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Abstract. Motivated by a quaternionic formulation of quantum mechanics, we discuss
quaternionic and complex linear differential equations. We touch only a few aspects of
the mathematical theory, namely the resolution of the second order differential equations
with constant coefficients. We overcome the problems coming out from the loss of the
fundamental theorem of the algebra for quaternions and propose a practical method to
solve quaternionic and complex linear second order differential equations with constant
coefficients. The resolution of the complex linear Schrédinger equation, in presence of
quaternionic potentials, represents an interesting application of the mathematical mate-
rial discussed in this paper.

PACS. 02.10.Tq - 02.30.Hq — 02.30.Jr — 02.30.Tb — 03.65.-w

1 INTRODUCTION

There is a substantial literature analyzing the possibility to discuss quantum systems by adopting
quaternionic wave functions [El»@] This research field has been attacked by a number of people
leading to substantial progress. In the last years, many articles [@«@], review papers é] and
books [@»@] provided a detailed investigation of group theory, eigenvalue problem, scattering theory,
relativistic wave equations, Lagrangian formalism and variational calculus within a quaternionic for-
mulation of quantum mechanics and field theory. In this context, by observing that the formulation of
physical problems in mathematical terms often requires the study of partial differential equations, we
develop the necessary theory to solve quaternionic and complex linear differential equations. The main
difficulty in carrying out the solution of quaternionic differential equations is obviously represented
by the non commutative nature of the quaternionic field. The standard methods of resolution break
down and, consequently, we need to modify the classical approach. It is not our purpose to develop
a complete quaternionic theory of differential equations. This exceeds the scope of this paper. The
main objective is to include what seemed to be most important for an introduction to this subject.
In particular, we restrict ourselves to second order differential equations and give a practical method
to solve such equations when quaternionic constant coefficients appear.

Some of the results given in this paper can be obtained by translation into a complex formal-
ism [@,E,@] Nevertheless, many subtleties of quaternionic calculus are often lost by using the
translation trick. See for example, the difference between quaternionic and complex geometry in quan-
tum mechanics [B3,B4], generalization of variational calculus [J,[Ld], the choice of a one-dimensional
quaternionic Lorentz group for special relativity [@], the new definitions of transpose and determi-
nant for quaternionic matrices [@] A wholly quaternionic derivation of the general solution of second
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order differential equations requires a detailed discussion of the fundamental theorem of algebra for
quaternions, a revision of the resolution methods and a quaternionic generalization of the complex
results.

The study of quaternionic linear second order differential equations with constant coefficients
is based on the explicit resolution of the characteristic quadratic equation @—@ We shall show
that the loss of fundamental theorem of the algebra for quaternions does not represent a problem in
solving quaternionic linear second order differential equations with constant coefficients. From there,
we introduce more advanced concepts, like diagonalization and Jordan form for quaternionic and
complex linear matrix operators, which are developed in detail in the recent literature @«@] and we
apply them to solve quaternionic and complex linear second order differential equations with constant
coefficients.

As application of the mathematical material presented in this paper, we discuss the complex linear
Schrédinger equation in presence of quaternionic potentials and solve such an equation for stationary
states and constant potentials. We also calculate the relation between the reflection and transmition
coeflicients for the step and square potential and give the quaternionic solution for bound states.

This work was intended as an attempt at motivating the study of quaternionic and complex linear
differential equations in view of their future applications within a quaternionic formulation of quantum
mechanics. In particular, our future objective is to understand the role that such equations could play
in developing non relativistic quaternionic quantum dynamics [H] and the meaning that quaternionic
potentials [@, [Lg] could play in discussing CP violation in the kaon system [Bd].

In order to give a clear exposition and to facilitate access to the individual topics, the sections
are rendered as self-contained as possible. In section , we review some of the standard concepts used
in quaternionic quantum mechanics, i.e. state vector, probability interpretation, scalar product and
left /right quaternionic operators [p9,83, 1235 Section% contains a brief discussion of the momentum
operator. In section {f, we summarize without proofs the relevant material on quaternionic eigenvalue
equations from [@] Section E is devoted to the study of the one-dimensional Schrédinger equation
in quaternionic quantum mechanics. Sections E and [1] provide a detailed exposition of quaternionic
and complex linear differential equations. In section {§, we apply the results of previous sections to
the one-dimensional Schrédinger equation with quaternionic constant potentials. Our conclusions are
drawn in the final section.

2 STATES AND OPERATORS IN QUATERNIONIC QUANTUM MECHANICS

In this section, we give a brief survey of the basic mathematical tools used in quaternionic quantum
mechanics [@—@] The quantum state of a particle is defined, at a given instant, by a quaternionic
wave function interpreted as a probability amplitude given by

U(r)=[fot+h fl(r), (1)

where h = (i,5, k), f = (f1, fo, fs) and f,, : R®* = R, m = 0,1,2,3. The probabilistic interpretation of
this wave function requires that it belong to the Hilbert vector space of square-integrable functions.
We shall denote by F the set of wave functions composed of sufficiently regular functions of this vector
space. The same function ¥U(r) can be represented by several distinct sets of components, each one
corresponding to the choice of a particular basis. With each pair of elements of F, ¥(r) and ®(r), we
associate the quaternionic scalar product

(0, @) = /dSr T(r) d(r) 2)
where

U(r)=[fo—h-f](r) (3)

represents the quaternionic conjugate of ¥(r).
A quaternionic linear operator, Oy, associates with every wave function ¥(r) € F another wave
function Oy (r) € F, the correspondence being linear from the right on H

Ox [\Ill(r) q: _|_\IJ2(7~) qz] = [O}ﬂ \Ijl(r)] q: + [0&1\112(71)] q2
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¢:,» € H. Due to the non-commutative nature of the quaternionic field we need to introduce complex
and real linear quaternionic operators, respectively denoted by O and O, the correspondence being
linear from the right on C and R

Oc [W,(r) 2, + Uy(r) 2, ]
Ou [T (1) A + Ty (r) N, |

[OcWi(r)] 20 +[OcUs(r)] 25,
[OxWi(r)] A+ [Ox Us(r)] Ay,

2z, € Cand A, €R.
As a concrete illustration of these operators let us consider the case of a finite, say n-dimensional,
quaternionic Hilbert space. The wave function ¥(r) will then be a column vector

v,
\I] - . 9 \Ijl,2,...,n E —7: .
W’Vl
Quaternionic, complex and real linear operators will be represented by n x n quaternionic matrices

M, [A® O], where O represents the space of real operators acting on the components of ¥ and
A = (Ay, A, As) denote the real algebras

A]]—:[ : {17 L7 Ru L*R}w’
Ac - {1, L, R, LR },,

Az o {1, L},,
generated by the left and right operators
L:=(L,L;,,L,), R:=(R,R,,R,) (4)
and by the mixed operators
L+«R:={L,R,} paqg=i74k. (5)

The action of these operators on the quaternionic wave function W is given by
LUV =hV, RU=Uh.
The operators L and R satisfy the left/right quaternionic algebra
L}=L=L;=LL,L, =R =R =R, = RLR,R, = -1,
and the following commutation relations

[LPaRq]:O'

3 SPACE TRANSLATIONS AND QUATERNIONIC MOMENTUM OPERATOR

Space translation operators in quaternionic quantum mechanics are defined in the coordinate repre-
sentation by the real linear anti-hermitian operator [B]

d=(0,,0,0.) . (6)

To construct an observable momentum operator we must look for an hermitian operator that has
all the properties of the momentum expected by analogy with the momentum operator in complex
quantum mechanics. The choice of the quaternionic linear operator

as hermitian momentum operator, would appear completely satisfactory, until we consider the trans-
lation invariance for quaternionic Hamiltonians, H,. In fact, due to the presence of the left acting
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imaginary unit i, the momentum operator (f]) does not commute with the j/k-part of H,. Thus,
although this definition of the momentum operator gives an hermitian operator, we must return to
the anti-hermitian operator @ to get a translation generator, [@,H,] = 0. A second possibility to be
considered is represented by the complex linear momentum operator, introduced by Rotelli in @},

Pr=-R,h0. (8)
The commutator of P with a quaternionic linear operator Oy gives
[Pr, O]V =1 [0,0] ¥i .
Taking Oy to be a translation invariant quaternionic Hamiltonian H,, we have
[PaH,)=0.

However, this second definition of the momentum operator has the following problem: the complex
linear momentum operator P, does not represent a quaternionic hermitian operator. In fact, by
computing the difference

which should vanish for an hermitian operator P, we find
(U, Pr®) — (PR, ®) =h[i (V,0P) , 9)

which is in general non-vanishing. There is one important case in which the right-hand side of equa-
tion (E) does vanish. The operator P gives a satisfactory definition of the hermitian momentum
operator when restricted to a complex geometry [@], that is a complezx projection of the quaternionic
scalar product, (¥, P ,®).. Note that the assumption of a complex projection of the quaternionic scalar
product does not imply complex wave functions. The state of quaternionic quantum mechanics with
complex geometry will be again described by vectors of a quaternionic Hilbert space. In quaternionic
quantum mechanics with complex geometry observables can be represented by the quaternionic hermi-
tian operator, H, obtained taking the spectral decomposition [@] of the corresponding anti-hermitian
operator, A, or simply by the complex linear operator, —AR,, obtained by multiplying A by the
operator representing the right action of the imaginary unit 7. These two possibilities represent equiv-
alent choices in describing quaternionic observables within a quaternionic formulation of quantum
mechanics based on complex geometry. In this scenario, the complex linear operator P has all the
expected properties of the momentum operator. It satisfies the standard commutation relations with
the coordinates. It is a translation generator. Finally, it represents a quaternionic observable. A review
of quaternionic and complexified quaternionic quantum mechanics by adopting a complex geometry
is found in [B4].

4 OBSERVABLES IN QUATERNIONIC QUANTUM MECHANICS

In a recent paper [@], we find a detailed discussion of eigenvalue equations within a quaternionic
formulation of quantum mechanics with quaternionic and complex geometry. Quaternionic eigenvalue
equations for quaternionic and complex linear operators require eigenvalues from the right. In partic-
ular, without loss of generality, we can reduce the eigenvalue problem for quaternionic and complex
linear anti-hermitian operators A € M, [A; ® O] to

AV, =V _A.i m=12,..,n, (10)

where \,, are real eigenvalues.

There is an important difference between the structure of hermitian operators in complex and
quaternionic quantum mechanics. In complex quantum mechanics we can always trivially relate an
anti-hermitian operator, A, to an hermitian operator, H, by removing a factor i, i.e. A =14 H. In gen-
eral, due to the non-commutative nature of the quaternionic field, this does not apply to quaternionic
quantum mechanics.
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Let {¥,.} be a set of normalized eigenvectors of A with complex imaginary eigenvalues {i\,, }.
The anti-hermitian operator A is then represented by

A=>"U \iT], (11)

r=1

where U1 :=T". It is easy to verify that

A\I/m:zn:qfrArmjwm:zn:\hxrmm:quxmi.

r=1 r=1

In quaternionic quantum mechanics with quaternionic geometry [@]7 the observable corresponding to
the anti-hermitian operator A is represented by the following hermitian quaternionic linear operator

H=Y U\U'. (12)

r=1
The action of this operators on the eigenvectors ¥,, gives
HU, =9_A\, .

The eigenvalues of the operator H are real and eigenvectors corresponding to different eigenvalues are
orthogonal.

How to relate the hermitian operator H to the anti-hermitian operator A? A simple calculation
shows that the operators L, H and H L, does not satisfy the same eigenvalue equation of A. In fact,

L <Z W, q::)

U, =iy WAV, =iV, A,

r=1

L,HVY, =

and

HL, VU, = KZWA@T) L,
r=1

These problems can be avoided by using the right operator R, instead of the left operator L,. In fact,
the operator H R, satisfies the same eigenvalue equation of A,

HRY, = KZ U, A, szj) R,
r=1

The eigenvalues of the operator — AR, are real and eigenvectors corresponding to different eigenvalues
are orthogonal. The right hermiticity of this operator is recovered within a quaternionic formulation
of quantum mechanics based on complex geometry [@]

When the space state is finite-dimensional, it is always possible to form a basis with the eigenvectors
of the operators H and —AR,. When the space state is infinite-dimensional, this is no longer necessarily
the case. So, it is useful to introduce a new concept, that of an observable. By definition, the hermitian
operators H or —AR, are observables if the orthonormal system of vectors forms a basis in the state
space.

In quaternionic quantum mechanics with quaternionic geometry, the hermitian operator corre-
sponding to the anti-hermitian operator A of equation (IE) is thus given by the operator H of equa-
tion (E) By adopting a complex geometry, observables can also be represented by complex linear
hermitian operators obtained by multiplying the corresponding anti-hermitian operator A by —R,.
We remark that for complex eigenvectors, the operators L,H, HL,, HR, and A reduce to the same
complex operator

T, = zn:\l/rxrqf:mm .
r=1

U, => WA\, i=0,)\,i.

r=1

iH:ii/\T\I/T\I/: .

r=1
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We conclude this section by giving an explicit example of quaternionic hermitian operators in a
finite two-dimensional space state. Let
_ (-3
(i) 13

be an anti-hermitian operator. An easy computation shows that the eigenvalues and the eigenvectors
of this operator are given by

{2i, 4i} and {%(;)% (’f)}

It is immediate to verify that ¢A and A¢ are characterized by complex eigenvalues and so cannot
represent quaternionic observables. In quaternionic quantum mechanics with quaternionic geometry,
the quaternionic observable corresponding to the anti-hermitian operator of equation ([L]) is given by
the hermitian operator

H:\1/12\111+\1/24x1/;=(_?;ﬂ ’;j) . (14)

Within a quaternionic quantum mechanics with complex geometry, a second equivalent definition of
the quaternionic observable corresponding to the anti-hermitian operator of equation ([L3) is given by

the complex linear hermitian operator
~ (-1 3j
H_(3j 2) R; . (15)

5 THE QUATERNIONIC SCHRODINGER EQUATION

For simplicity, we shall assume a one-dimensional description. In the standard formulation of quan-
tum mechanics, the wave function of a particle whose potential energy is V(x,t) must satisfy the
Schrédinger equation

ih0,0(2,) = HO(,1) = |~ 12 0, + V(w,1)| O(a,1) (16)
Let us modify the previous equation by introducing the quaternionic potential
[V+h V](zt).
The i-part of this quaternionic potential violates the norm conservation. In fact,

0, [[Tdz®® = [Tdr [L®i0,.2— L (0,.0) i®— Lt P{i,h} - VO] =2 [“dz DV, .
The j/k-part of h -V is responsible for T-violation [E] To show that, we briefly discuss the time
reversal invariance in quaternionic quantum mechanics. The quaternionic Schrédinger equation in
presence of a quaternionic potential which preserves norm conservation, is given by ﬁ,@ @,

iho®(x,t) =[H—jW] ®(x,t) , (17)
where W € C. Evidently, quaternionic conjugation
—h0,®(x,t)i = HP(z,t) + P(z,t) j W
does not yield a time-reversed version of the original Schrodinger equation

— i hO®r(x,—t) = [H — jW] Bu(z, 1) . (18)
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To understand why the T-violation is proportional to the j/k-part of the quaternionic potential, let
us consider a real potential W. Then, the Schrodinger equation has a T-invariance. By multiplying
the equation (E) by j from the left, we have

—ih0,jO(x,t) =[H—jiW]jP(x,t), WER,
which has the same form of equation ([.§). Thus,
Dz, —t) =5 D(x,t) .
A similar discussion applies for imaginary complex potential W € ¢R. In this case, we find
Op(x,—t) =k D(x,t) .

However, when both V, and V; are non zero, i.e W € C, this construction does not work, and the
quaternionic physics is T-violating. The system of neutral kaons is the natural candidate to study the
presence of effective quaternionic potentials, V + h - V. In studying such a system, we need of V; and
V,,5 in order to include the decay rates of Ks/K, and CP-violation effects.

5.1 Quaternionic stationary states

For stationary states,
V(z,t) =V(z) and W(z,t) =W(x),

we look for solutions of the Schrodinger equation of the form

D(a,t) = () C(t) - (19)
Substituting (@) in the quaternionic Schrédinger equation, we obtain
ihW(x)C(t) = [H—jW(x)] ¥(x) (@) . (20)
Multiplying by —W(z)i from the left and by (¢) from the right, we find
RCB)CE) /ISP = T(a) [—iH + kW (2)] U(z)/[¥(z)]* . (21)

In this equation we have a function of ¢ in the left-hand side and a function of z in the right-hand
side. The previous equality is only possible if

RC)CH) /)P =W(a) [~ iH+EW(2)] U(x)/[¥(2)f =q, (22)

where ¢ is a quaternionic constant. The energy operator —i H + k W (z) represents an anti-hermitian
operator. Consequently, its eigenvalues are purely imaginary quaternions, ¢ = h - E. By applying the

unitary transformation wu,
, E=VEI+E+ED,

equation (22) becomes
REC() C(t)u/ICOF =T V(2) [~iH+ kW (2)] U()u/ V(@)= ~iE. (23)

The solution ®(z,t) of the Schrodinger equation is not modified by this similarity transformation. In
fact,

O(x,t) = U(z)uwl(t) = V(x) () .

By observing that |®(z,t)|> = |¥(z)|*|¢(¢)|?, the norm conservation implies |{(¢)|* constant. Without
loss of generality, we can choose |((t)|? = 1. Consequently, by equating the first and the third term in
equation @) and solving the corresponding equation, we find

((t) = exp[—iEt/h] ((0) , (24)
with ¢(0) unitary quaternion. Note that the position of ((0) in equation (@) is very important. In
fact, it can be shown that ¢(0) exp[—iFEt/h] is not solution of equation (R3). Finally, to complete the
solution of the quaternionic Schrodinger equation, we must determine W(z) by solving the following
second order (right complex linear) differential equation

(i 20, — V(@) + kW () | 9(@) = ~¥(2)i E . (25)

2m
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e Real potential

For W (z) = 0, equation (B§) becomes
[% 0w — V(w)] {W(x)]e —j [0 ()]} =i {[¥(x)]e —j[j¥(2)]c} i E . (26)
Consequently,
(220, - V)] W) = -[¥@) B,
and
[£0.. - V()| U@ = Y@ E .

By solving these complex equations, we find

\Il(a:):exp[,/i—’;l(V—E)x} kl—l—exp[—,/zﬁ—’g(V—E):z:] ky +
j{exp{ zh—’;l(V—&-E)x} kg—i-exp[— zh—’;‘(V—kE):v] k4},

where k,, n =1,...,4, are complex coefficients determined by the initial conditions.

e Free particles

For free particles, V(z) = W(x) = 0, the previous solution reduces to
U(x) = exp [z%:z:] k, + exp [—i%:z:] ky+ 7 {eXp [%x} ks + exp [—%:17] k4} ,
where p = v2mE. For scattering problems with a wave function incident from the left on quaternionic
potentials, we have
U(z) =explif x| +rexp[—ifz]+j7exp[fa], (27)
where |r|* is the standard coefficient of reflection and |7 exp[ £ 2 ||* represents an additional evanescent
probability of reflection. In our study of quaternionic potentials, we shall deal with the rectangular

potential barrier of width a. In this case, the particle is free for x < 0, where the solution is given by
(B7), and 2 > a, where the solution is

W(z)=texpliRa]+jtexp[—Ea]. (28)

Note that, in equations (@) and @), we have respectively omitted the complex exponential solution
exp[—£ x] and exp[ £ 2] which are in conflict with the boundary condition that W(z) remain finite
as r — —oo and x — o0. In equation (@), we have also omitted the complex exponential solution
exp| —i # =] because we are considering a wave incident from the left.

6 QUATERNIONIC LINEAR DIFFERENTIAL EQUATION

Consider the second order quaternionic linear differential operator
Dy=0,,+(a+L-a)d,+b,+L-b €A4,20.
We are interested in finding the solution of the quaternionic linear differential equation
Dy p(z) =0 . (29)
In analogy to the complex case, we look for solutions of exponential form
¢(x) = explga] ,
where ¢ € H and x € R. To satisfy equation (@), the constant ¢ has to be a solution of the quaternionic

quadratic equation [B3-J]]
¢+ (a+h-a)g+b,+h-b=0. (30)
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6.1 Quaternionic quadratic equation

To simplify our discussion, it is convenient to modify equation (B{]) by removing the real constant a,.
To do this, we introduce a new quaternionic constant p defined by p = ¢+ % . The quadratic equation

(B0) then becomes
p+h-aptco+h-c=0, (31)

2
where ¢, = b, — % and ¢ = b — % a. We shall give the solution of equation [B1) in terms of real

constant ¢, and of the real vectors a and c. Let us analyze the following cases:

(i) axec=0,
e a#0,c#0: (i) a-c=0,
(ili) axc#0#a-c

e a=0,c#0;
e a#0,c=0;
e a=c=0.

e (i) @ x ¢ = 0. In this case a and ¢ are parallel vectors, so equation @) can be easily reduced
to a complex equation. In fact, by introducing the imaginary unit Z = h - a/|a| and observing that
h-c=7a«a, with a € R, we find

p’+Zlalp+c+Za=0,
whose complex solutions are immediately found.

e (ii) a - ¢ = 0. By observing that a, ¢ and a x ¢ are orthogonal vectors, we can rearrange the
imaginary part of p, h - p, in terms of the new basis (a, ¢, a X ¢), i.e.

p=p,+h - (zat+yc+zaxc) . (32)

Substituting (BJ) in equation (B1), we obtain the following system of equations for the real variables
Do, T, y and z,

R: py — (@* +2)|af* —y?[e]* — 2 [a’|e]* + ¢, = 0,
h-a: po(1+22)=0,
h-c: 14+2pyy—2zlal* =0,

h-axc: Y+2p,z2=0.

The second equation, p, (1 +2z) = 0, implies p, = 0 and/or z = —%. For p, = 0, it can be shown
that the solution of equation (B1), in terms of p,, x, y and z, is given by

1
pf):O; .I:—%:l:\/z, y:07 ZZW) (33)
where
1 1 le|?
A=— - >0
i Jap ( |a|2)—
Fora::—%,weﬁnd
2D, 1
Y= TIptler (T imlaR (39
and

—1 [ﬂ cg+|c|2_2co_|a|2] .
It is easily verified that

a2
A<0 = c§+|c|2—602%,
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thus

pw_i%VZOﬂgjﬁF—%)—MP. (35)

Summarizing, for A # 0, we have two quaternionic solutions, p, # p,,

A>OZ p0:07
xz—%:l:\/z,
y=0,
2= p (36)
A<O : pozj:%\/2(\/c§+|c|2—co)—|a|2,
r=—1,
_ 2
Y= T
2= T (37)
For A = 0, these solutions tend to the same solution p, = p, given by
1
— . — — _1 — —
A=0 : po_O, I__i’ y—O, Z—W (38)

e (iii) @ x ¢ # 0 # a - ¢. In discussing this case, we introduce the vector d = ¢ —d, a, d, = a - ¢/|al?
and the imaginary part of p in terms of the orthogonal vectors a, d and a x d,

p=p+h - (za+yd+zaxd) . (39)

By using this decomposition, from equation (@) we obtain the following system of real equations

R: py — (2 + @) |al* —y?|d]* — 2° a*|d|* + ¢, =0 ,
h-a: po(14+2z)+dy, =0,
h-d; 14+2pyy—2zlal* =0,

h-axd: y+2p,z=0.

The second equation of this system, p, (1 +2x) + d, = 0, implies p, # 0 since d, # 0. Therefore, we
have

_po +d, _ 2p, 1
2p,

S, L. 40
i+ |ap o+ Jal (40)

and

4
16 w® + 8 [|af? + 2¢,) w* + 4 ||al*(co — d2) + % —1d]*|w—dlal* =0, (41)

where w = p2. By using the Descartes rule of signs it can be proved that equation (@) has only one
real positive solution [BY], w = a?, a € R. This implies pg = + a. Thus, we also find two quaternionic
solutions.

e a = 0 and ¢ # 0. By introducing the imaginary complez unit Z = h - ¢/|c|, we can reduce equation
(@) to the following complex equation

pP+eo+T|e|=0.
e a #* 0 and ¢ = 0. This case is similar to the previous one. We introduce the imaginary complex unit
7 = h - a/|al and reduce equation (BI)) to the complex equation

p’+Zlalp+c,=0.
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e a = ¢ = 0. Equation (B1) becomes

p>+eco=0.
For ¢, = —a®, a € R, we find two real solutions. For ¢, = a®, we obtain an infinite number of
quaternionic solutions, i.e. p = h - p, where |p| = |a|.

Let us resume our discussion on quaternionic linear quadratic equation. For @ = 0 and/or ¢ = 0
and for a x ¢ = 0 we can reduce quaternionic linear quadratic equations to compler equations. For
non null vectors satisfying a - ¢ =0 or a X ¢ # 0 # a - ¢, we have effective quaternionic equations. In
these cases, we always find two quaternionic solutions (B), (B7) and ({EQ-}t1)). For a-¢ = 0 and A =0,
these solutions tend to the same solution () Finally, the fundamental theorem of algebra is lost for
a restricted class of quaternionic quadratic linear equations, namely

¢+a*=0, ack.

6.2 Second order quaternionic differential equations with constant coefficients

Due to the quaternionic linearity from the right of equation @), we look for general solutions which
are of the form

p(z) = i (T) e + pa(T) €2

where ¢, (x) and @, () represent two linear independent solutions of equation (RJ) and ¢, and ¢, are
quaternionic constants fixed by the initial conditions. In analogy to the complex case, we can distin-
guish between quaternionic linear dependent and independent solutions by constructing a Wronskian
functional. To do this, we need to define a quaternionic determinant. Due to the non-commutative na-
ture of quaternions, the standard definition of determinant must be revised. The study of quaternionic,
complex and real functionals, extending the complex determinant to quaternionic matrices, has been
extensively developed in quaternionic linear algebra [t 4d]. In a recent paper [5(], we find an interest-
ing discussion on the impossibility to obtain a quaternionic functional with the main properties of the
complex determinant. For quaternionic matrices, M, a real positive functional, |detM| = /det[M MT],
which reduces to the absolute value of the standard determinant for complex matrices, was introduced
by Study and its properties axiomatized by Dieudonné [@] The details can be found in the excel-
lent survey paper of Aslaksen [@] This functional allows to construct a real positive Wronskian [@]

o ()] [02(2) = u(2) o1 (%) pa ()]
= lpa()] [61(2) = pa(2) @, () 0u (2]
= [&1(@)] () = pr(2) 4, () Pa ()]
= [22(@)] 01 (x) = pa(@) 4, () 1 ()] -

Solutions of equation (29)

<P1,2(17) = eXP[qu 33] = eXp[ (p1,2 - %0 ) 17]

are given in terms of the solutions of the quadratic equation (@), D12, and of the real variable z. In
this case, the Wronskian becomes

W(z) = |p: — p:| [ explgiz][ | explguz]] -

This functional allows to distinguish between quaternionic linear dependent (W = 0) and independent
(W # 0) solutions. A generalization for quaternionic second order differential equations with non
constant coefficients should be investigated.

For p, # p,, the solution of equation (@) is then given by

p(z) = eXP[_a_2U x]{exp[p, v] ¢, + exp[p, z] e, } . (42)



12 Stefano De Leo, Gisele Ducati: QUATERNIONIC DIFFERENTIAL OPERATORS

As observed at the end of the previous subsection, the fundamental theorem of algebra is lost for a
restricted class of quaternionic quadratic equation, i.e. p> + a®> = 0 where o € R. For these equations
we find an infinite number of solutions, p = h - & with |a|*> = a?. Nevertheless, the general solution
of the second order differential equation

¢(x) +a’p(r) =0, (43)
is also expressed in terms of two linearly independent exponential solutions
o(x) =expliazx]c, +exp[—iaz]ec, . (44)

Note that any other exponential solution, exp[h-c x], can be written as linear combination of exp[i « x]
and exp[—i a z],

explh - az] = 5 {expliaz] (a —ih-a)+exp|—iaz] (a+ih-a)} .

As consequence, the loss of the fundamental theorem of algebra for quaternions does not represent an
obstacle in solving second order quaternionic linear differential equations with constant coefficients.

To complete our discussion, we have to examine the case p, = p,. From equation (B§) we find

hxa

D1 =pP2=— 2 +#h'ax(b_a_20a)7

Thus, a first solution of the differential equation @) is

o = { [ (32 2) 2]

For a x b = 0, we can immediately obtain a second linearly independent solution by multiplying
exp[—3 z] by z, n(z) = z&(x). For a x b # 0, the second linearly independent solution takes a more
complicated form, i.e.

n@) = (z+£8) @) . (45)

It can easily be shown that 7(z) is solution of the differential equation (R9),
ii(@) + a) +bn() = o (¢ +aqg+b)
2q+a+ b, 2]) &)

+2q+a—|—|’;;|‘§ (qz—i—aq)—i-b‘f;—"%} £(x)
( e
:(2h~‘|‘ax|§+[h-b,";—'|‘;D§(a:)

0

Thus, forp, =p, =p=h- (aXb — %), the general solution of the differential equation @) is given
by

o(x) = exp[— % 7] {exp[px] ¢+ (:v + l’;—‘%) exp|p ] cz} . (46)

6.3 Diagonalization and Jordan form

To find the general solution of linear differential equations, we can also use quaternionic formulations
of eigenvalue equations, matrix diagonalization and Jordan form. The quaternionic linear differential
equation (PY) can be written in matrix form as follows

d(z) = M &(x) , (47)

where
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By observing that z is real, the formal solution of the matrix equation ([{7) is given by

D (x) = exp[M 2] B(0) , (48)
where ®(0) represents a constant quaternionic column vector determined by the initial conditions
oo M n
©(0), ¢(0) and exp[M z] = Z( :'C) . In the sequel, we shall use right eigenvalue equations for
n!
n=0

quaternionic linear matrix operators equations
Md=%oq. (49)

Without loss of generality, we can work with complex eigenvalue equations. By setting ¥ = ®u, from
the previous equation, we have

MY =Mbbu=0qu=duuqgu="Tz, (50)

where z € C and u is a unitary quaternion. In a recent paper @], we find a complete discussion of the
eigenvalue equation for quaternionic matrix operators. In such a paper was shown that the complex
counterpart of the matrix M has an eigenvalue spectrum characterized by eigenvalues which appear
in conjugate pairs {z;,%;,2.,%,}. Let ¥, and ¥, be the quaternionic eigenvectors corresponding to
the complex eigenvalues z, and z,

MV, =W,z and MUY,=V,z, .

It can be shown that for |z,| # |z,|, the eigenvectors ¥, and ¥, are linearly independent on H and
consequently there exists a 2 X 2 quaternionic matrix S = [ ¥, ¥, ] which diagonalizes M,

exp[Ma] = S exp [(ZO f) ;v] S =8 (eXp([flx] exp([)w]) S

In this case, the general solution of the quaternionic differential equation can be written in terms of
the elements of the matrices S and S~ and of the complex eigenvalues z; and z,,

[(p(x)} _ (Su exp[z:@] S, exp[z2x]> [Snl ¢(0) + S5 ‘P(O)}
$(x) Sy exp(z,x] S, explz,7] S5 p(0) + S5, ¢(0)
Hence,

o(x) = Sy explz 2] |
S1. explz, ] [Sy' ¢

= exp [Su 2 ( ] S [S5(0) + S5 0(0)] +
exp [812 2, (S1)7" I] S1a2 [S5 (0) + 55, ¢(0)]

= exp [521 (Si1)” x} S [S5(0) + S5 o(0)] +
€Xp [522 (S12) ) ] (51)

We remark that a different choice of the eigenvalue spectrum does not modify the solution (@) In
fact, by taking the following quaternionic eigenvalue spectrum

{a, e} ={mzu, Wu.t ,  |¢]# e, (52)
and observing that the corresponding linearly independent eigenvectors are given by
{0, =Tu,, D, =Tu, } , (53)
we obtain

M

[q)l @2] diag{Q17Q2} [(1)1 (1)2]71
[V, uy Uyu, | diag {T, 21Uy, Uszous b [ Vquy You, |
= [V, U,] diag {2, 2.} [V, ¥,]7" .

1
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Let us now discuss the case |z,| = |z,|. If the eigenvectors { ¥, , ¥, }, corresponding to the eigenvalue
spectrum { z, z }, are linearly independent on H, we can obviously repeat the previous discussion and
diagonalize the matrix operator M by the 2 x 2 quaternionic matrix U = [ ¥, U, ]. Then, we find the

¢(x) = exp [Uu z (Ull) ] Ui [UL 0(0) + UL 9(0)] +
exp [U12 z (Up)™ :C] 12 Uyt 0(0) + Uyt 9(0)]
= €xXp [Uzl (Un)~ ' ] Un [U 9(0) + U, 80(0)] +
€xXp [Uzz (U)™ ] Uz (U, 9(0) + U, 9(0)] (54)

For linearly dependent eigenvectors, we cannot construct a matrix which diagonalizes the matrix
operator M. Nevertheless, we can transform the matrix operator M to Jordan form

M_J<S i) I (55)

It follows that the solution of our quaternionic differential equation can be written as

O(z) = J exp KS i) :c] T ®(0)

_ (it s it e(0) + J5¢(0)
= (le @ Jo +J22> exp|zz] [Jmlga(()) + J.,' (0)

Thus,

p(x) = Ji explza] [J, ¢(0) + T, ¢(0)] +

(x Ju + Jiz) explz ] [T, ¢(0) + J5.' $(0)]

=exp [Jz (Jn) " 2] Ju [J50(0) + I3 $(0)] +
[+ Jis (J1) '] exp [Ji 2z (Jun) 7" 2] %
Jiu [It 9(0) + T2, ¢(0)]

= exp [le (J11)71 x} Ju [J59(0) + I35 0(0)] +
[z 4+ Js (J1) '] exp [Jar (J11) 7" 2] %
Jun [J51" 0(0) + 5 ¢(0)] (56)

The last equality in the previous equation follows from the use of equation (@) and the definition of
M.

Finally, the general solution of the quaternionic differential equation (@) can be given by solv-
ing the corresponding eigenvalue problem. We conclude this section, by observing that the quater-
nionic exponential solution, exp[q x], can also be written in terms of complex exponential solutions,
u exp[z z]u~*, where ¢ = uzu~'. The elements of the similarity transformations S, U or J and the
complex eigenvalue spectrum of M determine the quaternion uw and the complex number z. This
form for exponential solutions will be very useful in solving complex linear differential equations with
constant coefficients. In fact, due to the presence of the right acting operator R;, we cannot use
quaternionic exponential solutions for complex linear differential equations.

7 COMPLEX LINEAR QUATERNIONIC DIFFERENTIAL EQUATIONS

Consider now the second order complex linear quaternionic differential operator

D¢ = [as + L-as+ (b + L-b,) R,] 0., +
[@y + L-a, + (bs + L-b)) R] O, +
ago + L-ay+ (boo+ L -by) R,
e A0
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and look for solutions of the complex linear quaternionic differential equation
Dep(z) =0. (57)

Due to the presence of R; in (@), the general solution of the complex linear quaternionic differential
equation cannot be given in terms of quaternionic exponentials. In matrix form, equation (@) reads

O(x) = M. D(x) , (58)

where

M, = (2 i) and - &(z) = [iﬁfﬁi]

The complex counterpart of complex linear quaternionic matrix operator M has an eigenvalue spec-
trum characterized by four complex eigenvalues {z,, z,, 25, 2, }. It can be shown that M, is diagonal-
izable if and only if its complex counterpart is diagonalizable. For diagonalizable matrix operator
M, we can find a complex linear quaternionic linear similarity transformation S which reduces the
matrix operator M to diagonal form [BI]

—

L) () 6)- ()

are eigenvectors of the diagonal matrix operator

z1+Zo 21—Z2
( 2 + 2 Rl z3+Z Oz Zz. >
3+7%Z4 3—Z4
0 T+ 2SR,

21422 Z1—Z%2
o TR R e 0 )S’Cl
23T 24 23 —Z4 .

0 2 + 21 RZ

It is immediate to verify that

with right complex eigenvalues z,, z,, z; and z,. The general solution of the differential equation @)
can be given in terms of these complex eigenvalues,

() = Sern exp (2572 + 252 R o] [S:1, 9(0) + 5215 9(0)] +
Scuz exp [(B55 + 252 Ry) a] [S55, ¢(0) + 523, ¢(0)]
= u, explz; x|k, + u, explz, x] ky +
uz explzs x| ks + u, explz, ] ks | (59)

where k, are complex coefficients determined by the initial conditions. This solution holds for diago-
nalizable matrix operator M. For non diagonalizable matrix operators we need to find the similarity
transformation J. which reduces M, to the Jordan form. For instance, it can be shown that for equal
eigenvalues, z, = z,, the general solution of the differential equation (@) is

o(x) = u explzx] ky + (uz + @) explzx] ky + us explzs ] ks + u, explz,z] ky (60)

7.1 Schrédinger equation

Let us now examine the complex linear Schrédinger equation in presence of a constant quaternionic
potential,

{%GIZ—V—F]'W} U(z)=iVU(z)iE . (61)
In this case, the complex linear matrix operator

M=% Y o —v_iw+iER ,
b 0
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represents a diagonalizable operator. Consequently, the general solution of the Schrédinger equation
is given by

o(z) = u, explz; x] ky + uy explz, x] ky + us explzs ] ks + uy explz, 2] ky . (62)

The quaternions u, and the complex eigenvalues z,, are obtained by solving the eigenvalue equation
for the complex linear operator M.. We can also obtain the general solution of equation (61|) by

substituting u exp[\/% zx] in the Schrédinger equation. We find the following quaternionic equation
uz> = (V—-—jW)u—iFui=0,
where u = z, + j Z,. This equation can be written as two complex equations
(22— (V—-E)z, - Wz, =2~ (V+E)]z,+Wz,=0.
An easy calculation shows that z satisfies the complex equation
2 =2V2+VEH WP —-E*=0, (63)
whose roots are

Zipo =2\ V—-VE2—W2==22z and z,,=+/V+/E2-|[WP==%z . (64)

By setting (u,,5), = (—jus,), = 1, we find

The solution of the complex linear quaternionic Schrodinger equation is then given by
U(z) = u_ {exp[ 22 z_a)ky 4 exp[— /22 z_ ] k2} +

Uy {exp[\/i:’;l z, x] ks + exp[— \/2}1:7;2+ x] k4} . (66)

Equation @) can also be obtained by multiplying the complex linear Schrédinger equation (@) from
the left by the operator

h? .
2m Oee =V —JW.
This gives

() b2 Vo v s WEw@) = i [Eo, -V iijw]ee)iE
E?W(z) .

By substituting the exponential solution u exp[,/2% z ] in the previous equation, we immediately
re-obtain equation (3).

8 QUATERNIONIC CONSTANT POTENTIALS

Of all Schrodinger equations the one for a constant potential is mathematically the simplest. The
reason for resuming the study of the Schrodinger equation with such a potential is that the qualitative
features of a physical potential can often be approximated reasonably well by a potential which is
pieced together from a number of constant portions.



Stefano De Leo, Gisele Ducati: QUATERNIONIC DIFFERENTIAL OPERATORS 17

8.1 The potential step

Let us consider the quaternionic potential step,

. 0 z <0
v W ={y e T30

where V' and W represent constant potentials. For scattering problems with a wave function incident
from the left on the quaternionic potential step, the complex linear quaternionic Schrédinger equation
has solution

<0 :

expliZax]+rexp[—ifa]+j7exp[fa];

U(x)=< x>0 : (67)
u_texpl\/22z x]+u,texp[— /22 2z, ] [E>/V2+ W],
u_texpl—y/2z x| +u texpl—y/2z x| [E</VZF[W}].

where 7, 7, t and t are complex coefficients to be determined by matching the wave function ¥(z) and

its slope at the discontinuity of the potential x = 0.

For E > \/V?2 + |W|?, the complex exponential solutions of the quaternionic Schrédinger equation
are characterized by

zo =i/ /E2—=|W]2=V € iR and =z, =//E2-|[W]2+V € R.

The complex linearly independent solutions

u_ exp[—/23 z_z] and u, exply/3% z, x]

have been omitted, k, = k; = 0 in @), because we are considering a wave incident from the left

2m

and because the second complex exponential solution, exp[,/2% z, ], is in conflict with the boundary

condition that ¥(z) remain finite as £ — oo. The standard result of complex quantum mechanics
are immediately recovered by considering W = 0 and taking the complex part of the quaternionic
solution.

For E < /V? + |W|?, the complex exponential solutions of the quaternionic Schrédinger equation
are characterized by

2. =\V-E - W], 2, =\/V+VEE—WE € R [E>|W|],
2o = (VWP —E)* exp[i 8], tand= YW eC [E<W|].

The complex linearly independent solutions

u_ exply/ 2 z_x] and wu, exp[,/3F z, 2]

have been omitted, k;, = k; = 0 in (@), because they are in conflict with the boundary condition that
U(z) remain finite as @ — co.

A relation between the complex coefficients of reflection and transmission can immediately be
obtained by the continuity equation

o,p(z,t) + 0, J(x,t) =0, (68)
where

p(x,t) = (x,1) B(x,1) ,
and

J(z,t) = = {[0.D(z,t)] i ®(2,t) — D(x,1)i 0, P(x,t) } .
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Note that, due to the non commutative nature of the quaternionic wave functions, the position of
the imaginary unit ¢ in the probability current density J(zx,t) is important to recover a continuity
equation in quaternionic quantum mechanics. For stationary states, ®(z,t) = ¥(z)exp[—i £ ¢]¢(0),
it can easily be shown that the probability current density

J(z,t) = 5= ((0) exp[i £¢]{ [0,V ()] i U(z) — V(z)i0,V(z) } exp[—iZt]((0) .

2m

must be independent of x, J(x,t) = f(t). Hence,
2 {[0.5(@)] i (x) - T(2)i 0. W(x) } = exp[—i £ ¢](0) F(£)CO) exp[i £¢] = ar,
where « is a real constant. This implies that the quantity
J =2 {[0.¥(2)] i¥(z) - ¥(2)id, ¥(z)}
has the same value at all points x. In the free potential region, x < 0, we find
To=2 (1) .

In the potential region, > 0, we obtain

o [VE ) |- () | b 1 L

E+
0 (E< /VE+W}].

Finally, for stationary states, the continuity equation leads to
2
2 7VE2_IVV‘2_V — L 2 — 2 2
|r)* + ¥ [1 (E+ BT [t]* = [E> V24 |W]2], (69)
[r2 =1 [E</V2+|W[?].

Thus, by using the concept of a probability current, we can define the following coeflicients of trans-
mission and reflection

2
Rl 7= YERE o () i (5> TR

E2—|W‘2
R=|r?, T=0 [E<JV24+|W]].
These coefficients give the probability for the particle, arriving from x = —oo, to pass the potential

step at © = 0 or to turn back. The coefficients R and T depend only on the ratios E/V and |W|/V.
The predictions of complex quantum mechanics are recovered by setting W = 0.

8.2 The rectangular potential barrier

In our study of quaternionic potentials, we now reach the rectangular potential barrier,

0 <0
Vi) —jW(@) = V-jW 0<z<a
0 T>a

For scattering problems with a wave function incident from the left on the quaternionic potential
barrier, the complex linear quaternionic Schrodinger equation has solution

<0 :
expl[i P x]+rexp[—ifa]+ 7 exp[fa];

O<zxr<a

2m 2m

U(z) = { U (Pl 5F 2o 2l b+ expl— /58 2 al ks p + (70)
uy {exply/28 7, 2l by + expl— /22 2, 2]k ;

)

r>a :
texpliBx]+jtexp[—Fa].
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The complex coefficients 7, 7, ¢t and ¢ are determined by matching the wave function ¥(z) and its
slope at the discontinuity of the potential z = 0 and will depend on |W|.

By using the continuity equation, we immediately find the following relation between the trans-
mission, T' = |¢[?, and reflection, R = |r|?, coefficients

R+T=1. (71)

8.3 The rectangular potential well

Finally, we briefly discuss the quaternionic rectangular potential well,

0 z <0
Vig)—jW(@)=<{ -V+ijW 0<z<a
0 T >a

In the potential region, the solution of the complex linear quaternionic Schrédinger equation is then

given by
U(x) =u_ {exp[\/mz x] k, + exp[— /2% z_ ] k2}+
Uy {exp[\/m x| ks + exp[— \/zz+ x] k4} , (72)
where
- = <1_jE++L\W\2> M= (j_%hxwa '
and

z

=i VEE—WE4V, 2z, =\JEE-WE-V.

Depending on whether the energy is positive or negative, we distinguish two separate cases. If E > 0,
the particle is unconfined and is scattered by the potential; if £ < 0, it is confined and in a bound

state. We limit ourselves to discussing the case E < 0. For |[W| < |E| < \/V? + [W]2, solution (2)

becomes
{ ﬁmxk—kexp—zﬁmx } 73
{ \/37;1 1= — W2 x] ks + exp[— Z\/g V- VE - WEalk } ™

For |E| < |W|, the solution is given by

u_ exp[m expli %] 2] k, + exp[— mexp[ x|k }+ -
Yoo

="
u, yexply/ 33 p expli T3] @] ks + exp[— /35 p exp[— i 5] ]k4} :

where p = /V2+|W|?>— E? and tanf = 7V‘V‘/“,W In the region of zero potential, by using the
boundary conditions at large distances, we find

<0 :
exp[ (/35 |Elx]e +j exp[—iy /32 |Elz]es s

U(x) = (75)
r>a

expl— /3 Bl 2]y + j expli 32 [Bl]d

The matching conditions at the discontinuities of the potential yield the energy eigenvalues.
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9 CONCLUSIONS

In this paper, we have discussed the resolution of quaternionic, Dy ¢(x) = 0, and complex, D ¢(x) = 0,
linear differential equations with constant coefficients within a quaternionic formulation of quantum
mechanics. We emphasize that the only quaternionic quadratic equation involved in the study of
second order linear differential equations with constant coefficients is given by equation () following
from Dy p(x) = 0. Due to the right action of the factor ¢ in complex linear differential equations, we
cannot factorize a quaternionic exponential and consequently we are not able to obtain a quaternionic
quadratic equation from D. ¢(x) = 0. Complex linear differential equations can be solved by searching
for quaternionic solutions of the form ¢ exp|z x], where ¢ € H and z € C. The complex exponential
factorization gives a complex quartic equation. A similar discussion can be extended to real linear
differential equations, Dy ¢(x) = 0. In this case, the presence of left/right operators L and R in Dy
requires quaternionic solutions of the form ¢ exp[Az]|, where ¢ € H and A € R. A detailed discussion
of real linear differential equations deserves a further investigation.

The use of quaternionic mathematical structures in solving the complex linear Schrodinger equa-
tion could represent an important direction for the search of new physics. The open question whether
quaternions could play a significant role in quantum mechanics is strictly related to the whole un-
derstanding of resolutions of quaternionic differential equations and eigenvalue problems. The inves-
tigation presented in this work is only a first step towards a whole theory of quaternionic differential,
integral and functional equations. Obviously, due to the great variety of problems in using a non-
commutative field, it is very difficult to define the precise limit of the subject.
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APPENDIX A: Quaternionic linear quadratic equations

In this appendix, we give some examples of quaternionic linear quadratic equations, see cases (i)-(iii)
of subsection @, and find their solutions.

o (i) PH+V2(i+j)p—1-2v2(i+j)=0.

In solving such an equation we observe that @ = (v/2,v/2,0) and ¢ = —(2v/2,2+/2,0) are parallel
vectors, ¢ = —2 a. Consequently, by introducing the complex imaginary unit Z = (i 4 5)/v/2, we can
reduce the quadratic quaternionic equation to the following complex equation,

pP+2Zp—1—-47 =0,

whose solutions are p, , = =7 + 2 VZ. Tt follows that the quaternionic solutions are

pa=+v2- (15 V2) i\j; .

o (ii): p*+ip+1k=0,A=0.
We note that a = (1,0,0) and ¢ = (0,0, %) are orthogonal vectors and A = 0. So, we find two
coincident quaternionic solutions given by

1+

pz—%h-a—l—h-axc:—T.

o (ii): p+jp+1-—k=0,A>0.
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In this case, a = (0,1,0) and ¢ = (0,0, —1) are orthogonal vectors, ¢, = 1 and A = 1/4. So,
P, =0, x:—%:t%, y=0, z=1.

By observing that
h-a=j, h-c=-k, h-axc=-1,

we find the following quaternionic solutions

P, = —1 and  p,=—(i+7).

o (ii): p*+kp+j=0,A<0.
We have a = (0,0,1), ¢=(0,1,0) and ¢, = 0. Then a-¢ =0 and A = —3/4. So,

) z =

N[

Po=%3., z=-3, y=7F
In this case,

h-a=k, h-c=j5, h-axc=-—i,
thus, the solutions are given by

Po=1 (E1—iFj—k) .

o (iii): p*+ip+1+i+k=0.
We have a = (1,0,0), ¢ = (1,0,1) and ¢, = 1. In this case a - ¢ # 0, so we introduce the quaternion
do + h-d =1+ k, whose vectorial part d = ¢ — dya = (0,0, 1) is orthogonal to a. The imaginary part
of our solution will be given in terms of the imaginary quaternions

h-a=i, h-d=k, h-axd=-—j.
The real part of p is determined by solving the equation

16po 4+ 24p; —3p;—1=0.

The real positive solution is given by p; = %. Consequently,

_ 41 _ _ _1

p()_:l:§7 x__§$17 y_jFQu 2_5

The quaternionic solutions are

p=101-3i—j—k and p=—3(1—-i+j—k).

APPENDIX B: Quaternionic linear differential equations

We solve quaternionic linear differential equations whose characteristic equations are given by the
examples (i)-(iii) in the previous appendix.

o (i) @) +V2(i+5)p@) — [1+2V2(i+5)] pe) =0, p0)=i, ¢(0)= 1.

The exponential exp[p 2] is solution of the previous differential equation if and only if the quaternion
p satisfies the following quadratic equation

PHV206i+)p—1-2V2(i+5)=0,
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whose solutions are given by

pa=+vi- (15 V2) "\j; |

Consequently,

¢<x)_exp{[ﬁ—(1_¢§) j;] x}cl+exp{[_ﬁ—(1+ﬁ) E} x}

By using the initial conditions, we find

gp(x)_exp{—iﬁjx} cosh{<\/§+i+j) x} i

o (iD): ¢(x) +(1+1)p() + 2 p(a) =0, @(0) =0, $(0)= -5

We look for exponential solutions of the form ¢(x) = exp[gz] = exp[(p — 3 ) #]. The quaternion p
must satisfy the quadratic equation

pP+ip+3k=0.

This equation implies

1+
P =pP2= — B)
Thus,
143+
SRR RETEN |
The second linearly independent solution is given by
, 143+
wo(x) = (z+1i)exp [— zj] .

By using the initial conditions, we find
p(z) ={explga] + (z+i) exp[qa]i} [L+q " (1+iq)i] ",
where g= —(14+i+j)/2.
o (il): ¢(z) +(2+7) () +(2+)—k) p(2) =0, ¢0)= 15, ¢0)=j.
The exponential solution ¢(z) = exp[qxz]| =exp[(p — 1) ] leads to
pP’+ip+1—-k=0,

whose solutions are

pp=—i and p,=—(i+]).
Consequently,

o(x) =exp[—x] {exp][—iz]c, +exp[— (i +j)z]c } .

The initial conditions yield

p(a) = exp[—a] {exp[—iz] =52 +exp[— (i+j)z](j~1)} .
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o (il): 4(x)+ko(@)+je(x) =0, ©0)=it+k, ¢0)=1.
The characteristic equation is
pP+kp+j=0,
whose solutions are
Po=3 (E1—iFj—k) .
Thus, the general solution of our differential equation reads
p(x) = exp[# x]e;, + expl— w xle, .

By using the initial conditions, we obtain

o(@) = { exp 51K 0] 4 exp| - LigHth g ] | stk

o (iil): &(x)+(i—2) @) +(24+Fk) o(x) =0, ¢0)=0, ¢0)=7.
By substituting ¢(x) = exp[qx] = exp[(p+ 1) z] in the previous differential equation, we find
pP+ip+14+i+k=0.
The solutions of this quadratic quaternionic equation are
p=11-3i—j—k) and p=—3(1—-i+j—k).
So, the general solution of the differential equation is
1731'273'71@

1—itj—k
——x

p(z) = exp| x] e, + exp[— Jes

By using the initial conditions, we obtain

o(z) = {exp[ 1—3i2—j—k 2] — exp[— 1—z'-i2-j—k 2] } j—i6+2k '

APPENDIX C: Diagonalization and Jordan form

In this appendix, we find the solution of quaternionic and complex linear differential equations by
using diagonalization and Jordan form.

Quaternionic linear differential equation

By using the discussion about quaternionic quadratic equation, it can immediately be shown that the
solution of the following second order equation

@) + (k—i)@(x) = jex) =0,

with initial conditions

is given by
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Let us solve this differential equation by using its matrix form ([i7), with

0 1
(90,

This quaternionic matrix can be reduced to its Jordan form

B i1 1
M=J <0 z) J.
by the matrix transformation

(1 k ) 3tj  _itk
() e
i1+ -5 5

The solution of the quaternionic linear quaternionic differential equation is then given by
p(x) = Ju expliz] [J;" ©(0) + J," 4(0)] +
(z i+ i) expliz] [J," 0(0) + J5," ¢(0)]
=(zJy+J) expliz]
(z+ %) explia] .

Complex linear differential equations

Let us now consider the complex linear quaternionic differential equation

B(x) —je(z)i=0,
with initial conditions
e(0)=j, $0)=k.
To find particular solutions, we set ¢(x) = ¢ exp| z z]. Consequently,
qz>—jqi=0.
The solution of the complex linear second order differential equation is
o(z) =% [(i +j) exp[—iz] + (j — i) coshz + (k — 1) sinhz] .

This solution can also be obtained by using the matrix

0 1
MC_(jRi 0) )

B —iR, 0\ ..,
MIC_SC< O Z) C b

and its diagonal form

where
SR e g e s
tidiok _ Lbigbk po _loicgok y 1oibitk p
and

g1 1 <1+i+j+k _ 1+4i—j—k R; 1—i—j+k + 1—itji—k Ri)
c T 1

2 2 2 2
1—itj—k 1—i=j+k _14itg+k _ 1+isj—k p
2 + 2 R; 2 2 R;

The solution of the complex linear quaternionic differential equation is then given by
p(x) = Seus exp[—i Rz ] [Sc), 9(0) + 501, ¢(0)] +
Sciz expliz] [So, ¢(0) + Sc,, ¢(0)]
=2{(1—i+j—k)exp[—z]— (1+i—j—k)exp[z]} +
it

L exp[—ix] .
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