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Bicomplex Quantum Mechanics:
II. The Hilbert Space
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Abstract. Using the bicomplex numbers T 2 Cl¢(1,0) 2 Cle(0, 1) which is
a commutative ring with zero divisors defined by T = {wo + wiiy + weoiz +
wsj | wo, w1, w2, ws € R} where ii = —1, i3 = —1, j2 = 1land i1i2 =j =
i2i1, we construct hyperbolic and bicomplex Hilbert spaces. Linear function-
als and dual spaces are considered on these spaces and properties of linear
operators are obtained; in particular it is established that the eigenvalues of
a bicomplex self-adjoint operator are in the set of hyperbolic numbers.
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1. Introduction

Many papers have been written on the extension of the formalism of quantum
mechanics. These generalizations have been done mainly over quaternions or over
the Cayley algebra (octonions), see for instance [1, 2, 3, 4]. The reason why people
have worked mainly on this algebraic structures to generalize quantum mechanics
comes from the fact that there exist only four normed division algebras [5]: reals
(R), complex numbers (C), quaternions (H) and the Cayley algebra (Q). The
Cayley algebra has an important blank since associativity is crucial. Indeed, in [1]
it is shown that quantum mechanics cannot be formulated over the Cayley algebra
since, in at least two instances, associativity is needed for the existence of Hilbert
space. Quantum mechanics over quaternions seems to work better [1, 2, 3, 6].
However, recently some interest has been deployed to study quantum mechanics
for associative and commutative algebras beyond the paradigm of algebras without
zero divisors [7, 8, 9]. This leads to a wide spectrum of possibilities, among which
we have the hyperbolic numbers D = Clg(0, 1) (also called duplex numbers) [10],
the bicomplex numbers T 2 Clg(1,0) 2 Clg(0,1) [11] and, more generally, the
multicomplex numbers [12, 13].
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In recent years, the theory of bicomplex numbers and bicomplex functions has
found many applications, see for instance [14, 15, 16, 17, 18]. Bicomplex numbers
are a commutative ring with unity which contains the field of complex numbers
and the commutative ring of hyperbolic numbers. Bicomplex (hyperbolic) numbers
are unique among the complex (real) Clifford algebras in that they are commuta-
tive but not division algebras. In fact, bicomplex numbers generalize (complexify)
hyperbolic numbers. Note that Hilbert spaces over hyperbolic numbers that have
been studied in [8, 9] and [19] are different from the hyperbolic Hilbert space that
we consider in this paper.

In Section 2 we give an overview of the fundamental theory of bicomplex
analysis necessary for this article. Section 3 is devoted to free modules over the
ring of bicomplex numbers (which is not a C*-algebra). A fundamental result useful
for the rest of the paper is presented: the unique decomposition of any elements
of our free module M into two elements of a standard (complex) vector space in
terms of the idempotent basis. The Section 4 (and 5) introduces the bicomplex
scalar product (the hyperbolic scalar product). In particular, it is shown that
one can construct a metric space from M and our bicomplex scalar product. In
Section 6, we define the bicomplex Hilbert space; two examples are given. Section 7
introduces the dual space M* and re-examines the previous Sections in terms of
the Dirac notation. Finally, Section 8 concerns linear operators or more specifically
adjoint and self-adjoint operators as well as the bicomplex eigenvectors equation.

2. Preliminaries

Bicomplex numbers are defined as [11, 12, 20]

T := {Zl + zoig | 21,22 € (C(il)}7 (21)
where the imaginary units iy,i2 and j are governed by the rules: i3 = i3 = —1,
j?=1and
iz = i2lh =
i = jii = i (2.2)
i = Jiz = —iy,

where we define C(iy) := {z + yiy | i = —1 and z,y € R} for k = 1,2. Hence it
is easy to see that the multiplication of two bicomplex numbers is commutative.
It is also convenient to write the set of bicomplex numbers as

T :.= {’wo + wily + weoig + w3j | wo, W1, W, W3 € R} (23)

In particular, in equation (2.1), if we put z1 = = and 2o = yi; with z,y € R,
then we obtain the subalgebra of hyperbolic numbers: D = {z +yj | j2 =1, 2,y €
R}.

Complex conjugation plays an important role both for algebraic and geo-
metric properties of C, as well as in standard quantum mechanics. For bicomplex
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numbers, there are three possible conjugations. Let w € T and 21, 20 € C(i1) such
that w = z; + 20i2. Then we define the three conjugations as:

wlt = (21 + 2i2)* 1= 21 + Zal, (2.4a)
whz = (21 + 2i2)"2 := 21 — 25, (2.4b)
whs = (21 + 2i)"* 1= 21 — Zay, (2.4c)

where Zj is the standard complex conjugate of complex numbers z, € C(iy). If
we say that the bicomplex number w = 21 + 29is = wy + wiiy + weiz + wsj
has the “signature” (+ + ++), then the conjugations of type 1,2 or 3 of w have,
respectively, the signatures (+ — +—), (+ + ——) and (+ — —+). We can verify
easily that the composition of the conjugates gives the four-dimensional abelian
Klein group:

0]
—
S)
—
=
—
[\v]
—
w

Tl Tl TO T3 TQ (25)

where wfo :=w VYw € T.
All of the three kinds of conjugation have some of the standard properties of
conjugations, such as:

(s+t)n = stk 4t (2.6)
(sTk)Tk = s, (2.7)
(s-t)t = shu.ghe, (2.8)

for s,t € Tand k=0,1,2,3.

We know that the product of a standard complex number with its conjugate
gives the square of the Euclidean metric in R?. The analogs of this, for bicomplex
numbers, are the following. Let 21, 20 € C(i2) and w = 21 + 2212 € T, then we have
that [11]:

lwlf, == w- w2 = 2 + 25 € C(i), (2.92)
lwlf, :=w-wh = (J21]* = |22*) + 2Re(2172)iz € C(i2), (2.9b)
|w|J2 =w-w's = (|21 + [22]?) — 2Im(21%2)j € D, (2.9¢)

where the subscript of the square modulus refers to the subalgebra C(iy), C(iz2) or
D of T in which w is projected.
Note that for 21,29 € C(iy) and w = z1 + 2212 € T, we can define the usual

(Euclidean in R*) norm of w as [w| = \/[21]2 + [22]2 = | /Re(|w]}).
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w'2
It is easy to verify that w - |—2 = 1. Hence, the inverse of w is given by
11

s
wl=2 (2.10)

el

From this, we find that the set NC of zero divisors of T, called the null-cone, is
given by {z1 + z2iz | 22 + 23 = 0}, which can be rewritten as

Let us also now recall the following three real moduli (see [11] and [20]):

1)

For s,t € T, we define the first modulus as |- |3 := || - [s, |. This modulus has
the following properties:

a) | : |1 :T— Rv

b) [s]1 > 0 with |s|; = 0 iff s € NC,

c) |s-tl=s[x-[t[x.
From this definition, we can rewrite this real pseudo-modulus in a much
practical way as

s = |23 + 232

lw|y = Vwwhwhawfs.

For s,t € T, we can define formally the second real modulus as |- |2 == || |i,|.
But an easy computation leads to

lwlz = wly = |2f + 23|'/2, (2.12)

or

meaning that there are no reasons to introduce | - |2
One more option is to define the third modulus as | - [3 := || - |;|. It has the
following properties:

a) |-]3: T — R,

b) |s|s > 0 with |s|]3 =0 iff s =0,

¢) [s+tls < sz + |t[s,

d) [s-tls < V2|s[s - [t]s.

e) |A-t|ls =1\ -|t|s, for A € C(i1) or C(iz).

Hence | - |3 determines a structure of a real normed algebra on T. What is
more, one gets directly that

lwlz = V/[21]* + |22]?, (2.13)

for w = 21 + zoi2 with 21,29 € C(i1), i.e., in fact this is just the Euclidean
metric in R* written in a form compatible with the multiplicative structure
of bicomplex numbers.
Note also that

(i) |w|j = |Zl — 22i1|el + |Zl + 22i1|e2 e, Yw = 21 + 2003 € T,

(i) |S-t|j = |8|j|t|j Vs, t € T.
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Finally, let us mention that any bicomplex numbers can be written using an
orthogonal idempotent basis defined by
1+
2
where e% = eq, e% =e2,e1; +ez =1 and ejez = 0 = eze;. Indeed, it is easy to
show that for any z1 + 2012 € T, 21, 20 € C(i1), we have

2Z1 + 20l = (Zl — 22i1)61 + (Zl + z2i1)e2. (214)

13
e and ezzT‘],

3. T-Module

The set of bicomplex numbers is a commutative ring. So, to define a kind of vector
space over T, we have to deal with the algebraic concept of modules. We denote

by M a free T-module with the finite T-basis {ﬁzl [le{l,... ,n}} Hence,

M = {le’r/fll |xl S ']T}.
=1

Let us now define
V.= {leﬁu | 2 E(C(il)} c M. (3.1)
=1
The set V is a free C(i1 )-module which depends on a given T-basis of M. In fact,
V is a complex vector space of dimension n with the basis {ﬁu |1e{1,... ,n}}

For a complete treatment of Module Theory, see [21].

Theorem 1. Let X = leﬁu, xp €T, for alll € {1,...,n}. Then, there exist
=1
Xey, Xe, €V such that

~

X = el)?el + 92292.

Proof. From equation (2.14), it is always possible to decompose a bicomplex num-
ber in term of the idempotent basis. So let us write z; = x1;€1 + T9€2 Where
211, 9 € C(iy), for all I € {1,...,n}. Hence,

n n n n
X = > miu=)Y (ryer+zyex)iy =e1» (zuiu)+ez Y (o)
=1 =1

=1 =1
= eIXe1 + e2Xe2

where )?ek = Z (xgemy) for k=1,2. O
=1
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Corollary 1. The elements Xel and X92 are uniquely determined. In other words,
elXel + egXe2 = e1Yel + ezYez if and only if Xel = Yel and Xe2 = Ye2

Proof. If el)A(el —|—e2)A(e2 = elffel —|—82}/>e2, then we have el()?el —)A/el) —|—eg()A(e2
Ye,) = 0. Suppose now that {ﬁu |l e {1,...,n}} is a free basis of M, then we

have )/(:ek = meﬁu and }/}ek = Zyklﬁu (k=1,2), 2k, yrs € C(i1). Therefore,
=1

we find
0 = e1(Xey —Ye,) +€2(Xe, — Yep)
n n n n
= e Tymy — Zy1zﬁll> + ez (Z Ty — Zyzﬂ%)
1=1 1=1 1=1 =1

n
= Z(xl yl ml7

=1
where z; := e1x1; + e2z9; € T and y; := e1y1; + e2ysy € T. This implies that

xp =y foralll € {1,...,n}; in other words x1; = yo; and xg; = yay, i.e. Xe, = Ye,
for k=1,2.

Conversely, if Xe, = Yo, and Xe, = Ye, we find trivially the desired result.

O

Whenever X € M, we define the projection P, : M — V as
Pe(X) := X, (3.2)
for k = 1,2. This definition is a generalization of the mutually complementary
projections { Py, P>} defined in [11] on T, where T is considered as the canonical
T-module over the ring of bicomplex numbers. Moreover, from Corollary 1, Xe,
and Xe, are uniquely determined from a given T-basis and the projections P, and
P, satisfies the following property:
Po(w1 X +waY) = Pp(wi)Pe(X) + Pe(wa)Pe(Y) (3.3)
Vwi,we € T, VX,Y € M and k= 1,2.
The vector space V is defined from the free T-module M with a given T-basis.
The next theorem tell us that M is isomorphic to V2 = {(X;Y) | X,Y € V}, where
the addition +y2 and the multiplication -2 by a scalar are defined by
+yz VZx V2 - V2
(7). (K ¥2)) = (st s (¥
= (X1 + X V1 + Va)

‘v TXVQ — V2
M (X5T) = Aeys (K3)
X; Ao

= (M X;Y),
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where A = Aje; + Azes. Here the symbol + denotes the addition on V and )\1)?
or )\217 denotes the multiplication by a scalar on V' (which are also the addition
and the multiplication defined on M). Note that we use the notation ()/(: ; }7) to
denote an element of V2, instead of the usual notation ()/(: , }7), to avoid confusion
with the bicomplex scalar product defined below.

Theorem 2. The set V2 defined with the addition +v, and the multiplication by a
scalar vz over the bicomplex numbers T is isomorphic to M, i.e.

(V2 4w, v2) = (M, +,).
Proof. First, it is easy to show that V2 is a T-module with +y2 and ‘vz defined
above. Now let us consider the function ® : V? — M defined by ®((X;Y)) =
e1 X +eaY. It is not difficult to show that fb(()?l; 3A/1)+v2 ()?2; }A/Q)) = <I>(()A(1; }A’l))+
@(()?2; )A/Q)) and that ®(\ -y2 X) = A®(X), i.e. that ® is an homomorphism. The
function ® is a one-to-one function. Indeed if <I>((X1,Y1)) = @((XQ,YQ)) then
e1X1 + e2Y1 = eng + eng which implies that X1 = X2 and Y1 = Yg from
Corollary 1. Flnally, ® is an onto function since for all X = elXel + egXe2 e M,
we have fIJ((Xel,X ) = X. O

Theorem 3. Let {ﬁl [1e{1,... ,n}} be a basis of the vector space V' over C(i1).
Then {(i}\l;iz\l) |1 e{1,. ,n}} is a basis of the free T-module (V2,+y2,-y2) and
{ifl RAS {1,...,n}} is a T-basis of M.

Proof. Let us consider an arbitrary (X;Y) € V2, then

n
Y) (E Cll'Ul,E sz) = E (cry; caty),
=1

with ¢ € C(i1) (k = 1,2). Here the summations in the second expression are the
addition on V and the summation in the third expression is the addition over V2,
i.e. the addition +y,2. Therefore, we have

X Y E C|y2 Ul7’l}l

where ¢; = ejcy; + eacy € T. Moreover, if (X;Y) = (6, 6), then ¢y = ¢co =0
for all I € {1,...,n} since {ﬁl |1 e {1,...,n}} is a basis of V and ¢ = 0 for
all I € {1,...,n}. Therefore {(ﬁl;ﬁl) |1e{1,... ,n}} is a T-basis of V2 and the
T-module (V2 +y2,-y2) is free. It is now easy to see that {@ | 1 e{1,. ,n}}

is a T-basis of M since the isomorphism ® given in the proof of Theorem 2 gives
(I)((@l;i}\l)) = e10; + e21; = 1, for allle{l,...,n}. [l
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~

Remark. For (X;Y) € V2, we have
(X;Y) = (X;0)+v= (0;Y)
= (ler 4 0ez) -y (X; X) 412 (0eg + leg) -2 (YY)
= e12 (X;X) +y2 ex e (V3Y),
where (X; X) and (Y;Y) are in the vector space V' := {Zle e ve (U30) | e €
(C(il)} associated with the free T-module V? using the T-basis {(ﬁl;ﬁl) |1 e

{1,...,n}}.

Now, from Theorem 3 we obtain the following corollary.

Corollary 2. Let M be a free T-module with a finite T-basis. The submodule vector
space V' associated with M is invariant under a new T-basis of M generated by
another basis of V.

4. Bicomplex Scalar Product
Let us begin with a preliminary definition.

Definition 1. A hyperbolic number w = ae; + beg is defined to be positive if
a,b € RT. We denote the set of all positive hyperbolic numbers by

DY := {ae; + bez | a,b > 0}.

We are now able to give a definition of a bicomplex scalar product. (In this
article, the physicist convention will be used for the order of the elements in the
bicomplex scalar product.)

Definition 2. Let M be a free T-module of finite dimension. With each pair X
and Y in M, taken in this order, we associate a bicomplex number, which is their
bicomplex scalar product (X,Y), and which satisfies the following properties:

L (X,Y14Y,) = (X,V1) +(X,Y2), VX, V1, Y5 € M;
2. (X,0Y) =a(X,Y),Va €T, VX,Y € M;
3.(X,Y)= (Y, X)*, VXY € M;

4.(X,X)=0 & X=0,vX € M.

As a consequence of property 3, we have that ()? , X ) € D. Note that definition 2
is a general definition of a bicomplex scalar product. However, in this article we
will also require the bicomplex scalar product (-, ) to be hyperbolic positive, i.e.

(X,X)eDt, VX e M (4.1)
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and closed under the vector space V| i.e.
(X,Y) eC(iy), VX, Y e V. (4.2)

For the rest of this paper, we will assume a given T-basis for M, which implies
a given vector space V.

Theorem 4. Let )A(, Y € M, then

(X,Y) = e1(Xe,, Ye,) + €2(Xey, Yoy (4.3)
and R R L
Pk((X,Y)) = (X,Y)ek = (Xek,Yek) S (C(il) (4.4)
fork=1,2.

Proof. From equation (3 2), it comes automatlcally that Py ((X Y)) ()A( ?)ek
C(iy) for k = 1,2. Let X = e;lXel + ere2 and YV = e;lYe:l + ezYe27 then using
the properties of the bicomplex scalar product, we also have

()?,}A/) = el)A(el + eg)A(ewel)A/el + eszez)
G1Xe1 + ez)?ez,elf/el) + (el)/fel + ez)/fewez?%)
e1Ve,, €1 X6, + €2Xe,)1 + (e2Ye,, €1 Xe, +€2Xe,)'
e1Ve,,e1Xe,)" + (e1Ye,, €2Xe,) 1
+(e2Ye,, e1Xe, )10 + (e2Ve,, €2Xe,)
= e (elyel,Xel)Ts + el (91Ye1,X E
te1? (e2Ve,, Xey)'* + €31 (€2Ye,, Xoy)T
= e1f%e1(Xe,,Ye,) +e2e1(Xe,, Ye,)
terea(Xe,, Yo, ) + e2e2(Xe,, Ye,)
= e1(Xey, Yey) + €2(Xey, Yop)-

(
(
(
(

Hence,

~

(X.Y) = ex(Xe, Vo) + e2(Xey, Vey)
and, from property (4.2), we obtain
Pi((X.Y)) = (X,¥)e, = (Xey. Yoy ) € Clin)
for k=1,2. 0
Theorem 5. {V;(-,-)} is a complex (in C(i1)) pre-Hilbert space.

Proof. By definition, V' C M. Hence, we obtain automatically that:

L (X,Y) +Y3) = (X, Y1) + (X, Y3), VX, Y1, Y, € V;
2. (X,aY) = a(X,Y), Vo € C(iy) and VX,Y € V;
3.(X,X)=0 & X=0,YX €V
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~

Moreover, the fact that (X,Y) € C(iy) implies that (X,Y) = (Y, X)) = (¥

and (X, X) € Dt N C(iy) . Hence, {V;(-,-)} is a complex (in C(iy)

Hilbert space. O

Remark. We note that the results obtained in this theorem are still valid by using
t1 instead of {3 in the definition of the bicomplex scalar product.

Let us denote | X [|:= (X, X)?, VX € V.
Corollary 3. Let X € V. The function X —|| X ||> 0 is a norm on V.
Corollary 4. Let Xe M; then

Pe((X, X)) = (X, K)oy, = (Ko, Koy) =] Koy |1
fork=1,2.
Now, let us extend this norm on M with the following function:

| % )= |(%, %)

= Je1 || Xy | +ez | Koy I |, vX € M. (4.5)
This norm has the following properties.

Theorem 6. Let X, Y € M and d(X,Y) :=|| X =Y ||; then

L | X[>0

2. [ X||=0 & X=0

3. || aX ||=la| | X ||, Vo € C(i1) or C(iz)
4. |aX |€V2]als | X ||, Va €T
BoX+YISIX | +11Y |

6. {M,d} is a metric space.

Proof. The proof of 1 and 2 comes directly from equation (4.5). Let X = el)/(:el +
e2Xe, € M and o € C(iy) or C(iz), then

[V

Ha)?” = (a)/f?a)?)

= [(om(X, X))

1
2

= | (ealalP(X, K)o, +e2lal’(X, X))

~ -~ 1 N §
= |e1|al(X, X)é, + ez|al(X, X)é,

ol [ex || Koy || +ez || Ko ||
o 151
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More generally, if @ € T, we obtain

| aX ||

IN

ol 1 X 11|

V2|lal;] 1 X |l
V2[als || X ||

To complete the proof, we need to establish a triangular inequality over the T-
module M. Let X, Y € M, then

[ X+Y|

IN

N

(X +Y,X+7)2|
len || (X +Y)e, | +e2 | (X +Y)e, |||
|e1 ” Xel + YVG1 H +e2 ” Xez + Yez H |

1
| Koy + Yoy |2+ || Koy + Voo ||2>2
2

~ e e e 1
(N Koy |+ 11 You 1)+ (1 Xea | + 1| Yeu | )2>2
2

lex (Il Koy I+ 1l Tou 1) +e2( | Kex Il + 1| Fea I1)|

(o1 Il Koy | +ez | Kex 1) + (e Il Yoy Il +e2 | Yeu )|
IR0+

Now, using properties 1, 2, 3 and 5, it is easy to obtain that {M,d} is a metric

space.

O

With the bicomplex scalar product, it is possible to obtain a bicomplex ver-
sion of the well known Schwarz inequality.

Theorem 7 (Bicomplex Schwarz inequality). Let X , YeM ; then
~ o~ ~ a1 ~ ~
(X V) < [(X,X)2(Y, V)2 <V2 [ X (1Y -

Proof. From the complex (in C(iy1)) Schwarz inequality we have that

(XY <[ X[ Y] vX, Y eV

(4.6)
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Therefore, if X , YeM , we obtain
|(X7Y)| = |e1(X’Y)el —|—82(X,Y)92|

~

|el(Xe17i}e1> + e2(55e27i}e2>|
1
_ <|< el,Yel>|2+|<Xez,Yez>|2>2

2

IN

1
<| Kex 121l You I? + | Xeg [12]] Yes |2>2
2

= fex || Xey Il Yeu || +e2 | Xes [l Yes | |
Hence, |(X,Y)| < (X, X)2 (Y, ¥)?|

5. Hyperbolic Scalar Product

From the preceding section, it is now easy to define the hyperbolic version of the
bicomplex scalar product.

Definition 3. Let M be a free D-module of finite dimension. With each pair X
and Y in M, taken in this order, we associate a hyperbolic number, which is their
hyperbolic scalar product (X,Y), and which satisfies the following properties:

All definitions and results of Section 4 can be applied directly in the hyper-
bolic case if the hyperbolic scalar product (-,-) is hyperbolic positive i.e.

(X,X)eDt VX eM (5.1)
and closed under the real vector space V := {leﬁu |z € R} i.e.
1=1
(X,Y)eC(i1))ND=R VX,Y €V (5.2)

for a specific D-basis {ﬁzl |1e{1,... ,n}} of M. In particular, we obtain a hy-

perbolic Schwarz inequality. Moreover, it is always possible to obtain the angle 6,
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between X and Y in V', with the following well known formula:
X, Y
0= % (5.3)
XY
From this result, we can derive the following analogous result for the D-module
M.

Theorem 8. Let )A(, Y € M and 0k be the angle between )/(:ek and ?ek fork=1,2.

Then,
Or+02 01 —0x.\
cos( 5 + 5 J) =

Proof. From the identity (5.3), we have

X.,,Y. X.,,Y.
(cosf1)ey + (cos f2)esq ,(\ on ei) e E €2 ei) es
| Xex Il [ Yoy |l | Xex Il I Yes |l
(X,Y)

XXV, Y)E
Moreover, it is easy to show that cos(f1e1 + 6ae2) = (cosbq)er + (cosbs)es and
fre1 + Ozep = Btz 4 L1202 (gee [12]). Hence,

COS<01+02+91_92j): E ’}:) - O
2 2 (

From this result, it is now possible to define the “hyperbolic angle” between
two elements of a D-module M.

Definition 4. Let )/(:7 Y € M and 0x be the angle between )/fek and ?ek fork=1,2.
We define the hyperbolic angle between X and Y as
01 +60y 601 —065,
2 T )

We note that our definition of the hyperbolic scalar product is different from the
definitions given in [8, 9] and [19].

6. Bicomplex Hilbert Space

Definition 5. Let M be a free T-module with a finite T-basis. Let also (-,-) be a
bicomplex scalar product defined on M. The space {M, (+,-)} is called a T-inner
product space.

Definition 6. A complete T-inner product space is called a T-Hilbert space.
Lemma 1. Let X € M ; then
| Xey IS V2 X |, fork=1,2.
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Proof. For k= 1,2, we have

| Xe

IN

el

1
ﬁ(u Koy |2+ ]| Xey |2>2
2

VZler || Xey | +ez || Kes | |
V2| X -

Lemma 2. The pre-Hilbert space {V, (-,-)} is closed in the metric space {M, (-,-)}.

Proof. Let X = e1X + er €VVneNand X = e1Xel + ere2 e M.
Suppose that X, — X whenever n — oo then H X, - X = 0asn — oo
ie. || Xo = (e1Xe, + €2Xes) [I= || (e1Xn + €2Xy) — (exXe, + €2Xe,) || =
| e1(Xn — Xey) + €2(Xn — Xe,) ||— 0 as n — oo. Therefore, from Lemma 1
we have that

H)A(n_)?ek | < \/§|‘el()?n_)?el)+e2()?n_)?ez)H—>O

asn — oo for kK = 1,2. Hence, )A(el :)?e2 :)?and)?:el)?—keg)?ev. [l

Theorem 9. A T-inner product space {M, (-,-)} is a T-Hilbert space if and only if
{V,(-,-)} is a Hilbert space.

Proof. From Theorem 5, {V,(-,-)} is a pre-Hilbert space. So, we have to prove
that {M, (-,-)} is complete if and only if {V,(-,-)} is complete. By definition V' C
M, therefore if M is complete then V is also complete since V is closed in M.
Conversely, let X,, = €1(Xn)e;, +€2(Xn)e; € M ¥n € N be a Cauchy sequence in
M. Then, from Lemma 1, we have

|| (Xm)ek - (Xn)ek ”:H (Xm - Xn>ek HS ‘/5 || Xm — Xn H

for k = 1,2. So, (A Xn)e, is also a Cauchy sequence in V for k = 1,2. Therefore,
there exist Xel,Xe2 € V such that ( n)ek — X, asn — oo for k=1,2.

Now, from the triangular inequality, if we let X := el)/fel + ez)/fe27 then we
obtain

[ Xn =X = ler((Xn)ey — Xey) +€2((Xn)es — Xea) |
< ” el((Xn>el - Xe1) ” + ” ez((XTb)e2 - Xez) H
< V2le1ls || (Xn)ey — Xe, |l

+V2lesls || (Xn)es — Xe, ||
= ” (Xn)e1 - Xel H + H (XTL>92 - Xe2 ”_) 0

as n — oo. Hence, X,, = X € M as n — oo. O
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Examples of Bicomplex Hilbert Spaces

1. Let us first consider M = T, the canonical T-module over the ring of bi-
complex numbers. We consider now the trivial T-basis {1}. In this case, the
submodule vector space V is simply V' = C(i1). Let (+,-); and (-, -)2 be two
scalar products on V. It is always possible to construct a general bicomplex
scalar product as follows:

Let

wy = (211 — z12i1)e1 + (211 + z12i1)e2
and

wo = (221 — z22i1)e1 + (221 + 202i1)e2,

where, 211, 212, 221, 222 € C(i1). We define
(w1, w2) = (211 — 21211, 221 — 22211)1€1 + (211 + 21211, 221 + 222i1)2€2.  (6.1)

However, this bicomplex scalar product is not closed under C(iy). In fact,
(+,-) will be closed under C(iy) if and only if (-,-); = (-,)2. From Theorem
9, we obtain the following result.

Theorem 10. Let T be the canonical T-module over the ring of bicomplex num-
bers with a scalar product (-,-) on C(i1). Let also w1 = (211 — z12i1)e1+ (211 +
z12i1)e and wy = (221 — z22i1)eq + (221 + zo2i1)ea, where 211, 212, 221, 222 €
C(i1). If we define

(w1, w2) := (211 — z12d1, 221 — 222i1)€1 + (211 + 21201, 221 + 202i1)e2, (6.2)
then {T,(-,-)} is a bicomplex Hilbert space if and only if {C(i1), (-,-)} is a
Hilbert space.

As an example, let us consider {C(i1), (+,+)} with the canonical scalar
product given by
(21,22) = (@1 +yii1, 22 +y2ia)
= 1172 + Y1y

It is well known that {C(i1), (+,-)} is a Hilbert space. Hence, from Theorem
10, {T, (-,-)} is a bicomplex Hilbert space. Moreover, it is easy to see that

[ w [|= [lwl;] = |wls = [w],

i.e. the Euclidean metric of R%.
2. Consider now M = T", the n-dimensional module with the canonical T-basis
{e; | i € {1,...,n}}, the columns of the identity matrix I,,. For any two

n n
elements )/(:, Y e given by X = Z x; e; and Y = Z y; €;, we define the

i=1 i=1
bicomplex scalar product as

(X,7):=(XM)T. ¥ =3 alryeT (6.3)
=1
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It is now easy to verify that properties 1, 2 and 3 of Definition 2 are triv-
ially satisfied. This bicomplex scalar product also implies that (X,X) =
S ala = N0 |wif? = e1 Y on — waia |2 + e N |w1; + i [
where x; = T1; + To;i2 = (w1; — 2si1)e1 + (z15 + woiin)es for i € {1,...,n}.
Hence, the property 4 of Definition 2 is also satisfied and

1 1
| % 1= 1%, %)% = |( th Ik

In this example, the complex vector space V = {}7" | z;¢; | z; € C(i1)} is
simply the standard complex vector space isomorphic to C". Moreover, the
closure property is satisfied since for X,Y € V we have z;,y; € C(i1) and

(6.4)

x;“‘ y; = T; y; € C(i1) such that equation (6.3) gives an element of C(iq).

7. The Dirac Notation Over M

In this section we introduce the Dirac notation usually used in quantum mechanics.
For this we have to define correctly kets and bras over a bicomplex Hilbert space
which, we remind, is fundamentally a module.

Let M be a T-module which is free with the finite T-basis {|m;) | I €
{1,...,n}}. Any element of M will be called a ket module or, more simply, a
ket.

Let us rewrite the definition of the bicomplex scalar product in terms of the
ket notation.

Definition 7. Let M be a T-module which is free with the following finite T-basis
{Jmy) | 1 € {1,...,n}}. With each pair |¢) and [¢) in M, taken in this order, we
associate a bicomplex number, which is their bicomplex scalar product (|¢), [¥)),
and which satisfies the following properties:

L (19), [v1) + [¥2)) = (10), 1)) + (19), [¢2))
2. (|¢), aly)) = all), |[4)), Va € T
3. (|0), [v) = (1¥),|¢))T

4.(|¢),19)) =0 < |¢) =0.

Let us now define the dual space M*.

Definition 8. A linear functional y is a linear operation which associates a bicom-
plex number with every ket |¢):

D) —x(i9) €T

2) Xx(A1[¥1) + A2le2)) = Ax([¥h1)) + Aex([2)), A1, A2 €T

It can be shown that the set of linear functionals defined on the kets |¢p) € M
constitutes a T-module space, which is called the dual space of M and which will
be symbolized by M*.
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Using this definition of M*, let us define the bra notation.

Definition 9. Any element of the space M* is called a bra module or, more simply,
a bra. It is symbolized by (- |.

For example, the bra (x| designates the bicomplex linear functional y and we
shall henceforth use the notation (x|¢) to denote the number obtained by causing
the linear functional (x| € M* to act on the ket |¢)) € M:

X([9)) = (x|9).

The existence of a bicomplex scalar product in M will now enable us to show
that we can associate, with every ket |¢) € M, an element of M*, which will be
denoted by (&].

The ket |¢) does indeed enable us to define a linear functional: the one which
associates (in a linear way), with each ket |¢) € M, a bicomplex number which is
equal to the scalar product (|¢), |¢)) of [1) by |@). Let (¢| be this linear functional;
it is thus defined by the relation:

(0ly) = (19), [¥))- (7.1)

Therefore, the properties of the bicomplex scalar product can be rewritten as:

L (ol ([1) + [h2)) = (lvr) + (dlepa)
2. (¢larp) = a (¢[Y), Va € T

3. (glv) = (¥lg)Ts

4.(¢lg) =0 & |¢) =0.

Now, let us define the corresponding projections for the Dirac notation as
follows.

Definition 10. Let |¢),|¢) € M and |x) € V. For k = 1,2, we define:

L |te) == Pi(lyh)) € V
2. (¢e| == Pr({9]) : V — C(ia), where |x) — Pec({¢]x))-

The first definition gives the projection [te, ) of the ket [¢)) of M. This is well
defined from equation (3.2). However, the second definition is more subtle. In the
next two theorems, we show that (e, | is really the bra associated with the ket

|pe, ) in V.
Theorem 11. Let |¢p) € M; then

(Per| € VT
fork=1,2.
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PTOOf. Let A, A2 € (C(il) and |’l/)1>, |1Z12> € V, then
(B Oalor) + Aalin)) = Pe((6](Aafa) + Aalu)) )
= D ()\1<¢|1/11> + >\2<¢|¢2>)

= MB((0le) + AP ((010))

= M{(¢e[([¥1)) + A2 (dey [([102))
for k=1,2. -

We will now show that the functional {¢e, | can be obtained from the ket |ge, ).

Theorem 12. Let |¢) € M and |[¢p) € V; then

(D (6)) = (Gor ) (7.2)
for k=1,2.
Proof. Using (4.4) in Theorem 4 and the fact that Py (|e))) = |¢), we obtain
(Goclle)) = Pe((0l))
= Pi((lo). [v))
= (Pu(9). Pe(lv))
= (Pu(o) 1))
= (16e)s 1))
= {delt)
for k=1,2. O
Corollary 5. Let |9}, |v) € M; then
<¢ek|wek> = <¢|1/)>ek (73)

fork=1,2.
Proof. From Theorem 12 and the properties of the projectors Py, we obtain

(Goelter) = Pe((Ble))
ES Pk 81<¢|¢el>+e2<¢|we2>>
= P((9l(erltre) + ealtia)))

= (o))
= <¢|1/)>ek
for k=1,2. O
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The bicomplex scalar product is antilinear. Indeed, by using the notation
(7.1) we obtain
(A1]d1) + A2lg2), [4)) (1), Ailgr) + Aol d2)) T2
(A1 (@) + A (] da))Ts
= AP{dilw) + AP (@)

= (Al + AP (g2l ),
where A1, Ao € T and [¢),|#1),|d2) € M. Therefore the bra associated with the
ket Ai|1) + Ao|go) is given by A (p1] + A (gol:
A1) + Aaldz) e AL (61] + A (6.

In particular, Theorem 1 tells us that every ket 1)) € M can be written in the
form |¢> = 91|¢e1> + e2|’l/)ez>' Therefore, we have |’l/)> = 91|¢e1> + e2|1/)92> o
(Y] = e1{the, | + €2(te,| since (ex)'s = ey for k = 1,2.

8. Bicomplex Linear Operators

8.1. Basic results and definitions

The bicomplex linear operators A : M — M are defined by
') = Aly)
A1) + Aalh2)) = A A1) + A2 Ale2),

where A1, A2 € T. For a fixed |¢) € M, a fixed linear operator A and an arbitrary
|y € M, we define the bra (¢|A by the relation

((61A) 1) := (¢l (Al¥)).

The operator A associates a new bra (¢|A for every bra (¢|. It is easy to show that
this correspondence is linear, i.e. (A1{d1| + A2{P2])A = A1 {d1]A + Aa(p2|A.

For a given linear operator A : M — M, the bicomplex adjoint operator A*
is the operator with the following correspondence

@) = Alp) e~ ('] = (] A" (8.1)

The bicomplex adjoint operator A* is linear: the proof is analogous to the standard
case except that the standard complex conjugate is replaced by 5 everywhere.
Note that since we have (¢'|¢) = (#|¢')s, we obtain

(V]A*|g) = (8| Alw)Ts, (8.2)

by using expressions (8.1).
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It is easy to show that for any bicomplex linear operator A : M — M and
A € T, we have the following standard properties:

(A = A (8.3)
(AA)* = Mg~ (8.4)
(A+B)* = A*4+B* (8.5)
(AB)* = B*A*. (8.6)

These properties are proven similarly as the standard cases.

Definition 11. Let M be a bicomplex Hilbert space and A : M — M a bicomplex
linear operator. We define the projection Py(A) : M — V of A, for k = 1,2, as
follows :

Pi(A)|) := Pu(AlY)), Y|v) € M.

The projection Py (A) is clearly a bicomplex linear operator for k = 1,2. Moreover,
we have the following specific results.

Theorem 13. Let M be a bicomplex Hilbert space, A : M — M a bicomplez linear
operator and 1)) = e1|te,) + €2]te,) € M. Then

(i) A[Y) =e1Pi(A)|vbe,) + e2Pa(A)[thes)-

(ii) Py(A)* = Py(A*) where Pi(A)* is the standard complex adjoint operator
over C(i1) associated with the bicomplex linear operator Py(A) restricted to
the submodule vector space V', defined in (3.1), for k=1,2.

Proof. Part (i) is obtained as follows:

A|1/J> = A(el|we1> +62|we2>)
= 91A|¢e1> +92A|1/1e2>

= e1(eaPi(Ale,)) +eaPa(Alte, )
ez (exPi(Ale,)) + e2Pa(Alve,)))
= e1(eaPi(A)[te,) + e2Pa(A)ltker))
+ea(erPr(A)]tes) + e2Pa(4) ey )
= e1Pi(A)[tbe,) + €2 Po(A)[Ve,).

To show (ii), we use (i) and Corollary 5 to decompose the correspondence (8.1)
into the equivalent following correspondence in V:

Ve) = Pu(A)[ey) o~ (e, | = (Yo | P(A") for k= 1,2. (8.7)
Hence, P,(A)* = Pi(A*). O



Bicomplex Quantum Mechanics: II. The Hilbert Space 21

8.2. Bicomplex Eigenvectors and Eigenvalues on )M

One can show now that the bicomplex eigenvector equation Aly) = A|¢), with
A € T, is equivalent to the system of two eigenvector equations given by

Py (A)|1/)91> = )\1|1/Je1>

PQ(A)|1/)92> = )\2|1/Jez>,
where A = e1\1 + e2)a, A1, A2 € C(i1) and [¢)) = e1]the, ) + €2|Ye, ). Indeed, we
have

AlY) =AYy & Alp) = (Mer + Azez)(e1|ve,) + e2lte,))
& e1Pi(A)|te,) +e2P2(A)|te,) = €1A1]tbe, ) + €2X2[1e,)

& Po(A)Weyr) = Meltey),  k=1,2. (8.8)

Suppose now that {|vl> [le{1,..., n}} is an orthonormal basis of V' (which

is also a basis of M from Theorem 3) with [i)e, ) = Z ckjlus), ey € Cin), k=1, 2.
j=1
Then from (8.8) we find chij(A)|vj> = Mg chj|vj> for k = 1,2. Applying

Jj=1 Jj=1
now the functional (v;| on this expression, we obtain

> (il Pe(A)log) = MY ers(vilvy)
i=1 =1
= AkChi,

where the last line is a consequence of the orthogonality (v;|v;) = d;; of the basis
of V. Now, by definition, we have that Py(A)|v;) € V for k = 1, 2. Moreover since
|v;) is also an element of V', then the closure of the scalar product of two elements
of V, see equation (4.2), implies that the matrix Ay defined by

(Ak)ij == (vi| Pe(A)v;)
is in C(iy) for k = 1, 2. Therefore, we find that

n
Z ((Ak)” — /\k5ij)ckj = 0, k= 1, 2.
j=1
Each equation, i.e. K = 1 and k = 2, is a homogeneous linear system with n
equations and n unknowns which can be solved completely since all components
are in C(iy). Therefore, the system possesses a nontrivial solution if and only if
det(Ar — M\ I,) =0 for k =1,2.
In standard quantum mechanics self-adjoint operators (Hermitian operators)
play a very important role. In analogy with the standard case, a linear operator
A is defined to be a bicomplex self-adjoint operator if and only if A = A*.
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Theorem 14. Let A : M — M be a bicomplex self-adjoint operator and |) € M be
an eigenvector of the equation Aly) = A, with |1) ¢ NC. Then the eigenvalues
of A are in the set of hyperbolic numbers.

Proof. If A is a bicomplex self-adjoint operator A = A* on M and A|y) = Al¢)
with A € T, then
(WY1 Alp) = Xo[¥), (8.9)

where (1|¢p) € Dt. Moreover, we have

(Wl Alp)ts = (¥|A*|¢) = (¥|Al).

This implies that (|A[) € D. Since (V|¢) ¢ NC & |¢) ¢ NC, we can divide
each side of equation (8.9) by (¥|t¢). Therefore, A can only be in D. O

Remark. The requirement that the eigenvector |¢) is not in the null-cone means

that |1) = e1[te,) + €2[tbe,) With [te,) # [0) and |¢he,) # [0).
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