (3.6)

Just to avoid confusion, we recall that a bold index k on a ket (like in |¢)y)
means that the ket belongs to Vi. Kets |¢)7 and [¢)5, on the other hand, belong
to V. Indices T and 2 on a bicomplex number denote idempotent projection. The
double bar denotes the T-norm in M while the single bar denotes standard norms
inV,orV.

In Corollary 3.6 we showed that (V4, (-, -);) is a Hilbert space for k = 1,2. The
same is true with V.

Theorem 3.12. Let M be a bicomplex Hilbert space with orthonormal Schauder
T-basis {|my)}. Then (V. (-,-);) is a complex (in C(iy)) Hilbert space for k =1,2.

Proof. 1t is easy to see that (V,(-,-);) is a normed space over C(iy) for k = 1,2.
Without lost of generality, let us consider the case k = 1. Let {|¢,)} € V be a
Cauchy sequence with respect to norm | - |; specified in (3.6). We can see that
{|tn)1} is also a Cauchy sequence. By Corollary 3.6, {|i,)1} converges to a ket
)1 = e1 > o, wilmy) € Vi with respect to the norm | - |1, where > 7 wi|my) €
M. However,

o0 o o
er Y wilmy) =Y eywimy) =Y e Pi(w)|m).
=1 =1 =1
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Hence, from the discussion after Theorem 3.11, we have that

()1 = e1 Y Pi(wn)my),

where > 2, Py(wy)|my) € V. Thus |¢,)1 = e1|thn) — e1 > o; Pi(w;)|my) when-
ever n — co. Hence by (3.6) we get

[n) = > Pr(wy)my) € V
=1

whenever n — oo. O

Theorem 3.13. Let M be a bicomplex Hilbert space with {|my)} an orthonormal
Schauder T-basis of M. If the norms |- |1 and |- |2 are equivalent on V', then the
normed vector space (V.|| -||) is closed in M.

Proof. Let {|1,)} € V be a converging sequence to a ket |¢)) € M. Thus,

|thn) = Z Znilmu) = e1|Yn); + ealtn)s

=1
and

) = wilmy) = e1|v); + eav)s
=1

where z, € C(i;) and w; € T, Vn,l € N. Since {|¢,)} € V, we have that
V)3 = |tn)s, Vn € N. Using (3.5) for the T-norm, we find that

|[¥n)z = [¥)z], = 0

whenever n — oo, for k = 1,2 . Hence,
)1 = )z

since the norms | - |; and | - |5 are equivalent on V. O

Since all norms on finite-dimensional vector spaces are equivalent, the normed
vector space (V.|| -]|) is always closed in M whenever M is finite-dimensional. In
the infinite-dimensional case, it is possible to find a simple condition to obtain
the closure.

Definition 3.14. Let {|m;)} be an orthonormal Schauder T-basis of M and let
V' be the associated vector space. We say that a scalar product is C(iy)-closed
under V' if, V|, |¢) € V., we have (), ]6)) € Cli).

We note that the property of being C(iy)-closed is basis-dependent. That is, a
scalar product may be C(iy)-closed under V' defined through a basis {|m,)}, but
not under V"’ defined through a basis {|s;)}.

Corollary 3.15. Let M be a bicomplex Hilbert space M with {|m;)} an orthonor-
mal Schauder T-basis of M. If the scalar product is C(i1)-closed under V' then
the inner space (V|| - ||) is closed in M.
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Proof. Equation (2.5) is true whether the bicomplex scalar product is C(iy)-closed
under V' or not. When it is C(iy)-closed, we have for k = 1,2

(1), [0))g = Be((l9), [0))) = (1), @), V), ¢) € V.
Hence, |-|; = |-|2 and by Theorem 3.13 the inner space (V, ||-||) is closed in M. O

4. THE HARMONIC OSCILLATOR

Complex Hilbert spaces are fundamental tools of quantum mechanics. We
should therefore expect that bicomplex Hilbert spaces should be relevant to any
attempted generalization of quantum mechanics to bicomplex numbers. Steps
towards such a generalization were made in [6, 11, 12]. In [0], in particular, the
problem of the bicomplex quantum harmonic oscillator was investigated in detail.

To summarize the main results obtained, let us first recall the function space
introduced in [0]. Let n be a nonnegative integer and let o be a positive real
number. Consider the following function of a real variable x:

fra(z) == z"exp {—az®}.

Let S be the set of all finite linear combinations of functions f,, (), with complex
coefficients. Furthermore, let a bicomplex function u(x) be defined as

u(z) = eruz(z) + equs(z), (4.1)

where u; and uz are both in S. The set of all functions u(x) is a T-module,
denoted by Mg.

Let u(z) and v(x) both belong to Mg. We define a mapping (u, v) of this pair
of functions into D as follows:

(u,v) := / u' (x)v(x)ds = / le1u7(z)vi(x) + exuz(z)vs(z)] dz.  (4.2)
It is not hard to see that (4.2) is always finite and satisfies all the properties of a
bicomplex scalar product.
Let £ = e1&5 + €265 be in DT and let us define two operators X and P that act
on elements of Mg as follows:
du(x)
dx

XA{u(x)} = zu(z), P{u(z)} == —i1hE
It is not difficult to show that
(X, P] =1i1h&1.

Note that the action of X and P on elements of Mg always yields elements of
Msg. That is, X and P are defined on all of Mg.

Let m and w be two positive real numbers. We define the bicomplex harmonic
oscillator Hamiltonian as follows:

H = LP2 + 1mchX2.
2m 2

The problem of the bicomplex quantum harmonic oscillator consists in finding
the eigenvalues and eigenfunctions of H.
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That problem was solved in [6]. The results can be summarized as follows. Let

0, (k =1,2) be defined as
9. . mw
TV RG T

Bicomplex harmonic oscillator eigenfunctions can then be written as (the most
general eigenfunction would have different [ indices in the two terms):

di(7) = e1pz + eagp

mw 1 1/2 792/2 mw 1 1/2 792/2
=€ [‘/%21—“] e 1 Hl(e/l\) —I—e2 [‘[%21—“] e 2 Hl(e/i),

(4.3)
where H; are Hermite polynomials [¢]. Equation (4.3) can be written more suc-
cinctly as

ot = [ J22 LT o)
)= |\\/—===| e
: ThE 211 N
where

0= 619’1‘ -+ 629’2\ and HZ(Q) = elHl(G’T) + ezHl(e’j).

Finally, it was shown in [0] that M, the collection of all finite linear combina-
tions of bicomplex functions ¢;(x), with bicomplex coefficients, is a T-module.
Specifically,

M = {Zwlgbl(a@) | w, € T}. (4.4)

Since M only involves finite linear combinations of the functions ¢, it is not
complete, as was pointed out in [6]. With the methods developed in this paper,
however, we can extend M to a complete module, in fact to a bicomplex Hilbert
space. .

Just like in Deﬁpition 2.1, we can define two vector spaces Vy and Vy as Vi =
e M and Vo = e M. From (4.3) and (4.4), it is clear that V; contains all functions
e1¢;7 and V, contains all eg¢3. Now the functions ¢;7 and ¢ are normalized
eigenfunctions of the usual quantum harmonic oscillator (with & replaced by h&;
or h&s). It is well-known [13] that, as a Schauder basis, these eigenfunctions
generate L*(R).

Let u(x) be defined as in (4.1), except that us(z) and us(x) are both taken as
L*(R) functions. Clearly, the set of all u(x) makes up a T-module, which we shall
denote by M. With the scalar product (4.2), M becomes a bicomplex pre-Hilbert
space. Since L*(R) is complete we get from Theorem 3.4:

Corollary 4.1. M s a bicomplex Hilbert space.
The following theorem shows that the ¢; make up a Schauder T-basis of M.

Theorem 4.2. Any bicomplex function uw in M can be expanded uniquely as
u=> "y wi, where wy is a bicomplex number and ¢, is given in (4.3).
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Proof. Let u = equsz + eausz. Since u; and uz both belong to L?(R) and since the
functions ¢;; and ¢35 are Schauder bases of L*(R), one can write

o x
ug = E :Cﬁ¢ﬁa U = E :Cl§¢l§7
=0 1=0

where ¢ and ¢35 belong to C(iy). Letting w;, = ejc5+e2cg3, the desired expansion
follows. It must be unique since otherwise, either u; or uz would have two different
expansions. O

5. CONCLUSION

We have derived a number of new results on infinite-dimensional bicomplex
modules and Hilbert spaces, including a generalization of the Riesz representation
theorem for bicomplex continuous linear functionals and a general version of
the bicomplex Schwarz inequality. The perspective of further investigating the
extent to which quantum mechanics generalizes to bicomplex numbers motivates
us in developing additional mathematical tools related to infinite-dimensional
bicomplex Hilbert spaces and operators acting on them. We believe that results
like the Riesz-Fischer theorem and the spectral theorem can also be extended to
infinite-dimensional Hilbert spaces.
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