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Coquaternionic Quantum Dynamics for Two-level Systems

D. C. Brody, E. M. Graefe

Abstract

The dynamical aspects of a spin-% particle in Hermitian coquaternionic quantum theory are investigated. It is shown that
the time evolution exhibits three different characteristics, depending on the values of the parameters of the Hamiltonian.
When energy eigenvalues are real, the evolution is either isomorphic to that of a complex Hermitian theory on a spherical
state space, or else it remains unitary along an open orbit on a hyperbolic state space. When energy eigenvalues form a

complex conjugate pair, the orbit of the time evolution closes again even though the state space is hyperbolic.

Keywords: complexified mechanics, PT symmetry, hyperbolic geometry.

Over the last decade or so there has been con-
siderable interest in the study of complexified dy-
namical systems; both classically [1-6] and quantum
mechanically [7-17]. For a classical system, its com-
plex extension typically involves the use of complex
phase-space variables: (z,p) — (xo + 121, po + ip1).
Hence the dimensionality of the phase space, i.e. the
dynamical degrees of freedom, is doubled, and the
Hamiltonian H(z,p) in general also becomes com-
plex. For a quantum system, on the other hand,
its complex extension typically involves the use of a
Hamiltonian that is not Hermitian, whereas the dy-
namical degrees of freedom associated with the space
of states — the quantum phase space variables — are
kept real. However, a fully complexified quantum dy-
namics, analogous to its classical counterpart, can be
formulated, where state space variables are also com-
plexified [18,19].

The present authors recently observed that there
are two natural ways in which quantum dynamics can
be extended into a fully complex domain [19], where
both the Hamiltonian and the state space are com-
plexified. In short, one way is to let the state space
variables and the Hamiltonian be quaternion valued;
the other is to let them be coquaternion valued. The
former is related to quaternionic quantum mechanics
of Finkelstein and others [20,21], whereas the lat-
ter possesses spectral structures similar to those of
PT-symmetric quantum theory of Bender and oth-
ers [7-10]. The purpose of this paper is to work out in
some detail the dynamics of an elementary quantum
system of a spin—% particle under a coquaternionic ex-
tension, in a manner analogous to the quaternionic
case investigated elsewhere [22].

As illustrated in [19], a coquaternionic dynamical
system arises from the extension of the real and the
imaginary parts of the state vector in the complex-j
direction, where j is the second coquaternionic ‘imag-
inary’ unit (described below). The general dynamics
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is governed by a coquaternionic Hermitian Hamilto-
nian, whose eigenvalues are either real or else ap-
pear as complex conjugate pairs. Here we examine
the evolution of the expectation values of the five
Pauli matrices generated by a generic 2 X 2 coquater-
nionic Hermitian Hamiltonian. We shall find that,
depending on the values of the parameters appearing
in the Hamiltonian, the dynamics can be classified
into three cases: (a) the eigenvalues of H are real
and the dynamics is strongly unitary in the sense that
the ‘real part’ of the dynamics on the reduced state
space is indistinguishable from that generated by a
standard complex Hermitian Hamiltonian; (b) the
eigenvalues of H are real and the states evolve uni-
tarily into infinity without forming closed orbits; and
(c) the eigenvalues of H form a complex-conjugate
pair but the dynamics remains weakly unitary in the
sense that the real part of the dynamics, although
generating closed orbits, no longer lies on the state
space of a standard complex Hermitian system. In-
terestingly, properties (b) and (c) are in some sense
interchanged in a typical PT-symmetric Hamiltonian
where the orbits of a spin—% system are closed when
eigenvalues are real and open otherwise. These char-
acteristics are related to the three cases investigated
recently by Kisil [23] in a more general context of
Heisenberg algebra, based on the use of: (i) spherical
imaginary unit i = —1; (ii) parabolic imaginary unit
i = 0; and (iii) hyperbolic imaginary unit 7> = 1.
The use of coquaternionic Hermitian Hamiltonians
thus provides a concise way of visualising these dif-
ferent aspects of generalised quantum theory.

Before we analyse the dynamics, let us begin by
briefly reviewing some properties of coquaternions
that are relevant to the ensuing discussion. Co-
quaternions [24], perhaps more commonly known as
split quaternions, satisfy the algebraic relation

i?=—1, 2=k®=ijk=+1 (1)
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and the skew-cyclic relation
ij=—ji=k, jk=—kj=—i, ki=—ik=j. (2)

The conjugate of a coquaternion ¢ = qg +1iq1 + jg2 +
kqs is ¢ = qo — iq1 — jgq2 — kqs. It follows that
the squared modulus of a coquaternion is indefinite:
qq = qg + qf — qg — qg. Unlike quaternions, a co-
quaternion need not have an inverse ¢! = ¢/(gq) if
it is null, i.e. if g¢ = 0. The polar decomposition
of a coquaternion is thus more intricate than that of
a quaternion. If a coquaternion ¢ has the property
that gg > 0 and that its imaginary part also has a
positive norm so that ¢ — qg — qg > 0, then ¢ can be
written in the form

q= |q|eiq0q = |q|(cos by + i,sinb,), (3)
where ) _
i i tjet kqs
= 2 TP
V& -3 —-a
and

\/m
0, — tan-" <M> | "

qo

That a coquaternion with a ‘time-like’ imaginary part
admits the representation (3) leads to the strong uni-
tary dynamics generated by a coquaternionic Hermi-
tian Hamiltonian. On the other hand, if gg > 0 but
4} — ¢ — g3 < 0, ie. if the imaginary part of ¢ is
‘space-like’, then

q= |q|eiq0‘1 = |q|(cosh 8y + 4, sinh é,), (5)

where ) )
_ g1+ g + kg3

tqg = — 2 2 2
V=41 + 45 + g3
and

\/ﬁ
0, — tanh " <M> @

|QO|

If gg > 0 and ¢ — g5 — ¢3 = 0, then ¢ = qo(1 + i),
where i, = ¢ '(iq1 + jg2 + kgs) is the null pure-
imaginary coquaternion. Finally, if g¢g < 0, then we
have

q = |gle%® = |q|(sinh 6, + iy coshf,), (7)

where ) )
_ g1+ g + kg3

g = ) 2 2
V=41 + 45 + a3
and

\/ﬁ
0, - tanh~! (M) ®

qo

As indicated above, the fact that the polar decompo-
sition of a coquaternion is represented either in terms
of trigonometric functions or in terms of hyperbolic
functions manifests itself in the intricate mixture of
spherical and hyperbolic geometries associated with
the state space of a spin—% system, as we shall de-
scribe in what follows.

In the case of a coquaternionic matrix H , its Her-
mitian conjugate H' is defined in a manner identical
to a complex matrix, i.e. HT is the coquaternionic
conjugate of the transpose of H. Therefore, for a
coquaternionic two-level system, a generic Hermitian
Hamiltonian satisfying H' = H can be expressed in
the form

5
ﬁZUQ]].-i-Zul&l, (9)
=1

where {ul}l:()”f, € R, and

. 01 . 0 —
o1 = , 02 = )
1 0 1 0
. 0 —j . 0 —k
04 = ) 05 =
j 0 E 0

are the coquaternionic Pauli matrices. The eigenval-
ues of the Hamiltonian (9) are given by

Ey =up+y\/ud +ud+ud—ui—ul (11)
Thus, they are both real if u] +u3+u3 > uj+u2; oth-
erwise they form a complex conjugate pair. This, of
course, is a characteristic feature of a PT-symmetric
Hamiltonian.

A unitary time evolution in a coquaternionic
quantum theory is generated by a one-parameter
family of unitary operators e~ “*, where A is skew-
Hermitian: A" = —A. As in the case of complex
quantum theory, we would like to let the Hamilto-
nian H be the generator of the dynamics. For this
purpose, let us write

.1 ,
i= (tug + jug + kus), (12)

/ o2 2 2
where v = (/u} —uf —u? if ui + v < u3, and
v = yJuZ+u2 —u2 if uj < ui +u?. Then we set

A = iH and the Schrodinger equation in units i = 1
is thus given by (cf. [22])

) = —iH |¥). (13)
It is worth remarking that when u3 +uZ < u3 we have
# = —1, whereas when u3 < ui+u? we have P =41
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In either case iH is a skew-Hermitian operator satis-
fying (ZH )= —iH; thus e ! formally generates
a unitary time evolution that preserves the norm
(Y1) = 1111 +1atha, where 1) is the coquaternionic
conjugate of 1 so that (1| represents the Hermitian
conjugate of |¢). The conservation of the norm can
be checked directly by use of the explicit form of the
Schrédinger equation in terms of the components of
the state vector:

<7/)1> _ <(u0 + u3)@hy — urdthy — W/)z) (14)
s —(up — ug)ihy — urihy + vy |

Here we have assumed uj + u? < u3 so that v =

2 2 2. ie 02 2 2 _
us —ug —ug; if uy < uy + uz, we have v =

\/u? + u2 — u3 and the sign of v in (14) changes.

To investigate properties of the unitary dynamics
generated by the Hamiltonian (9) we shall derive the
evolution equation satisfied by what one might call a
‘coquaternionic Bloch vector’ &, whose components
are given by

P 1)y SRS (15)

(W)
By differentiating o; in ¢ for each [ and using the
dynamical equation (14), we deduce, after rearrange-
ments of terms, the following set of generalised Bloch
equations:

1. us3
50’1 = V03 — —(UQ02+U4U4+’U,50'5)
12
1. 1
50’2 = ;(U2U30'1 —U1U203 + UoUs04 — U()U40'5)
1 . (731
503 = —voy1 + —(u202 + ugoy + us0s) (16)
14
1. 1
504 = —(—uzuqoy + uouso2 + UIULT3 + UoU20)
14
1. 1
50’5 = ;(711,3’[1,50'1 — UQU402 + Ui1U503 — UOU20'4),

where we have assumed uj + ui < uj so that v =

\/u3 —u? —u2. This is the region in the parame-

ter space where the coquaternion appearing in the
Hamiltonian has a time-like imaginary part. Note
that these evolution equations preserve the condition:

o403 +o5—or—0i=1, (17)
which can be viewed as the defining equation for the
hyperbolic state space of a coquaternionic two-level
system.

Let us now show how the dynamics can be re-
duced to three-dimensions so as to provide a more
intuitive understanding. For this purpose, we define
the three reduced spin variables

Oy = 01, Oy= ;(u202 + w404 + us0s),

o, = o3. (18)
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We can think of the space spanned by these reduced
spin variables as representing the ‘real part’ of the
state space (17). Then a short calculation making
use of (16) shows that

1.

—0, = VO, —U30y

1.

—0y = U30; — U0, (19)
1.

50z = W0y — Vo,

or, more concisely, & = 28 x & where B = (u1, v, us).
Hence although the state space of a coquaternionic
spin-3 system is a hyperboloid (17), remarkably in
the region u3 + u2 < u3 the reduced spin variables
0y,0y,0, defined by (18) obey the standard Bloch
equations (19). In particular, the reduced motions
are confined to the two sphere S:

o2 + 0, + 02 = const., (20)

where the value of the right side of (20) depends on
the initial condition (but is positive and is time in-
dependent). To put the matter differently, in the
parameter region ui + ug < ug, the dynamics on the
reduced state space S? induced by a coquaternionic
Hermitian Hamiltonian is indistinguishable from the
conventional unitary dynamics generated by a com-
plex Hermitian Hamiltonian. This corresponds to
the situation in a PT-symmetric quantum theory
whereby in some regions of the parameter space the
Hamiltonian is complex Hermitian (e.g., a harmonic
oscillator in the Bender-Boettcher Hamiltonian fam-
ily H = p? + 2%(iz)¢ [7], or the six-parameter 2 x 2
matrix family in [25]). Some examples of dynamical
trajectories are sketched in Figure 1.

The evolution of the other dynamical variables
02,04, 05 can be analysed as follows. Recall that the
dynamics (19) preserves the relation (20). Thus, by
subtracting (20) from (17) and rearranging the terms
we deduce that

—(ug204 + U402)2 + (ugos — u504)2 (21)
—(us0o2 + uz05)? = const.

This shows that the evolution of the vector
(02,04, 05) is confined to a hyperbolic cylinder. It
turns out that the time evolution of these ‘hidden’
dynamical variables o3, 04, 05 can also be represented
in a form similar to Bloch equations if we trans-
form the variables according to oy, = u405 — U504,
Oy, = U502 + U205, and oy, = U204 + ug02. In terms
of these auxiliary variables we have
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Fig. 1: (colour online) Dynamical trajectories on the reduced state spaces. In the parameter region u% > ui + ug

the reduced state space is just a two-sphere, upon which the dynamical equations (19) generate Rabi oscillations (left

figure). In the parameter region u% < ui +u§ the reduced state space is a two-dimensional hyperboloid, and the dynamical

equations (26) generate open trajectories on this hyperbolic state space, if the energy eigenvalues are real (right figure).

If the eigenvalues are complex, the open trajectories are rotated to form hyperbolic Rabi oscillations

1 . (')

501/1 = _7(U50yz + U4Uy3)

1 . (')

50742 = 77(’“’20’3/3 + u5‘7y1) (22)
1. u

50743 - 77(“’40’3/1 - u20y2)'

It should be evident that these dynamics are confined
to a hyperboloid:

2 2 2
-o,, +o,, +0,, = const. (23)

Note, however, that when ug = 0 we have ¢,, =
Oy, = 0y, = 0 from (22), while o2, 04,05 are in gen-
eral evolving in time. Hence in transforming the vari-
ables into oy, , 0y,, 0y, part of the information con-
cerning the dynamics is lost.

We see from (20) and (21) that on the ‘imaginary
part’ of the state space the dynamics is endowed with
hyperbolic characteristics, which nevertheless is not
visible on the reduced state space, or the ‘real part’
of the state space S? spanned by o, Oy,0.

When u3 = uj + u? so that the imaginary part
of the coquaternion appearing in the Hamiltonian is
null, a calculation shows that the reduced spin vari-
ables obey the following dynamical equations:

1.

—0g = —Uu3oy

1.

=0y = —U30, + U10, (24)
§dz = U0y,

and preserve o2 — 05 + o2
When u3 < u? +u? so that the imaginary part of
the coquaternion in the Hamiltonian is space-like, the

structure of the state space, as well as the dynamics,
change, and they exhibit an interesting and nontriv-
ial behaviour. The five-dimensional spin variables in
this case evolve according to

1. U

3
501 = —vog — —(u09 + U404 + us0;)
1%
1.
502 = ;(U2U301 — UIUL03 + UUST4 — UQU4TS)
1 . Ui
50’3 = Vo1 +—(UQUQ+U40'4+U50'5) (25)
12
1. 1
504 = —(—ugus01 + uous02 + U1U403 + UGU205)
12
1. 1
505 = ;(—u?,uwl — UpU40T2 + ULU503 — UgU204),

where v = y/u2 +u? —uZ. These evolution equa-

tions preserve the normalisation (17). However, in
the region u3 < uj + uZ the reduced spin variables
0,0y, 0 defined by (18) no longer obey the standard
Bloch equations (19); instead, they satisfy

1.

—0y = —V0, — uzoy

1.

— 0, = —U304 + U10, (26)
1

3 T, = U10y + VO,
and preserve the relation

R 05 + o2 = const. (27)
We thus see that at the level of reduced spin vari-
ables in three dimensions, the state space changes
from a two-sphere (20) to a hyperboloid (27), as the
parameters us, uq, us appearing in the Hamiltonian
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Fig. 2: (colour online) Conic sections and PT phase transition: changes of orbit structures. A projection of the orbits on

the hyperboloid, for parameters just above the transition to complex energy eigenvalues, is shown on the left side. The

orbits form circular sections. On the right side we plot orbits of hyperbolic Rabi oscillations further into complex energy

eigenvalues. The energy eigenvalues determine the angle between the axis of rotation and the axis of the hyperboloid.

When eigenvalues are complex, the axis of rotation is within the hyperboloid, leading to closed orbits on the state space
generated by circular sections. When the imaginary part of the coquaternion appearing in the Hamiltonian is null, we

have parabolic sections of the hyperboloid; whereas when the energy eigenvalues are real, the angle of the two axes is

larger than /4, and open orbits are generated by hyperbolic sections

change. This transition corresponds to the tran-
sition from a complex Hermitian Hamiltonian into
a PT-symmetric non-Hermitian Hamiltonian. Since
the energy eigenvalues can still be real even when
u3 < uj +u?, we expect the dynamics to exhibit two
distinct characteristics depending on whether the re-
ality condition u} + u3 + w3 > uj + u? is satisfied.
Indeed, we find that on a hyperbolic state space,
orbits of the unitary dynamics associated with real
energies are the ones that are open and run off to
infinities. Conversely, when the reality condition is
violated, these open orbits are in effect Wick rotated
to generate closed orbits. These features can be iden-
tified by a closer inspection on the structure of the
underlying state space, upon which the dynamical
orbits lie. In particular, (26) shows that the dynam-
ics generates a rotation around the axis (u1,v,us);
whereas the state space (27) is a hyperboloid about
the axis (0,1,0). We have sketched in Figure 2 dy-
namical orbits resulting from (26), indicating that
there indeed is a transition from open to closed or-
bits as real eigenvalues turn into complex conjugate
pairs.

Intuitively, one might have expected an opposite
transition since in a PT-symmetric model of a spin—%
system the renormalised Bloch vectors on a spheri-
cal state space follow closed orbits when eigenvalues
are real, whereas sinks and sources are created when
eigenvalues become complex [15]. The apparent op-
posite behaviour seen here is presumably to do with
the facts that the underlying state space is hyper-
bolic, not spherical, and that no renormalisation is
performed here. In Figure 2 we have sketched some
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dynamical trajectories when energy eigenvalues are
complex. A projection of the dynamical orbits from
the o, axis (for the choice of parameters used in these
plots) shows in which way the topology of the orbits
are affected by the reality of the energy eigenvalues.

The evolutions of the other dynamical variables
09,04,05 are confined to the space characterised by
the relation

(uza4 + U4O'2)2 - (u405 - U5U4)2 (28)
+(us02 + u205)* = const.,

instead of the relation (21) of the previous case. How-
ever, if we define, as before, three auxiliary vari-
ables 0, = u405 — us04, 0y, = Us02 + U205, and
Oy, = U204 + U402, then the dynamical equations
satisfied by these variables are identical to those in
(22), except, of course, that the definition of v is dif-
ferent.

It is interesting to remark that when the imag-
inary part of the coquaternion appearing in the
Hamiltonian is space-like, the imaginary unit ¢ has
the characteristic of a ‘double number’ or a ‘Study
number’ introduced by Clifford [26], that is, i* = 1.
Quantum theories generated by such a number field
(instead of the field of complex numbers) and other
hyperbolic generalisations, as well as various issues
that might arise from such generalisations, have
been discussed by various authors (e.g., [27,28]; see
also [23] and references cited therein). The use of
coquaternionic Hermitian Hamiltonian thus captures
dynamical behaviours of different generalisations of
quantum mechanics in a simple unified scheme.
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