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Foreword

This book is about applications of the theory of pseudoanalytic functions. The
Swedish mathematician T. Carleman was the first to characterize this class of
functions via a generalized Cauchy-Riemann system which is sometimes called
a Carleman-Vekua-Bers system, as the investigation of the solutions of these sys-
tems reached fruition many years later through work of I.N. Vekua and L. Bers. In
the 1940s, L. Bers accepted an invitation to participate in the program Advanced
Research and Instruction in Applied Mathematics at Brown University. There,
as part of work relevant to the war effort, he studied two-dimensional subsonic
fluid flow problems, which led him to pseudoanalytic functions. Independently,
I.N. Vekua from Tiflis called them “generalized analytic functions” and described
applications in elasticity and fluid dynamics. Under the influence of his famous
book, Generalized Analytic Functions (1959), operator theoretical aspects domi-
nated for a time, while Bers’ ideas of a theory similar to classical complex analysis
fell into relative oblivion.

The current renaissance of Bers’ theory is primarily due to recent research
by V.V. Kravchenko, who independently and later in collaboration with other
colleagues uncovered striking new relations and applications of pseudoanalytic
function theory. These developments have now been very carefully prepared and
presented in a style accessible to a wide audience. Through several interesting
examples from physics it is shown how concepts of Bers’ theory give new results.
The book is an interplay between pseudoanalytic theory and a collection of partial
differential equations of mathematical physics which are quite important in appli-
cations: inter alia, the Schrédinger equation, the Klein-Gordon equation, Maxwell’s
equations and the Dirac equation. One basic idea which can be found throughout
the book is that, starting from a special solution, it is often possible to construct
large classes of solutions and even complete systems of solutions to an important
equation. Mathematical topics are motivated by physical problems, each leading
to a corresponding Carleman-Vekua-Bers system that is the main subject of this
book.

The reader will find in this book suprising relations among equations from
different genres. To fully appreciate them, some knowledge is required of complex
analysis, ordinary differential equations including Sturm-Liouville problems, and
second-order elliptic partial differential equations. Researchers may take note that



xii Foreword

the theory presented in this book is not yet complete; new applications can easily
be visualized, and the author has formulated a number of open problems which
may be tackled in the future. A comprehensive list of papers and books is provided
at the end of the volume, suited for readers who wish to deepen their research stud-
ies. Kravchenko’s book is to be recommended to higher undergraduates, graduates
and postdoctoral researchers.

Wolfgang Sproessig
Freiberg, December 2008



Chapter 1

Introduction

Pseudoanalytic function theory generalizes and preserves many crucial features of
complex analytic function theory. The Cauchy-Riemann system is replaced by a
much more general first-order system with variable coefficients. The foundations
of pseudoanalytic function theory have been created by a considerable number of
mathematicians among whom Lipman Bers and Ilya Vekua played the most promi-
nent role. In the book of I. Vekua [120] and by many other researchers, pseudoan-
alytic functions are called generalized analytic. Nevertheless in the present work
we implement the term “pseudoanalytic” in order to emphasize the fact that we
mainly use the part of the theory developed by L. Bers and his collaborators [13].

Pseudoanalytic function theory found many applications in different fields
of mathematics and mathematical physics. Historically it became one of the im-
portant impulses for developing the general theory of elliptic systems. Here, the
Vekua theory played a more important role due to its tendency to a more general,
operational approach. L. Bers tried to follow more closely the ideas of classical
complex analysis and paid more attention to the efficient construction of solu-
tions. Among other results, L. Bers obtained analogues of the Taylor series for
pseudoanalytic functions and some recursion formulae for constructing general-
izations of the base system 1, z, 22, .... The formulae require knowledge of the
Bers generating pair (two special solutions) of the corresponding Vekua equation
describing pseudoanalytic functions as well as generating pairs for an infinite se-
quence of Vekua equations related to the original one. The necessity to count with
an infinite number of exact solutions of different Vekua equations turned out to be
an important obstacle for efficient construction of Taylor series (in formal powers)
for pseudoanalytic functions.

Traditional applications of pseudoanalytic functions include boundary value
problems in elasticity theory and hydrodynamics [120]. This book is dedicated to
other applications. In the recent works of the author [68], [69] and [71] a close
connection between the second-order elliptic equation

(divp grad+q)u =0 (1.1)
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and a Vekua equation of a special form was presented. This connection is a direct
generalization of a relation which exists between harmonic and analytic functions.
The special form of the arising Vekua equation (which we call the main Vekua
equation) allows us to apply well-developed methods of pseudoanalytic function
theory ([6], [13], [17], [32], [116], [120], [123] and others) and of p-analytic function
theory [103] to the analysis of the corresponding second-order equations.

In the first part of this book, in Chapters 3 and 4 we develop the theory of
series in formal powers for the main Vekua equation and as a consequence the
corresponding theory for equation (1.1). Formal powers were defined by L. Bers
(see [13]) and represent a generalization of the usual powers (z — z)"™ which play a
crucial role in the one-dimensional complex analysis. As their name reveals, formal
powers in general are not powers. They behave like (z — 29)™ only locally, near the
center, and in fact can be complex functions of a quite arbitrary nature. Neverthe-
less they are solutions of a corresponding Vekua equation and under quite general
conditions represent a complete system of its solutions in the same sense as any
analytic function under quite general and well-known conditions can be approxi-
mated arbitrarily closely by a normally convergent series of complex polynomials.

Extending the original results of L. Bers we present a simple procedure for
explicit construction of formal powers corresponding to the main Vekua equation
in a very general situation [73]. From the relation of the main Vekua equation
to equation (1.1) we obtain that, under quite general conditions, we are able to
construct explicitly a complete system of exact solutions of (1.1). More precisely,
let us consider, e.g., the conductivity equation

div (p gradu) = 0.

Our result then gives us the possibility to construct explicitly a complete system
of solutions of this equation if p has the form

p=®(p)¥(y) (1.2)

where (¢,%) is an orthogonal coordinate system, ® and ¥ are arbitrary positive
differentiable functions.
In the case of the stationary Schrodinger equation

(—A+q)u=0, (1.3)

in order to construct a complete system of solutions explicitly we need a particular
solution of this equation of the form (1.2). Note that before this result had been
obtained the knowledge of one particular solution of a second-order equation in two
dimensions like (1.3) had not given much information about the general solution.
We show that one particular solution of (1.3) generates a complete system of
solutions of (1.3) which in a sense and for many purposes represents the general
solution of the equation. We give an introduction to this new method and include
explanation of the theory behind it and some examples of application including
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a numerical method for solving boundary value problems for (1.1) based on the
construction of pseudoanalytic formal powers.

The arsenal of pseudoanalytic function theory includes the integral repre-
sentations for pseudoanalytic functions among which the Cauchy integral formula
is of great importance. As in the case of explicit construction of formal powers,
considerable difficulties arise in the explicit construction of the Cauchy integrals.
Only in some very special cases was the pseudoanalytic Cauchy integral obtained
explicitly. Recently, in [72] a certain progress in this direction was achieved. A
procedure for explicit construction of the Cauchy kernels for an important class
of pseudoanalytic functions was developed. We present it in Chapter 5.

Behind these recent developments in pseudoanalytic function theory there
is a deep and quite universal idea of factorization. The special Vekua equations
closely related to second-order elliptic equations arise as factorizing terms in a
factorization of the operator in (1.1). In relation to this factorization a nonlinear
complex equation of a special form appears which, as we show in Chapter 6, enjoys
many important properties of the ordinary differential Riccati equation. We prove
the generalizations of the famous Euler and Picard theorems as well as some new
features arising in the complex situation.

Another new application of pseudoanalytic function theory is considered in
the second part of the present book and corresponds to the theory of linear second-
order ordinary differential equations. The problem of solving the Sturm-Liouville
equation

(pu) + qu = Aru (1.4)
by a known nontrivial solution of the equation
(pug) + quo = 0 (1.5)

where p, ¢, r, u, ug are complex-valued functions of the real variable x and A
is an arbitrary complex constant is of fundamental importance due to numerous
situations in mathematical physics where it arises. For example, when the method
of separation of variables is applied to the equation

div(PVv) + Qu =20

where P and @ possess some symmetry sufficient for separating variables, very
often one can arrive at the equation (1.4), and it is really desirable to have a
possibility to solve only one equation (1.5) and to derive from its solution the
solution of (1.4). Moreover, in many important cases the solution of (1.5) is known.
For example, consider the conductivity equation

div(PVv) =0

and suppose, e.g., that P is a function of one Cartesian variable (for a recent work
motivating this example see [35]). Separation of variables leads to the equation

(Pu') = \u



4 Chapter 1. Introduction

and the solution of the corresponding equation (1.5) is given, a particular nontrivial
solution can be chosen as ug = 1. Thus, to have a method allowing us to transform
ug into v means a complete solution of the original problem.

There are dozens of works dedicated to the construction of zero-energy solu-
tions of the Schrodinger equation (see, e.g., [23], [24]). With the aid of the results
of the present work these solutions can be used for obtaining solutions for all other
values of A. Moreover, the presented result is directly applicable to Dirac systems
with scalar potentials as was observed in [62]. These are just some immediate
applications of this result.

We obtain a new representation for solutions of Sturm-Liouville equations
and consider its applications to the solution of initial-value and spectral problems.
This new representation lends itself to numerical computation representing a new
and efficient numerical method for solving Sturm-Liouville problems

The methods of pseudoanalytic function theory presented in this book are
applicable also to important systems of mathematical physics. In the third part
we show how the system describing so-called Beltrami fields as well as the static
Maxwell system for inhomogeneous media can be treated using this technique. The
result is that under quite general conditions a complete system of solutions of both
systems can be obtained explicitly and used for solving corresponding boundary
value problems.

If instead of complex numbers the algebra of hyperbolic numbers is used,
a good deal of pseudoanalytic function theory can be developed along the same
lines. In this case we obtain hyperbolic pseudoanalytic function theory which we
present in Part IV. Instead of the factorization of elliptic second-order operators
we obtain the factorization of the hyperbolic operators, in particular of the Klein-
Gordon operator. As in the elliptic case, formal powers and corresponding solutions
of the Klein-Gordon equation can be obtained explicitly. We present this result in
Chapter 13.

In Part V we discuss other generalizations of pseudoanalytic function theory.
First of all, the development of a bicomplex generalization of this theory due
to applications to second-order equations with complex coefficients as well as to
such objects as the Dirac equation turns out to be very important. Second, it
is clear that some important facts from pseudoanalytic function theory can be
generalized to a multidimensional situation using quaternions or more general
Clifford algebras. We introduce the bicomplex Vekua equation and basic concepts
of bicomplex pseudoanalytic function theory. We show how the Dirac equation
with electromagnetic and scalar potentials is related to this theory. In a special
case of a scalar potential we obtain an infinite system of exact solutions, once more
using the theory of pseudoanalytic formal powers.

In Chapter 16 we consider second-order elliptic equations in a three-dimen-
sional case using quaternionic-analytic tools. The quaternionic factorization of the
Schrédinger operator leads us to a spatial generalization of the main Vekua equa-
tion which possesses properties similar to those of the complex Vekua equation.
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Obviously, the results presented in this book are far from being complete or
final. Much can be done in different directions. This is why we included a section
with a discussion of some open problems related to the results presented in this
book.

The author expresses his gratitude to CONACYT (Mexico) for partial sup-
port of this work.

Querétaro, December 2008



Chapter 2

Definitions and Results
from Bers’ Theory

This chapter is based on notions and results presented in [13] and [14]. Let
be a simply connected domain in R2. We use the complex variables z = x + iy,
¢ =&+ 1in, w =u + iv, etc. Complex conjugates are denoted by bars Z = x — iy.
Sometimes we will use the operator of complex conjugation: Cw = w. Functions
of x and y are written as functions of z without implying analyticity. We denote

Oz = % (% + ia% and 0, = % (a% - i(%). The notation wz = dzw and w, = O, w

will also be used throughout the book.

2.1 Generating pairs and differentiation

The starting point of Lipman Bers’ theory of pseudoanalytic functions is the no-
tion of a generating pair which is a couple of complex functions, independent in
the sense that at any point the value of any complex function defined there can be
represented as a real linear combination of the generating functions. In pseudoan-
alytic function theory they play the same role as 1 and ¢ in the theory of analytic
functions.

Definition 1. A pair of complex functions F' and G in €2, possessing Holder con-
tinuous! partial derivatives with respect to the real variables x and v, is said to
be a generating pair if it satisfies the inequality

Im(FG) >0 in . (2.1)

It follows that for every zg in €2 and any complex function w defined in zy we
can find unique real constants Ag and po such that w(zg) = Ao F(20) + poG(20)-

1See the definition of Holder continuity in Section 4.3.
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Definition 2. Let the function w be defined in a neighborhood of zy. We say that
at zo the function w possesses the (F, G)-derivative w(zp) if the (finite) limit

zZ— 20 zZ— 20

(2.2)

exists.
Sometimes instead of the notation w for the (F, G)-derivative of w we will

. d w
use the notation —=£5=2

Set (for a fixed point zg)
W(z) = w(z) = A F(2) — poG(2),
the real constants Ag and pp being uniquely determined by the condition
Wi(z0) = 0.

The function W has partial derivatives if and only if w has, and w(zg) exists if
and only if W'(z) does. Moreover, if it exists then w(zg) = W'(z9) where W'(z)

is the complex derivative of W at the point zo: W’(2¢) = lim,_,,, %Z(ZO)
Hence the existence of W, (zp), Wx(z0) and the equation
Wz(z0) =0 (2.3)

are necessary for the existence of w(zp), and the existence and continuity of W, (z),
Wz(z) for |z — 20| < r together with (2.3) are sufficient.
The function W can be represented in the form

w(z) w(zo) w(z0)
F(z) F(z0) F(20)
Wz = LG Clz) Gl) (2.4)
‘F(zo) F(z0) ’ '
G(z0) G(z0)
so that (2.3) can be written as
wz(z0) w(z0) w(zo)
F(20) Fl2) Flzo) | =0, (2.5)
GE(ZO G(Z()) G(Zo)
and if (2.2) exists, then
wy(z0) w(z0) w(zo)
F.(20) F(z0) F(20)
_ 1 G:(20) Gla0) G(20)
o) = [F) G| 2
G(z0) G(z0)
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The following expressions are known as characteristic coefficients of the pair

(F,G):

FG. — F.G FGs — F.G

WO = TG TG FO = TFG_FG
W _ FG.-FG ,  FG.-FG
(16) FG—FG F&)= TFGFG

Equations (2.5) and (2.6) can be rewritten in the form
Wz = a(pyg)w + b(ch)E (27)

and
w=w, — A(F)G)w — B(F)G)w. (2.8)
Thus the following theorem is valid.

Theorem 3. If w(z) exists, then at zp, w, and wx exist and equations (2.7), (2.8)
hold. If w, and ws exist and are continuous in some neighborhood of zg, and if
(2.7) holds at zo, then w(zy) exists, and (2.8) holds.

Equation (2.7) is called a Vekua equation (sometimes, Carleman-Vekua equa-
tion).

Note that F and G possess (F, G)-derivatives, ' = G = 0 and the following
equalities which determine the characteristic coefficients uniquely, are valid:

F = a(ch)F + b(F,G)F7 Gz = a(F,G)G + b(F,G)é,

F, = A(F7g)F + B(F,G)Fv G, = A(F,G)G + B(F,G)é-

The Vekua equation (2.7) represents a generalization of the Cauchy-Riemann sys-
tem and the main object of study of pseudoanalytic function theory.

2.2 Pseudoanalytic functions

Definition 4. A function w will be called (F, G)-pseudoanalytic of the first kind in
a domain Q (or, simply, pseudoanalytic, if there is no danger of confusion) if w
exists everywhere in 2.

In view of the condition Im(FG) > 0 in €2, every function w in a domain of
interest admits the unique representation

w=pF+yYG
where ¢ and v are real-valued. Set

w =@+ 1.
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The correspondence between w and w is one-to-one. We denote it by writing

w="w, W=, w (mod F,G).

Note that
«(Awy + pws) = A(awr) + p(iws)
for any real A and p, .0 =0, ,F = 1, .G =i and that in every closed domain ,

1
— <
0<K*

<K

where the constant K depends only on (F,G) and the domain €.

Definition 5. If w is (F, G)-pseudoanalytic of the first kind, the function w =, w
is called (F, G)-pseudoanalytic of the second kind.

In the case of analytic functions, F' and G can be chosen as F' =1, G = 1,
and hence w coincides with w.

The following theorem gives us an equation for pseudoanalytic functions of
the second kind as well as a very useful and simple representation for the (F, G)-
derivative of a pseudoanalytic function of the first kind.

Theorem 6. A function w = ¢ + i) is (F, G)-pseudoanalytic of the second kind if
and only if ¢ and Y possess continuous partial derivatives, and

pxl + G = 0. (2.9)
If this condition is satisfied, then setting w =" w we have that
W=, F+1Y.G. (2.10)
Proof. Consider the function
W(z) = w(z) = AoF(2) — 1oG(2)
where A\g = ¢(z0) and po = ¥(20), so that
w(z0) = Mo F'(20) + 110G (20).

Note that

Then

Wz(2) = 0z(2)F(2) + (p(2) — ¢(20))F=(2) + 1=(2)G(2) + (¥(2) — ¥(20))Gz(2)

and hence at zy we have

W=(20) = ¢=(20) F(20) + ¥=(20)G(20)-
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In a similar way we obtain that

WZ(ZO) = ‘PZ(ZO)F(ZO) + 1/JZ(ZO)G(ZO)-

As the Vekua equation
wz = aw + bw (2.11)

at zo is equivalent to the Cauchy-Riemann condition W%(zp) = 0, we obtain that
(2.11) is equivalent to (2.9), and due to the equality w(zg) = W'(z9) we obtain
(2.10). O

Example 7. Let f be a real-valued positive function. Consider F' = f, G = i/f.
Then equation (2.9) becomes

i
pzf+1z7=0
f
which is equivalent to the system
fso—lw =0 fe +3w =0
xr f Yy b) Yy f T .

This system can be written in the form of a generalized Cauchy-Riemann system
with a “weight”,
1 1
Pr = ﬁ%, Py = _ﬁ¢z

Note that the system
1 1

Uy = —Vy, Uy = ——Vy

where p is a given positive function of  and y is quite well known [103], and
complex functions u + iv satisfying it are called p-analytic.
Thus, (f,i/f)-pseudoanalytic functions of the second kind are f2-analytic.

2.3 Derivatives and integrals of
pseudoanalytic functions

2.3.1 Equivalent generating pairs
Definition 8. Two generating pairs (F, @) and (F,G) are called equivalent if
F =anF + a;2G and é = aonF + a»nG

where a;; are real constants.

The following theorem we give without proof for which we refer to [13].
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Theorem 9.

1. Two generating pairs defined in the same domain are equivalent if and only
if they have the same characteristic coefficients.

2. If (F,G) and (F,G) are equivalent, then every (F, G)-pseudoanalytic function
of the first kind is (F, G)-pseudoanalytic of the first kind and

drew _ dpeW
dz dz

2.3.2 Vekua’s equation for (F,G)-derivatives

A complex derivative of an analytic function is of course again an analytic function
and both satisfy the Cauchy-Riemann system. The situation is different in the
case of pseudoanalytic functions. The (F, G)-derivative of an (F, G)-pseudoanalytic
function in general is no longer (F, G)-pseudoanalytic. Instead, it satisfies another
Vekua equation, corresponding to another generating pair which is determined as
follows.

Definition 10. Let (F,G) and (Fi,G1) be two generating pairs in Q. (Fy,Gq) is
called successor of (F, @) and (F,G) is called predecessor of (Fy,Gq) if

a(Fl)Gl) = CI,(F7g) and b(F1,G1) = —B(F7g).
The importance of this definition becomes obvious from the following state-

ment.

Theorem 11. Let w be an (F,G)-pseudoanalytic function and let (F1,G1) be a
successor of (F,G). Then
W = d(F7g)’w

dz
is an (F1, G1)-pseudoanalytic function.
Proof. Set w =, w = ¢+ i1y. Then
W= . F+1.G (2.12)
and
oz F +9:G =0,
so that . .
. F+9.G=0. (2.13)
Solving (2.12) and (2.13) we get
. F .
Pz G and wz = —% (214)

T FG-FG FG - FG
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Note that
QOZEF + szG + QOEFZ + d)EGz =0.

Consider

(w)z = 0z +V.2G + 0. Fx + .Gz
= 0. 5 +9.Gy — oz F. — :G,

=p. Iz +v.Gx — (Qﬂzfz + wz53> .

Substituting (2.14) into this equality gives

. GF; — FGx . GFs—-FGs\ —
(), = w = w

FG-FG FG-FG
. GF,—-FG,—
=aw+ ———w
FG - FG
= aw — Bi. U

Thus, w is a solution of the Vekua equation
()5 = aw — Bu.

In order to introduce the notion of pseudoanalytic derivatives of arbitrary
order the following very important definition is necessary.

Definition 12. A sequence of generating pairs {(F,,Gm)}, m = 0,£1,+2,..
is called a generating sequence if (F,41,Gm+1) is a successor of (F,, Gp). If
(Fov, Go) = (F,G), we say that (F,G) is embedded in {(Fy,, Gm)}-

Theorem 13. Let (F,G) be a generating pair in Q. Let Q1 be a bounded domain,
Oy C Q. Then (F,G) can be embedded in a generating sequence in Q.

For the proof we refer to [13].

Definition 14. A generating sequence {(F,,Grm)} is said to have period p > 0 if
(Frntps Gmtp) 1s equivalent to (F,, Gp), that is their characteristic coefficients
coincide.

Let W be an (F,G)-pseudoanalytic function. Using a generating sequence
in which (F,G) is embedded we can define the higher derivatives of W by the
recursion formula

d(meGm)W[m]

wlol — w- wim+1 —
) dz )

m=0,1,....
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2.3.3 Integration
In the proof of Theorem 11 we obtained a couple of auxiliary relations (2.14):
G Fi

FG-FG FG - FG

Pz

Now if we want to recover ¢ and ¢ (and hence w and w) from w we should integrate
the expressions in (2.15). Let us consider this question in detail and introduce some
useful notation.

Consider the equation
0, =@ (2.16)

first in a whole complex plane or in a convex domain, where ® is a complex-valued
function ® = @1 + iP5 and ¢ is real-valued. It is easy to see that as this equation
is equivalent to the system

pr =29, and py = —20y,
it has a solution if only the following compatibility condition is satisfied:
8y<I>1 + 0,P5 = 0. (2.17)

If this condition is fulfilled, one can reconstruct ¢ up to an arbitrary real constant
in the following way:

oz, y) =2 (/j @1 (n, y)dn — /y ‘bz($o7§)d§) +e

0 Yo

where (x,yo) is an arbitrary fixed point in the domain of interest. Note that this
formula can be easily extended to any simply connected domain by considering
the integral along an arbitrary rectifiable curve I' leading from (xo,yo) to (x,y),

e(z,y) =2 (/ ®ydr — <I>2dy) +ec. (2.18)
r
By A we denote the integral operator in (2.18):
AlD)(x,y) =2 (/ Oy dx — <I>2dy> .
r

Notice that this expression can also be written as

Al®](x,y) =2 Re/

(D) + D) (d + idy) = 2 Re/ ddz. (2.19)
T I8

In a similar way we introduce the integral operator

A0 (z,y) = 2 (/F Oydz + <I>2dy>
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corresponding to the operator dz and applied to complex functions whose real and
imaginary parts satisfy the condition

0,1 — 9, @5 = 0.

Returning to equalities (2.15) we see that to recover ¢ and ¢ up to arbitrary real
constants one can apply the operator A to the expressions on the right-hand side.
Thus, we have

(2.20)

and hence _ _
FG - FG FG - FG
up to an additive complex constant which is the value of w at zg = (x0,yo), and
weF A= | o
FG - FG FG - FG
up to an additive term ¢ F' + ¢oG where ¢; and ¢y are arbitrary real constants.
Fixing the value of w at zp = (xo,yo) we find that ¢; = p(z9) and c2 = ().

Taking into account (2.19) the last two equalities can be written in the fol-

lowing form, preferred in [13]:
2_ . o .

w = Re % —1 Re %

r FG — FG r FG — FG

and _ —
2Gu 2F
2G0d: e [ 204
r FG—-FG r FG - FG
These formulas lead naturally to the following definitions introduced in [13].

w=F Re

Definition 15. Let (F, G) be a generating pair. Its adjoint generating pair (F, G)* =
(F*,G*) is defined by the formulas

. 2F . 2G

T FG-FG’ T FG-FG
Definition 16. The (F, G)-*-integral is defined by the equality

*/Wd(F7G)Z = Re/G*Wdz+i Re/F*Wdz
r r r
and the (F, G)-integral is defined as
/Wd(pyG)Z = F(z) Re/ G*'Wdz+ G(z) Re/ F*Wdz (2.21)
r r r

where I is a rectifiable curve leading from zy to 2.
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Definition 17. A continuous function W defined in a domain  will be called
(F, G)-integrable if for every closed curve I" lying in a simply connected subdomain
of Q,

j{Wd(EG)Z =0.

r
Theorem 18. An (F,G)-derivative w of an (F,G)-pseudoanalytic function w is
(F, G)-integrable.
Proof. 1t follows from the path-independence of the integrals in (2.20). (]

Theorem 19. Let w be an (F,G)-derivative of an (F,G)-pseudoanalytic function
w in a simply connected domain Q@ and I' C Q be a rectifiable curve leading from
zo to z. Then the following equalities are valid:

*/u’;d(p,(;)z = w(z) — w(zo0), w=,w (modF,G),
r

[ iy = wz) ~ )P () = ()G,
Proof. We obtained it earlier as a corollary of relations (2.20). g
The integral sz01 wd(p )z is called an (F, G)-antiderivative of .

Theorem 20. Let (F,G) be a predecessor of (F1,G1). A continuous function is
(F1, Gy)-pseudoanalytic if and only if it is (F, G)-integrable.

Theorem 21. If W is a continuous function defined in a simply connected do-
main Q, and if W is (F, G)-integrable, then there exists an (F,G)-pseudoanalytic
function w in Q, such that

Proof. Under the hypotheses of the theorem the function
w=p+i= */ Wdraz
r

is well defined and possesses continuous partial derivatives (zo being any fixed
point in Q). In fact

@zRe/G*WdZZ/w
r r FG - FG

and

w_Re/F*WdZ__/FWdz—FWdE
r r FG-FG
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from where it follows that

ow o TW
T G-FG T FG_FG
and . .
GW FW
Yz = T = = w?: — =
FG - FG FG - FG
Hence

wzF +vzG =0 and . F+1v,G=W.

From Theorem 6 we obtain that w = ¢F + G is (F, G)-pseudoanalytic, and that
w=W. (]

Remark 22. Theorem 21 holds also for multiply-connected domains, except that
w may be multiple-valued.

Let us formulate an auxiliary fact concerning the adjoint generating pair
introduced in Definition 15.

Theorem 23.
1. (F,G)™ = (F,Q).
2. The following relations between characteristic coefficients hold:
a(F+,G*) = —U(F,G), A(F*,G*) = _A(F,G)v
b(F*,G*) — _B(F7G)7 B(F*7G*) - _b(F7G)
Proof. The proof is straightforward. O

Now we prove a statement which is converse with respect to Theorem 11.

Theorem 24. Let (F1,G1) be a successor of (F,G), and let W be an (Fy,G1)-
pseudoanalytic function. Then W is (F, G)-integrable and hence an (F, G)-deriva-
tive of (a not necessarily single-valued) (F, G)-pseudoanalytic function.

Proof. Due to Theorem 21 it is sufficient to prove that if € is a regular domain?,
and (Q lies within the domain of definition of W, then

0
Let (F*,G*) be the adjoint of (F,G). Then

Re (*/ Wd(Rg)z) = Re G*Wdz
o0 a0

2If Q is bounded and 09 consists of a finite number of piecewise continuously differentiable
simple closed Jordan curves, 2 will be called regular.
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and
Im (*/ Wd(F7G)Z) = Re F*Wdz
oQ o0

for every W. By Theorem 23

F; = —aF* — BF* and G% = —aG* — BG*
and by hypothesis .
Wz =aW — BW
where a, b, and B are the characteristic coefficients of (F, G).

Here we are going to make use of one of the complex versions of the Green-
Gauss integral theorem (see, e.g., [117, Sect. 3.2]) which establishes that for a
regular domain €2 and any complex, continuously differentiable with respect to x
and y, function g defined in € the following equality holds:

1
/ gzdxdy = — gdz.
) 2i Jaq
We have that the integral

F*Wdz = Zi/ (F"W)zdxdy

o0 Q

:Zi/ (—aF*W — BF*W + F*aW — F*BW) dady
Q
= —4i/ Re (F*BW) dzdy

Q

is a pure imaginary number and hence Re |, o0 F"Wdz = 0. The same reasoning
shows that Re [, G*Wdz = 0 so that (2.22) is valid. O



Chapter 3

Solutions of Second-order Elliptic
Equations as Real Components of
Complex Pseudoanalytic Functions

3.1 Factorization of the stationary
Schrodinger operator

It is well known that if fy is a nonvanishing particular solution of the one-
dimensional stationary Schrodinger equation

(- + o)) ) =

then the Schriédinger operator can be factorized as

d? N AYE RN
= (g q) (&%)

We start with a generalization of this result onto a two-dimensional situation.
Consider the two-dimensional stationary Schrédinger equation

(—A+v)f=0 (3.1)

in some domain Q C R?, where A = 8‘3_—; + 88—22, v and f are real-valued functions.
We assume that f is a twice-continuously dii‘yferentiable function. By C' we denote
the complex conjugation operator.

Theorem 25 ([69]). Let f be a positive in Q particular solution of (3.1). Then for
any real-valued function ¢ € C?(Q) the following equalities hold:

%(A—VW: (324-%0) ( z—%(/’)@: <3z+f720> (5%—%(3)@
(3.2)
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Proof. Consider

f- f- 1 0. f[° (@f)
ra z  Tp =-Ap— — Uz
(‘%fc)(a fc)*” e R
1
1

Af 1
(ASD - 7@) =1 (A-v)ep. (3.3)
Thus, we have the first equality in (3.2). Now application of C' to both sides of
(3.3) gives us the second equality in (3.2). O

The operator 9, — fTZI , where I is the identity operator, can be represented
in the form
Iz

0, — 1= fo,f'I.
S =07

Let us introduce the notation P = f0, f~'I. Due to Theorem 25, if f is a positive
solution of (3.1), the operator P transforms real-valued solutions of (3.1) into
solutions of the Vekua equation
f= _
Oz+—=C|lw=0. (3.4)
f
Consider the operator S = fAf~'I applicable to any complex-valued func-
tion w such that ® = f~1w satisfies condition (2.17). Then it is clear that for such
w we have that PSw = w.

Proposition 26. [70] Let f be a positive particular solution of (3.1) and w be a
solution of (3.4). Then the real-valued function g = Sw is a solution of (3.1).

Proof. First of all let us check that the function ® = w/f satisfies (2.17). Let
u = Rew and v = Imw. Consider

OyP1 + 0, P2 = l ((ayu + 0,v) — <%u + ava)) . (3.5)
f f f
Note that equation (3.4) is equivalent to the system
Onf Oy f oy f Oz f
Optt — Oyv = — 2y + Ly, Oyu + Opv = Loy + v
Y f f Y f f

from which we obtain that expression (3.5) is zero. Thus the function ® satisfies
(2.17) and hence the real-valued function ¢ = A[w/ f] is well defined and satisfies
the equation 9, = w/f.

Consider the expression
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For the expression 0zA[%] we have

%A[?] — azA[% + @A[?]
w v E
= ? — 21? = f (37)

where the following observation was used:

e =2 ([ o (56) o= )
S VA o) KO ) B s

Thus substitution of (3.7) into (3.6) gives us the equality

A(Sw) = qu[%] = vSuw. O

Proposition 27. [70] Let g be a real-valued solution of (3.1). Then
SPg=g+cf

where ¢ is an arbitrary real constant.

Proof. Consider

SszfABZ{g}zf(g—&-c):g—&-cf. O
f f

Theorem 25 together with Proposition 26 show us that equation (3.1) is
equivalent to the Vekua equation (3.4) in the following sense. Every solution of
one of these equations can be transformed into a solution of the other equation
and vice versa.

3.2 Factorization of the operator divp grad+q.

The following statement is known in the form of a substitution (see, e.g., [96]).
Here we formulate it as an operational relation.

Proposition 28. Let p and q be real-valued functions, p € C%(Q) and p # 0 in .
Then
divp grad +q = p'/2(A — r)p!/? in , (3.8)

where
Ap1/2 q

o op2
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Proof. The easily verified relation

A 1/2
divp grad = p'/? (A — p]i/Q )p1/2 (3.9)

is well known (see, e.g., [118]). Adding to both sides of (3.9) the term ¢ (and
representing it on the right-hand side as p'/2 (¢/p) p'/?) gives us (3.8). O

The following statement is a generalization of Theorem 25.

Theorem 29 ([71]). Let p and q be real-valued functions, p € C*(Q) and p # 0 in
Q, ug be a positive particular solution of the equation

(divp grad+q)u =0 in Q. (3.10)

Then for any real-valued twice-continuously differentiable function ¢ the following
equality holds:

(divp grad +¢)p = p'/? <8Z + %0) (83 - —ZC) o, (3.11)

1
4 f

where
f=p"?uo. (3.12)

Proof. This is based on (3.2). From (3.8) we have that if ug is a solution of (3.10)
then the function (3.12) is a solution of the equation

(A—=r)f=0. (3.13)
Then combining (3.8) and (3.2) we obtain (3.11). O

Remark 30. According to (3.9), A—r = f~! div f2 grad f~! where f is a solution
of (3.13). Then from (3.8) we have

div p grad +q = p*/2f ! div f2 grad f~'p'/2. (3.14)
Taking into account (3.12) we obtain
divp grad +q = ugl div pug grad ugl in €.

Remark 31. Let ¢ = 0. Then ug can be chosen as ug = 1. Hence (3.11) gives us
the equality

1 . dpl/? Aepl/?
7 div(p grade) = p'/? (62 + #Cﬁ (6% - p];/—z C) (r'%0).
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In what follows we suppose that in €2 there exists a positive particular solution
of (3.10) which we denote by uo.
Let f be a real function of z and y. Consider the Vekua equation

Wz = %W in Q. (3.15)

This equation plays a crucial role in all that follows, hence we will call it the main
Vekua equation. The operator 0z — Lo corresponding to this equation appears in
the factorization (3.11) as well as in (3.2).

Denote W7 = ReW and Wy = ImW.

Remark 32. [69] Equation (3.15) can be written as
FOFTIWh) +if 71 O=(fW2) = 0. (3.16)

Theorem 33 ([71]). Let W = Wy +iWs be a solution of (3.15). Then U = f~1W;
s a solution of the conductivity equation

div(f’VU)=0  inQ, (3.17)
and V = fWy is a solution of the associated conductivity equation
div(f2VV)=0  inQ, (3.18)
the function W1 is a solution of the stationary Schridinger equation
AWy +rW; =0 in Q) (3.19)

with 1y = Af/f, and Wy is a solution of the associated stationary Schrodinger
equation
— AWy +1r3We =0 in Q (320)

where ro = 2(Vf)?/f? =11 and (Vf)? = f2 + fyf

Proof. To prove the first part of the theorem we use the form of equation (3.15)
given in Remark 32. Multiplying (3.16) by f and applying 9. gives

0- (f0= (§71WW1)) + 34 (/W) =0
from where we have that Re (62 (fzc% (f’lwl))) = 0 which is equivalent to (3.17)
where U = f~1Wj.
Multiplying (3.16) by ! and applying 9, gives
1 . _
TA (F7W0) 00 (J720= (FW2)) =0

from where we have that Re (8. (f~209z (fW2))) = 0 which is equivalent to (3.18)
where V' = fWa.
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From (3.9) we have
(A —r) Wy = f~Hdiv(f2V (f7'9)).

Hence from the just proven equation (3.17) we obtain that WW; is a solution of
(3.19).
In order to obtain equation (3.20) for W it should be noticed that

fdiv(f 2V (fW2)) = (A —ry) Wa. O
Remark 34. Observe that the pair of functions
i

F=f and G=5 (3.21)

are solutions of (3.15) and represent a generating pair corresponding to the Vekua
equation (3.15). This allows us to rewrite (3.15) in the form of an equation for
pseudoanalytic functions of second kind (equation (2.9))

ezf + 11’2% =0, (3.22)
where ¢ and ¢ are real-valued functions. If ¢ and 1 satisfy (3.22) then W =

of + ?ﬁ% is a solution of (3.15) and vice versa.
Denote w = ¢ + 9i. Then from (3.22) we have

1
(U} + E)zf + (U) - E)E? =0,
which is equivalent to the equation
1-f2_

The relation between (3.23) and (3.17), (3.18) was observed in [3] and turned out
to be essential for solving the Calderén problem in the plane.

Theorem 35 ([71]). Let W = Wi + iWy be a solution of (3.15). Assume that
f = pY?uq, where ug is a positive solution of (3.10) in Q. Then u = p~'/2W; is
a solution of (3.10) in Q, and v = p*/?>Wy is a solution of the equation

1
(div — grad —|—q1> v=20 in Q, (3.24)
p

1 2
g=—- <€+2<@7M>+2(M> ) (3.25)
p\p P uo o

where
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Proof. According to Theorem 33, the function f~1W] is a solution of (3.17). From
(3.14) we have that

p~ % (divp grad+q) (p~/Wh) = 71 div(fV (f W)

from which we obtain that u = p~/2W] is a solution of (3.10).
In order to obtain the second assertion of the theorem, let us show that

2 (div ]1? grad+ql) (/%) = f div(f 2V (f¢))

for any real-valued ¢ € C?(£2). According to (3.9),

Af1
F1
Straightforward calculation gives us the equality
Af~Y 3 /Vp S| Ap Vp Vaug Aug Vug 2
—— =-\—) 55— +{— - +2 .
f 4\ p 2p P U (0 up

From the condition that ug is a solution of (3.10) we obtain the equality

F div(f 2V () = (A - ) o= (A—r)g.

_M_z+<@ M>
Uo p p oug /-

1 2 2
A{I :%(@) _1@+2<@7M>+€+2<M) .
f 4\ p 2 p P U D uo

Thus,

Notice that

Ap_1/2 B § (@)2 1 Ap

pt2 4\ p 2 p
Then . s )
Aff,l = Ap]il/z +2<%,VU—Z(’>+%+2 (Vu—‘;"> .
Now taking ¢; in the form (3.25) we obtain the result from (3.8). O

3.3 Conjugate metaharmonic functions

Theorems 33 and 35 show us that as much as real and imaginary parts of a
complex analytic function are harmonic functions, the real and imaginary parts
of a solution of the main Vekua equation (3.15) are solutions of associated sta-
tionary Schrodinger equations, being also related to conductivity equations as
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well as to more general elliptic equations (3.10) and (3.24). The following natu-
ral question arises then. We know that given an arbitrary real-valued harmonic
function in a simply connected domain, a conjugate harmonic function can be
constructed explicitly such that the obtained pair of harmonic functions represent
the real and imaginary parts of a complex analytic function. This corresponds to
the more general fact for solutions of associated stationary Schrodinger equations
(which, slightly generalizing the definition of I.N. Vekua, we call metaharmonic
functions) and of other aforementioned elliptic equations. The precise result for
the Schrédinger equations is given in the following theorem.

Theorem 36 ([69]). Let W1 be a real-valued solution of (3.19) in a simply connected
domain . Then the real-valued function Wa, a solution of (3.20) such that W =
W1+ iWs is a solution of (3.15), is constructed according to the formula

Wo = fTHA(if20:(f 1)), (3.26)

Given a solution Wo of (3.20), the corresponding solution Wy of (3.19) such
that W = Wy +iWs is a solution of (3.15), is constructed as

Wy = —fA>if20:(fWa)). (3.27)

Proof. Consider equation (3.15). Let W = ¢f + w0/ f be its solution. Then the
equation

Ve —if?¢: =0 (3.28)
is valid. Note that if W; = Re W, then ¢ = W1/ f. Given ¢, ¢ is easily found from
(3.28):

V= A(if*¢z).
It can be verified that the expression A(if%¢;) makes sense, that is 0, (f2¢s) +
ay(f 2¢y) =0.

By Theorem 33 the function Wy = f~14 is a solution of (3.20). Thus we
obtain (3.26). Let us notice that as the operator A reconstructs the real function
up to an arbitrary real constant, the function W5 in the formula (3.26) is uniquely
determined up to an additive term c¢f~! where ¢ is an arbitrary real constant.

Equation (3.27) is proved in a similar way. |

Remark 37. When in (3.19) 7y = 0 and f = 1, equalities (3.26) and (3.27) turn into
the well-known formulas in complex analysis for constructing conjugate harmonic
functions.

Corollary 38. [71] Let U be a solution of (3.17). Then a solution V of (3.18) such
that
W=fU+if'v

is a solution of (3.15), is constructed according to the formula

V = A(if*Us). (3.29)
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Conversely, given a solution V' of (3.18), the corresponding solution U of (3.17)
can be constructed as
U=—-AGf V).

Proof. Consists in substitution of Wi = fU and of Wy = f~'V into (3.26) and
(3.27). O

Corollary 39. [71] Let f = p'%ug, where ug is a positive solution of (3.10) in a
simply connected domain Q and u be a solution of (3.10). Then a solution v of
(3.24) with q1 defined by (3.25) such that W = pY/?u + ip~'/%v is a solution of
(3.15), is constructed according to the formula

v = ug "A(ipudoz(ug tu)).

Let v be a solution of (3.24), then the corresponding solution u of (3.10) such
that W = p'/?u 4 ip~Y?v is a solution of (3.15), is constructed according to the
formula

u = —ugA(ip~tug 2 0=(uv)).
Proof. Consists in substitution of f = p*/2ug, Wi = p*/?u and Wy = p~/20 into
(3.26) and (3.27). O

3.4 The main Vekua equation
The results of the preceding section show us that the theory of the elliptic equation
(divp grad+q)u =0 (3.30)

is closely related to the equation (3.15):

__ iy
We = W, (3.31)

In fact if f = p'/?uy where ug is a positive solution of (3.30) in a domain of
interest, then for any solution u of (3.30) there exists a corresponding solution W
of (3.31) such that

u=p 2 ReW, (3.32)

and vice versa, given a solution W of (3.31) the function (3.32) will be a solution
of (3.30). As was pointed out in Remark 34, the pair of functions: F' = f and
G = % is a generating pair for this equation. Then the corresponding characteristic
coefficients A(r ) and B(r ) have the form

Apay =0, Bra) = 7
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and the (F, G)-derivative according to (2.10) is defined as

vow. Lo (o 2
W=, - 2 ( fC)W.

Comparing B(p,g) with the coefficient in (3.4) and due to Theorem 11 we
obtain the following statement.

Proposition 40. Let W be a solution of (3.31). Then its (F,G)-derivative, the
function w =W 1is a solution of (3.4).

This result can be verified also by a direct substitution.
According to (2.21) and taking into account that

F*=—if and G*=1/f,

the (F, G)-antiderivative has the form

/ T w(Q)d(reyC = f(2) Re / i %d - e / i Qw0
e [
= ey ke [ Gt g [ pQuow, 359

and we obtain the following statement.
Proposition 41. Let w be a solution of (3.4). Then the function
W(z) = / w(Q)d(r,c)¢
z0

is a solution of (3.31).

From the established relation between the main Vekua equation (3.31) and
the Vekua equation (3.4) for solutions of the latter one, we obtain the following
Cauchy integral theorem.

Theorem 42. Let w be a solution of (3.4) in a domain Q. Then for every closed
curve I' situated in a simply connected subdomain of €1,

Re/ Yz +i Im/ fwdz = 0. (3.34)
rf r

Proof. By Theorem 18 w is (F, G)-integrable. That is

Im/gdz—iRe/fdeZO. O
rf r
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3.5 Cauchy’s integral theorem for the
Schrodinger equation

Theorem 43 ([68] (Cauchy’s integral theorem for the Schrédinger equation)). Let
f be a positive solution of (3.1) in a domain Q and u be another arbitrary real-
valued solution of (3.1) in Q. Then for every closed curve I' situated in a simply
connected subdomain of €,

Re/ a. (;) dz +i Im/ 720, (;) dz = 0. (3.35)
T T

Proof. Substitution of w = Pu = fd,(u/f) (see Section 3.1) into (3.34) gives us
the result. 0

Remark 44. This theorem is also valid when f = 1 that is for u being a harmonic
function. Then (3.35) turns into the equality fr 0,udz = 0 which is obviously true
because if u is harmonic, then 0,u is analytic.

In Example 46 we will give a nontrivial example illustrating this theorem.

From Theorem 20 and Theorem 43 we obtain an analogue of the Morera
theorem for the Schrodinger equation (3.1).

Theorem 45. Let f be a positive particular solution of (3.1). A C?-real-valued
function u is a solution of (3.1) as well if (3.35) is valid for every closed curve I’
situated in a simply connected subdomain of 2.

Example 46. In order to illustrate the Cauchy integral theorem for the Schrédinger
equation, let us consider the following two functions. Let f(z,y) = ¢*¥ and as u
we choose the function e~*Y. Both f and w are solutions of (3.1) with the same
potential v(z,y) = 2% + y? in a whole plane. Thus we can apply Theorem 43 and
consider I" being, for example, a unit circle with centre at the origin. Then

E ; 2 E

Re/raz(f>dz+zlm/rf 8z(f>dz

=R —y +iz)e *™dz +i 1 —y+iz)d
e/r( y+ix)e z 41 m/r( y +iz)dz

27 27
= Re/ i(—sinT +icosT)e 28TINT g 4y Im/ i(—sinT 4+ icosT)dr
0 0

27 27
- / cosT - e 2cosTsinT g z/ sin 7dr.
0 0

It is easy to see that both integrals are equal to zero.
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3.6 p-analytic functions

Definition 47. A function ® = u + v of a complex variable z = x + iy is said to
be p-analytic in some domain € iff

1 1
Uy = =y, Uy = ——Ug in Q (3.36)

where p is a given positive function of x and y which is supposed to be continuously
differentiable.

The theory of p-analytic functions was presented in [103]. p-analytic functions
in a certain sense represent a subclass of pseudoanalytic functions and it should be
noticed that this subclass preserves some important properties of usual analytic
functions which are not preserved by a too ample class of pseudoanalytic functions
(corresponding details can be found in [103]). As we show here (see also Section
5.2) p-analytic functions are closely related to the solutions of the main Vekua
equation. They have found numerous applications in elasticity theory (see, e.g.,
[2], [49]), in problems of fluid dynamics (see, e.g., [47], [48], [101], [102], [127]).

As was pointed out in Remark 34, the function W = ¢f + i)/ f is a solution
of the main Vekua equation (3.31) if and only if ¢ and v satisfy the equation
(3.22) which is equivalent to the system

1 1
= Fwya ¢y = _P

In other words W is a solution of the main Vekua equation iff its corresponding
pseudoanalytic function of the second kind is f2-analytic. Thus, we obtain the
following connection between the stationary Schrodinger equation and the system
defining p-analytic functions.

bz Yz

Theorem 48. Let f be a positive solution of the equation
—Ag+vg=0 (3.37)

where v is a real-valued function and let W1 be another real-valued solution of this
equation. Then the function ® = W1/ f + if W, where W is defined by (3.26) is
an f2-analytic function, and vice versa, let ® be an f2-analytic function then the
function W1 = f Re® is a solution of (3.37).

The following relation between solutions of the conductivity equation and
p-analytic functions is valid also.

Theorem 49. Let f be a positive continuously differentiable function in a domain
Q and let U be a real-valued solution of the equation

div(f°VU)=0  in Q. (3.38)

Then the function ® = U + iV is f2-analytic in 0, where V is defined by (3.29),
and vice versa, let ® be f2-analytic in Q then U = Re ® is a solution of (3.38).
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Thus, solutions of the stationary Schrodinger equation and of the conductiv-
ity equation can be converted into p-analytic functions and vice versa. In some
cases this relation leads to a simplification of a part of p-analytic function theory.

Example 50. One of the most important and intensely studied classes of p-analytic
functions are z*-analytic functions, where k is any integer number (see, e.g., [2],
[27], [47], [59], [99], [100], [103], [126], [127]). Let us see what the form is of the
corresponding Schrodinger equation. For this we should calculate the potential v
in (3.37) when f = /2. Tt is easy to see that

k? — 2k
The Schrédinger equation with this potential has been well studied. Separation of
variables leads us to the equation

402 -1
X"(x) + (52 S - ) X(z) =0, (3.40)
where (32 is the separation constant and o = (k — 1)/2. The function

X(z) = VaZa(B2)

is a solution of (3.40) (see [51, 8.491]) where Z, denotes any cylindric function of
order o (Bessel functions of first or second kind). Thus the study of z*-analytic
functions reduces to the Schrodinger equation (3.1) with v defined by (3.39) which
in its turn, after having separated variables, reduces to a kind of Bessel equation
(3.40).

Example 51. In the work [58] boundary value problems for p-analytic functions
with p = /(2% + y?) were studied. Considering

z
f - \/ﬁ - 1.2 + y2
we see that this function is a solution of the Schrédinger equation (3.1) with v

having the form
1

422
That is, again we obtain a potential of the form (3.39) where k = 1 and, as was

shown in the previous remark, the study of corresponding p-analytic functions in
a sense reduces to the Bessel equation (3.40).
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Formal Powers

4.1 Definition

A generating sequence defines an infinite sequence of Vekua equations. If for a given
(original) Vekua equation we know not only a corresponding generating pair but
the whole generating sequence, that is a pair of exact and independent solutions for
each of the Vekua equations from the infinite sequence of equations corresponding
to the original one, we are able to construct an infinite system of solutions of the
original Vekua equation as is shown in the next definition. Moreover, as we show
in this chapter, under quite general conditions this infinite system of solutions is
complete.

Definition 52. [13] The formal power A4S )(a, 20; z) with center at zg € Q, coefficient

a and exponent 0 is defined as the linear combination of the generators Fy,, G,
with real constant coefficients A, p chosen so that AFy,(z0) + uGm(20) = a. The

formal powers with exponents n = 1,2,... are defined by the recursion formula
7 (a, 205 2) = n/ 70, 20; Q)dyr,, )€ (4.1)

20
This definition implies the following properties.

1. ZT(,?)(a, 205 %2) is an (Fi, G )-pseudoanalytic function of z.
2. If @’ and a” are real constants, then ZT(,?)(a’ +ia”, z0;2) = a’ZT(,?)(L 2052) +
a"Z,(,f)(i,zo;z).

3. The formal powers satisfy the differential relations

d(Fm,Gm)Zr(r?)(a, 203 %)

n—1
P = nZT(n+1 )(a, 205 2).
4. The asymptotic formulas
250, 205 2) ~ alz — 20)", 2 — 7 (4.2)

hold.
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Due to Property 2 of formal powers we have that Z( (a, zo; z) for any coef-
ficient a can be expressed through Z(™ (1, zp; z) and Z(™) (i, z9; z). Thus for any n
it is sufficient to calculate only these two formal powers.

The question on the completeness of the system of formal powers in the
space of all solutions of a certain Vekua equation will be considered in detail in
subsequent sections. Here we give an example of constructed formal powers.

Example 53. Consider the Yukawa equation
(~A+cP)u=0 (4.3)

with ¢ being a real constant. Take the following particular solution of (4.3) f = eY.
The corresponding main Vekua equation has the form

1C—

We= S (4.4)

Note that the generating pair (F,G) = (f(y),¢/f(y)) is embedded into a periodic
generating sequence with the period 1. That is in this case the generating sequence
can be chosen in such a way that (F,,,Gy) = (F,G) for any integer m. Let us
construct the first few corresponding formal powers with center at the origin. We
have

Z©(1,0;2) = e, ZO (1,05 2) = ie”Y,

i .
ZW(1,0;2) = ze + M7 ZMW(i,0;2) = _sinh{cy) +ime—e,
¢ C
Zd(1,0;2) = (xz _ y) ooy 4 Sinhgcy) . Ziwsinh(cy)
C c ¢
Z®(i,0;2) = %Lf(cy)+ ((x ) _y_bm};#)

It is easy to check that each of these functions is indeed a solution of (4.4) and
satisfies the property (4.2). Consider for instance Z()(1,0;2) and use the Taylor
series expansions of the elementary functions involved. We obtain

Z(l)(LO;z):x(l—&-cy—k (v’ +) + <0y+ ()’ +)

; : g
r)H ()

Now taking real parts of the formal powers we obtain a complete system of
solutions of the Yukawa equation:

:a:+iy+x<

~ z, when z — 0.

4 h
ul(m’y) = ecy7 ’I,Lz(l',y) = xecy7 U/B(xay) = _w7
C
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us(z,y) = (x2 B g) v sinhgcy)7 us(z,y) = _ 2z sinh(cy) L
c c c
Formal powers of higher order can be constructed explicitly using a computer
algebra system. For this particular example (studied together with Maria Rosalia
Tenorio) Matlab 6.5 allowed us to obtain analytic expressions for the formal powers
up to order ten, which gave us the first twenty-one functions wuq, ..., us;.

The generating pair considered in this example (F,G) = (f(y),i/f(y)) be-
longs to a more general class of generating pairs for which L. Bers found elegant
explicit formulas for corresponding formal powers which we give in the next sec-
tion.

4.2 An important special case

Here following [13] we give explicit formulas for the formal powers in the case when
the generating pair has the form

F(z,y) = o) and G(z,y) = Z—((j))

where o and 7 are real-valued functions of their corresponding variables. For sim-
plicity we assume that zp = 0 and F'(0) = 1. In this case the formal powers are
constructed in an elegant manner as follows. First, denote

XO) = X0 (@) =y ) = 7O y) = 1

and for n = 1,2,... denote

n [ XD(€) 5 for an odd n,
XM (z) = 9

an("_l)(g)UQ(Qd{ for an even n,
0

N n [ X(=D(€)a2(€)de  for an odd n,
X0 (z) = % d
n({X("_l)(Q 02(55) for an even n,
7 d
n [ Y= (n) =5 for an odd n,
Y(n)(y) = Oy
n [ YU ()72 (n)dn for an even n,
0
Y
_ n [Y=Y(n)7r2(n)dn  for an odd n,
Y(n)(y) = Oy _
n({Y(”_l)(n)Tg—("n) for an even n.
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Then for a = a’ + ia” we have

2™ (a,0,2) = 7(®) e .ZM(a,0,2) + T 2™ (a,0, 2)

7(y) o(z)
where
.Z™(a,0, 2) a’ (n>X(" Nyl (4.5)
J
j=
+ ia” ( ) (n=34) iy (3) for an odd n
j=
and
ZM(a,0,2) =d (n>X(" Niiy U 4.6
> j (4.6)

=0

AN

n
+ia” (ﬁ)X(”j)ijf/(j) for an even n.
=0\
In Part II we use this elegant and algorithmically simple construction due to Bers
for obtaining a representation for solutions of Sturm-Liouville equations and in
Section 4.8 we present a recent result which allows us to construct a generat-
ing sequence and consequently the corresponding formal powers in a much more
general situation.

4.3 Similarity principle

We will need the following definition.

Definition 54. A function a is said to satisfy a Holder condition (or to be Holder
continuous) in a domain €2 if there exist such positive constants C and e, 0 < e < 1
that the inequality
la(z1) — a(z2)] < Clz1 — 22|
holds for any two points z; and z2 of the domain €.
For more information and examples regarding Holder continuous functions

we refer, for example, to [46].
We will consider the Vekua equation

wz = aw + bw (4.7)

with coefficients a and b satisfying a Holder condition and vanishing identically
outside a large disk. These assumptions are only made for the sake of simplicity and
can be substantially weakened (see [13], [14], [120]). Here we follow the exposition
from [30] and [32].
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Consider the integral

() = Tp(z) = — [ LT (4.8)

T Jg (—2

where 2 is a bounded, simply connected domain, ( = £ 4+ in and p is a complex-
valued Holder continuous function defined everywhere and vanishing outside a disk
of radius R.

Theorem 55 (see, e.g., [32]). Let the continuous complex-valued function p vanish
identically outside a disk |z| < R and everywhere satisfy the inequality |p| < M.

Then
KM

14+ |z]
for any e such that 0 < e < 1, where q is defined by (4.8) and the constant K
depends only on € and R.

If additionally, the function p is Hélder continuous in €2, then q possesses
Hélder continuous partial derivatives and satisfies the equation

lg(2)] < = lg(21) — q(22)| < KM |21 — 2o

gz=p
Proof. For the detailed proof of this theorem we refer to [30]. O

Theorem 56. A continuous bounded function w defined in 2 is a solution of the
Vekua equation (4.7) if and only if the function

U = w — Taw + bw] (4.9)
is analytic in 2.

Proof. Note that T'[aw+bw] is Hélder continuous and hence w is Hélder continuous
if and only if ¥ is. Moreover, w is continuously differentiable if and only if ¥ is.
Hence from Theorem 55 we have that, if either W is analytic or w is pseudoanalytic,
then

Us=wz—aw—bw=0 1in . O

Theorem 57 (Removable singularity theorem). Let w be pseudoanalytic and bound-
ed for 0 < |z — z9| < 7 for some number r > 0. Then w can be defined at zy in
such a way that it is pseudoanalytic in the whole disk |z — zo| < r.

Proof. The proof follows from the preceding theorem, the removable singularity
theorem in analytic function theory and the fact that the integral in (4.9) is un-
changed if a point is removed from its region of integration. O

Theorem 58 (Similarity principle). Let w be pseudoanalytic in a domain Q. Then
there exists an analytic function ® defined in Q and a Hdélder continuous function
s defined in Q such that

w = ®e’, (4.10)
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and vice versa, let ® be an analytic function defined in a domain 2. Then there
exists a function s, Holder continuous in 2 such that (4.10) is pseudoanalytic in
Q. The function s can be constructed in such a way that s(zo) = 0 at any fized
point zg € ).

Proof. The idea of the proof is simple. Given a pseudoanalytic function w, consider
the functions

s:T[a—i—bE}
w

and
o =e*w. (4.11)

Apply 0z to ®:
0z® = —0zs - e *w+ e ‘wy

=— (a + b%) e *w+ e *(aw + bw) = 0.

Thus, ¢ is an analytic function in . In order to make this reasoning rigorous we
should prove that s is differentiable and consider the case when w has zeros in €.

Assume that w is not identically zero (otherwise there is nothing to prove)
and let Qp be the open subset of Q in which w(z) # 0, z € Q. By Theorem 55,
s is continuously differentiable in €y and therefore application of the operator 05
to ® defined by (4.11) makes sense and @ is analytic in . The analyticity of ®
in Q\Q is proved with the aid of Theorem 57. We omit this part of the proof,
referring the reader to [30, p. 142] or [32, Chapter 4].

The second part of the theorem is based mainly on the same ideas and can
also be found in [30, p. 142] or [32, Chapter 4]. O

From the similarity principle a variety of function theoretic results for pseu-
doanalytic functions can be deduced.

Corollary 59 (Carleman’s theorem). A pseudoanalytic function which does not
vanish identically has only isolated zeros.

Proof. This follows immediately from Theorem 58 and the corresponding classical
results from analytic function theory. O

Corollary 60 (Liouville’s theorem). A bounded pseudoanalytic function defined in
the entire plane and vanishing at a fized point zo of the plane (zo may be infinity)
is identically zero.

Proof. By Theorem 58, w = ®e® where ® is an entire function and s is bounded
(due to the fact that a and b have compact support). Thus we have that & is
bounded and hence, by Liouville’s theorem in analytic function theory, is a con-
stant. Since w(zp) = 0, this constant must be zero, and the corollary follows. O
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Corollary 61 (Maximum modulus theorem). Let w be a pseudoanalytic function
defined in Q and continuous in 2. Then there exists a positive constant M > 1
depending only on a and b such that, for z in £,

<M ).
w(z)| < M max w(t)

Proof. This follows from Theorem 58 and the maximum modulus principle for
analytic functions. O

4.4 Taylor series in formal powers

Assume now that

W(z)=>_ 2" (an, 2; 2) (4.12)
n=0

where the absence of the subindex m means that all the formal powers correspond
to the same generating pair (F,G) and the series converges uniformly in some
neighborhood of zy. Based on the similarity principle it can be shown [15] that the
uniform limit of pseudoanalytic functions is pseudoanalytic, and that a uniformly
convergent series of (F, G)-pseudoanalytic functions can be (F, G)-differentiated
term by term. Hence the function W in (4.12) is (F, G)-pseudoanalytic and its rth
derivative admits the expansion

wll(z) = Z n(n—1)--(n—r+ 12" (an, 20; 2).

n=r
From this the Taylor formulas for the coefficients are obtained,

W (z)

T (4.13)

an =

Definition 62. Let W(z) be a given (F, G)-pseudoanalytic function defined for
small values of |z — z¢|. The series

> 20 (an, 20:2) (4.14)
n=0

with the coefficients given by (4.13) is called the Taylor series of W at zp, formed
with formal powers.

The Taylor series always represents the function asymptotically:

N
W(z) — Z Z™ (4, 20;2) = O (|z - zo|N+1> . Z— 20, (4.15)
n=0
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for all N. This implies (since a pseudoanalytic function can not have a zero of ar-
bitrarily high order without vanishing identically) that the sequence of derivatives
{Wl(zy)} determines the function W uniquely.

If the series (4.14) converges uniformly in a neighborhood of z, it converges
to the function W.

The statements given in this section were obtained by L. Bers [13], [15] and
S. Agmon and L. Bers [1].

Theorem 63 ([13]). The formal Taylor expansion (4.14) of a pseudoanalytic func-
tion in formal powers defined by a periodic generating sequence converges in some
neighborhood of the center.

This theorem means only a local completeness of the system of formal pow-
ers. The following definition due to L. Bers describes the case when corresponding
formal powers represent a globally complete system of solutions of a Vekua equa-
tion much as in the case of usual powers of the variable z and the Cauchy-Riemann
equation.

Definition 64. [13] A generating pair (F,G) is called complete if these functions
are defined and satisfy the Holder condition for all finite values of z, the limits
F(00), G(o0) exist, Im(F(c0)G(0)) > 0, and the functions F(1/z), G(1/z) also
satisfy the Holder condition. A complete generating pair is called normalized if
F(o0) =1, G(o0) = 1.

A generating pair equivalent to a complete one is complete, and every com-
plete generating pair is equivalent to a uniquely determined normalized pair. The
adjoint of a complete (normalized) generating pair is complete (normalized).

From now on we assume that (F,G) is a complete normalized generating
pair. Then much more can be said on the series of corresponding formal powers.
We limit ourselves to the following completeness results (the expansion theorem
and Runge’s approximation theorem for pseudoanalytic functions).

Following [13] we shall say that a sequence of functions W,, converges nor-

mally in a domain (Q if it converges uniformly on every bounded closed subdomain
of Q.

Theorem 65. Let W be an (F, G)-pseudoanalytic function defined for |z — z9| < R.
Then it admits a unique expansion of the form W (z) = 3% | Z™(ay,,, zo; 2) which
converges normally for |z — zo| < OR, where 6 is a positive constant depending on
the generating sequence.

The first version of this theorem was proved in [1]. We follow here [15].

Remark 66. Necessary and sufficient conditions for the relation § = 1 are, unfor-
tunately, not known. However, in [15] the following sufficient conditions for the
case when the generators (F,G) possess partial derivatives are given. One such

condition reads: Const
ons

)|+ |Gx(2)| £ ————

F=(2)| + 16s(a)] <



4.5. The Runge theorem 43

for some € > 0. Another condition is
// (|Fz|27€ IR |G |G?|2+a) dady < 0o
|z|<oo

for some 0 < € < 1.

4.5 The Runge theorem

The following theorem proved by L. Bers is a generalization of the well-known
Runge theorem from complex analysis.

Theorem 67 ([15]). A pseudoanalytic function defined in a simply connected do-
main can be erpanded into a normally convergent series of formal polynomials
(linear combinations of formal powers with positive exponents).

Remark 68. This theorem admits a direct generalization onto the case of a multi-
ply-connected domain (see [15]).

In subsequent works [54], [91], [44] and others, deep results on interpolation
and on the degree of approximation by pseudopolynomials were obtained. For
example,

Theorem 69 ([91]). Let W be a pseudoanalytic function in a domain Q bounded
by a Jordan curve and satisfy the Hélder condition on 02 with the exponent «
(0 < a<1). Then for any e > 0 and any natural n there exists a pseudopolynomial
of order n satisfying the inequality

Const

nOC*E

[W(2) = Pu(z)] <

for any z € Q

where the constant does not depend on n, but only on €.

4.6 Complete systems of solutions for
second-order equations

In what follows let us suppose that €2 is a bounded simply connected domain and
the positive function f € C*(Q) is defined in a somewhat bigger domain . with
a sufficiently smooth boundary. Then we change the function f for z € Q_\Q and
continue it over the whole plane in such a way that f = 1 for large |z| (see [15])
and f(z) together with f(1/z) satisfy the Holder condition for all finite values of
z. In this way the generating pair

(F,G) = (f,i/f) (4.16)

becomes complete and normalized.
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Then the following statements are direct corollaries of the relations estab-
lished in Section 3.2 between pseudoanalytic functions (solutions of (3.15)) and
solutions of second-order elliptic equations, and of the convergence theorems from
sections 4.4 and 4.5.

Definition 70. [71] Let u(z) be a given solution of the equation (3.10) defined for
small values of |z — zo|, and let W (z) be a solution of (3.15) constructed according
to Corollary 39, such that Re W = p'/2u. The series

p%(2) Z Re Z™ (ay, 20; 2)

n=0

with the coefficients given by (4.13) is called the Taylor series of u at zg, formed
with formal powers.

Theorem 71 ([71]). Let u(z) be a solution of (3.10) defined for |z — zo| < R. Then
it admits a unique expansion of the form

u(z) = p~V23(2) Z Re Z" (ayn, 20; 2)

n=0
which converges normally for |z — zo| < R.

Proof. This is a direct consequence of Theorem 65 and Remark 66. Both necessary
conditions in Remark 66 are fulfilled for the generating pair (4.16). (]

Theorem 72 ([71]). An arbitrary solution of (3.10) defined in a bounded simply
connected domain Q0 where there exists a positive particular solution ug € C*(Q)

can be expanded into a normally convergent series of formal polynomials multiplied
—1/2

Proof. This is a direct corollary of Theorem 67. (]

More precisely the last theorem has the following meaning. Due to Property
2 of formal powers we have that, for any Taylor coefficient a, the formal power
Z™)(a, 2p; z) can be expressed through Z( (1, zo; z) and Z(™ (4, z9; z). Then due to
Theorem 67 any solution W of (3.15) can be expanded into a normally convergent
series of linear combinations of Z(™) (1, zy; z) and Z(™ (i, z¢; z). Consequently, any
solution of (3.10) can be expanded into a normally convergent series of linear
combinations of real parts of Z(™ (1, zp; z) and Z(™ (i, zp; z) multiplied by p~1/2.

Obviously, for solutions of (3.10) the results on the interpolation and on the
degree of approximation like, e.g., Theorem 69 are also valid.

Let us stress that Theorem 72 gives us the following result. The functions

{p’l/z(z) Re 20 (1,20;2), p~'/%(2) Re Z(”)(i,zo;z)} (4.17)

n=0
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represent a complete system of solutions of (3.10) in the sense that any solution
of (3.10) can be represented by a normally convergent series formed by functions
(4.17) in any bounded simply connected domain © where a positive solution of
(3.10) exists. Moreover, as we show in Section 4.8, in many practically interesting
situations these functions can be constructed explicitly.

4.7 A remark on orthogonal coordinate systems
in a plane

Orthogonal coordinate systems in a plane are obtained (see [87]) from Cartesian
coordinates x, y by means of the relation

u+ v =&(x+ iy)

where ® is an arbitrary analytic function. Quite often a transition to more general
coordinates is useful,

§=¢&(u), n=n).

¢ and n preserve the property of orthogonality. Some examples taken from [87]
illustrate the point.

Example 73 (Polar coordinates).
u+ v = In(x + iy),
u=Invz2+y2 v = arctan . (4.18)
x
Usually the following new coordinates are introduced:
ot — a2 a2 — = Yy
r=e =\x°+ys, =uv=arctan-—.
x
Example 74 (Parabolic coordinates).
U+ v -
— =V I+,
/2 Y
u = T + J,', vV = m
More frequently the parabolic coordinates are introduced as
E=ul, =02
Example 75 (Elliptic coordinates).

. . T4y
U+ 1v = arcsin ,
«
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§1 — S2 S1+ S2
2 ’ 2av

a
where s1 = /(2 + )2 + y2, 52 = /(2 — a)? + y2. The substitution

& =sinu, m=coshv

coshv =

sinu =

is frequently used.

Example 76 (Bipolar coordinates).

. a+x+iy
u+iv=In——m=
a—T—1y
2 2
tanhu = $7 tanv = i.
a2 + 22 + y2 a? — 22 — 2

The following substitution is frequently used:

E=e" n=m-—w.

4.8 Explicit construction of a generating sequence

We suppose that the function f in the main Vekua equation (3.15) has the form
f=U)V(v) (4.19)

where v and v represent an orthogonal coordinate system and, according to the
explanation in the previous section, we assume that ® = u+iv is an analytic func-
tion of the variable z = z + iy. U and V are arbitrary differentiable nonvanishing
real-valued functions.

The present section is based on the results from [73] and structured in the
following way. First we explain how one can naturally arrive at the form of gener-
ating sequences in the main result of the section, Theorem 77 and then we give a
rigorous proof of this result.

The first step in the construction of a generating sequence for the main
Vekua equation (3.15) is the construction of a generating pair for the equation
(3.4) which as was shown in Section 3.4 is a successor of the main Vekua equation.
For this one of the possibilities consists in constructing another pair of solutions of
(3.15). Then their (F, G)-derivatives will give us solutions of (3.4). Let us consider
equation (3.15) in its equivalent form (3.22):

Yz + %1#2 =0 (4.20)

and look for a solution in the form
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Then we have the equation

i
2
Taking into account that ® = u + v is an analytic function, that is uz 4 vz = 0,

we observe that (4.20) is fulfilled if ¢’(u) = ' (v)/ f?. Now using (4.19) we obtain
that U2 (u)V2(v) = ¢'(v)/¢'(u) and hence

¢ (w)uz + — 9" (v)vz = 0.

du

p(u) = T2(0) and (v) :/Vz(v)dv.

The corresponding solution W of (3.15) has the form

du i
W= | —=U(u)V V() dv————.
= [ UV s [ Vg
Its (F, G)-derivative is obtained according to (2.10) as
. Vv v 14
Wy = 5uz +ZEUZ = ECDZ.

By analogy, we can look for a solution of (4.20) in the form
=), P=1)
Then we have the equation
i
o' (v)vs + Fd/(u)u; =0.

This equation is fulfilled if ¢'(v) = —1/V?2(v) and ' (u) = U?(u). Consequently,

o) = — / V;l—z)v) and () = / U2 (u)du.

The corresponding solution W of (3.15) has the form

with its corresponding (F, G)-derivative

W2 = —%UZ + i%uz = i%@z.
Write Fy = Wy and Gy = Wa. Tt is easy to see that the pair Fy, Gy fulfils (2.1)
and by construction satisfies equation (3.4). Thus, (Fy, G;) is a successor of (F, G)
defined by (3.21).
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The following step is to construct the generating pair (Fs, G2). For this we
should find another pair of solutions of (3.4) and apply the (¥, G1)-derivative to
them. Consider equation (3.4) written in the form

pzF1 +¢zG1 =0
which in our case can be represented as
\% U
== zi— = 0. 4.21
vz T sy (4.21)
Again, let us look for a solution in the form

p=p), P=19().

2
Then equation (4.21) is satisfied if ¢'(u) = (U(”)) ¥’(v) from which we obtain

w(u) :/Uz(u)du and ¥ (v) :/V2(v)dv.

Then the corresponding solution of (3.4) has the form

wq :/Uz(u)duéz%—i-/‘ﬂ(v)dvsz

iU (u)
V(v)

Its (Fy,G1)-derivative is obtained as
iy = . UVu, +i®,UVv, = UV (9,)*.
Analogously, looking for a solution of (4.21) in the form
p=¢), =19

we obtain that

o) =~ [ gats ad v = [ i

The corresponding solution of (3.4) has the form

dv (I)ZV(U)_'_/ du (I)ZiU(u)

Wo2 =

) V2(v) fU®@) U2(w) “V(v)
Its (Fy,G1)-derivative is obtained as

. Sv,  Driu, i

Uy = — = — (®,)’

uv vv. UV
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We have that the pair F» = w; and Go = wsis a successor of (Fy,G1). Observe
that
o,

(FlaGl) = (U2F7 UQ(I)ZG>

and
(F2,Go) = (@ F, (2.%).

From these formulae it is easy to guess a general form of the corresponding gen-
erating sequence which we give in the following statement.

Theorem 77 ([73]). Let F = U(u)V(v) and G = m where U and V' are
arbitrary differentiable nonvanishing real-valued functions, ® = u + iv is an ana-
lytic function of the variable z = x + iy in Q such that @, is bounded and has no
zeros in §). Then the generating pair (F,G) is embedded in the generating sequence

(Finy Gm), m=0,£1,+2, ... in Q defined as
F,=(®,)"F and G, =(®,)"G for evenm

and m
(2.)

U2
Proof. First of all let us show that (F,,,G,,) is a generating pair for m = +1,
+2, .... Indeed we have

F,, = F and G, = (®.)"U*G for odd m.

Im(F,,Gr) = Im(|®.|*" FG) > 0.
Consider a(p,, a,,)- For both m being even or odd we obtain
a(Fm)Gm) = |(I)Z|2m a,(F7g) =0.
We should verify the equality

O(Fr,Gm) = ~B(Fru1,Gnn)- (4.22)

Consider first the case of an odd m. A direct calculation gives us
o\ U’
b == b — 2Uz—
e (@) ( o=y )

m—1
B _1.Gr) = (f) Br,c)-

and

Thus equality (4.22) is true iff % (b(F,G) — 21@%/) is equal to —B(r,q)- It is easy

/ !
B(F7G) = Uy (% - ZVV> .

to see that



50 Chapter 4. Formal Powers

Consider
2 b —2u U7\ _ ua v zuf K/U* — 21#2/
(}TZ (F,G) ZU _Uz—ivz U z Vv z ZU

_— —Z/uf—&-ziuf =u —Z—H’K
T uz v’V o) F U v /)

Thus, equality (4.22) is proved in the case of m being odd.
Now let m be even. Then

(b m
O(Fp,Gr) = (f) br,a)

(I)Z m—1 U,
Bp1,Gm1) = (?) (B(F,G) - 2?“’2) :

Equality (4.22) is valid iff the expression %b(p7g) is equal to (—B(F,G) + Q%uz)
We have

&y o _uative (U VN _we (U VN (YL
o, PO s i \U 7 )T \U TV )\ Y

and

and from the other side

U’ U’ \d U’ U’ V!
~Bire) + 21U = U (‘ B i‘) 275 = s (7 + i7> .

Thus, equality (4.22) is proved in all cases and the sequence (Fi,,Grn,), m =
0,+£1,+2,... satisfies the conditions of Definition 12. Therefore it is a generating
sequence. U

Remark 78. This result obviously generalizes the explicit construction of a gener-
ating sequence in the case when v = x and v = y presented in Section 4.2.

The last theorem opens the way for explicit construction of formal powers
corresponding to the main Vekua equation (3.15) in the case when f has the form
(4.19) and hence for explicit construction of complete systems of solutions for
corresponding second-order elliptic equations. We give more details on this as well
as some examples in the next section.

4.9 Explicit construction of complete systems of
solutions of second-order elliptic equations
In Section 4.6 we explained how complete systems of solutions of second-order

elliptic equations can be constructed from systems of formal powers for a corre-
sponding main Vekua equation (3.15). In the preceding section we established a
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result which allows us to make this construction possible in the case when f in
(3.15) has the form (4.19). Then formal powers are constructed simply by Defini-
tion 52 using the generating sequence constructed in Theorem 77. The meaning
of this result for the stationary Schrédinger equation and for the conductivity
equation we discuss separately in the next two subsections.

4.9.1 Explicit construction of complete systems of solutions
for a stationary Schrodinger equation

Consider the equation
—Ag+vg=0 in Q (4.23)

where v is a real-valued function. In order to start the procedure of construction
of a complete system of solutions of this equation we need a positive particular
solution f having the form (4.19).

Example 79. Let v in (4.23) depend on one Cartesian variable: v = v(z). Suppose
we are given a particular solution f = f(x) of the ordinary differential equation

&
dx?

This solution is sufficient for the application of our result from the preceding sec-
tion for constructing the corresponding generating sequence and hence the system
of formal powers for the main Vekua equation which in this particular case has
the form F
e —

Wz = 5 fW.
Example 80. A number of works (see, e.g., [23] and [24]) are dedicated to con-
struction (in our terms) of a particular solution for the Schrédinger equation with
a radially symmetric potential. This solution f is precisely the only necessary
ingredient in order to obtain a complete system of formal powers and hence of
solutions of the Schrédinger equation. Here an important restriction is that the
analytic function ®, corresponding to the polar coordinate system has the form
1/z and hence our procedure works in any domain not including the origin and
where f is positive.

+uf=0. (4.24)

4.9.2 Complete systems of solutions for the conductivity equation

Consider the equation
div(f?Vg) = 0.

Usually in practical applications the function f is positive and equals 1 outside a
certain disk. We suppose additionally that f is continuously differentiable on the
whole plane. Under these conditions F' = f and G = i/ f is a complete normalized
generating pair and all the convergence and Runge type results are valid. Using
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results of Section 4.8 one can construct explicitly a complete system of solutions of
the conductivity equation when the function f has the form (4.19) in any domain
where the analytic function ®, from Theorem 77 is bounded and has no zeros.

4.10 Numerical solution of boundary value problems

In the case when Theorem 77 is applicable, the approximate solution of boundary
value problems for the corresponding second-order equation can be done with the
aid of the complete system of its solutions obtained as described in the preceding
section. The numerical solution of the problem is sought in the form of a finite
linear combination of the found exact solutions and the coefficients in the linear
combination are obtained from the boundary conditions.

In Example 53 a complete system of exact solutions for the Yukawa equation
was presented. We used these functions for a numerical solution of the correspond-
ing Dirichlet problem with very satisfactory results. For example, in the case when
Q is a unit disk with centre at the origin, ¢ = 1 and u on the boundary is equal
to €® (this test exact solution gave us the worst precision because of its obvious
“disparateness” from functions w1, us . ..) the maximal error max,cq |u(z) — u(2)|
where u is the exact solution and © = 27211:1 anUn, the real constants a, being
found by the collocation method, was of order 10~7. A very fast convergence of
the method was observed. Although the numerical method based on the usage of
explicitly or numerically constructed pseudoanalytic formal powers still needs a
much more detailed analysis, these results show us that it is quite possible that in
due time it can rank high among other numerical approaches. The use of complete
systems of exact solutions based on pseudoanalytic formal powers has an impor-
tant advantage of universality. The system does not depend on the choice of a
domain whenever the function f continues to have no zeros. The numerical com-
putation of formal powers and of corresponding exact solutions of the second-order
equations can be done with a remarkable precision.

Notice that in [20] the following system of solutions of the Yukawa equation
(4.3) was obtained from completely different reasonings,

ug = cosh(cy), wu; = zcosh(ey), wug = 2 cosh(cy) — %sinh(cy),

u3 = x> cosh(cy) — Szy sinh(cy),. ...
c

The same system is easily obtained (our Matlab program gives symbolic repre-
sentations of these functions up to the subindex 21) if instead of the particular
solution f = e considered in Example 53 we choose f = cosh(cy).

In the case of the Helmholtz equation

(A+cAu=0,
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L.R. Bragg and J.W. Dettman constructed the system

ug = cos(cy), wuy = xcos(cy), us = 2 cos(cy) — Y sin(cy),
c

3x
uz = 23 cos(cy) — o1y sin(cy), . . ..
c
This system is also easily obtained as explained above choosing f = cos(cy).
Thus, the construction of the systems of solutions for the Yukawa and for the
Helmholtz equation as well as the proof of their completeness in [20] are corollaries
of a more general theory presented here.



Chapter 5

Cauchy’s Integral Formula

In this chapter we give information on the Cauchy integral formula for pseudo-
analytic and p-analytic functions and using the results from [72] show how the
Cauchy kernel can be constructed explicitly for zF-analytic functions.

As was mentioned in Section 3.6, one of the most important and intensely
studied classes of p-analytic functions are zF-analytic functions, where k is any
integer number. In spite of its importance and numerous attempts to obtain it
explicitly the corresponding Cauchy integral formula was constructed in two cases
only: when k& = 0 (the classical Cauchy integral formula with the Cauchy kernel
1/(z — z0)) and when k = 1. In this case the Cauchy kernel has a complicated
form (see [2], [33], [103]) involving elliptic integrals. We do not present it here, its
simplification is an important task.

Here we introduce a procedure which allows us to obtain explicitly the Cauchy
integral formulas for z*-analytic functions, for any integer k, based on the knowl-
edge of Cauchy kernels in the two above-mentioned cases (k = 0,1). More pre-
cisely, our approach gives us recursive formulas for consecutive construction of the
Cauchy kernels corresponding to even k starting from the known Cauchy kernel
for k = 0 and to odd k beginning with the Cauchy kernel for k£ = 1. The procedure
is based on a close relation between p-analytic functions and pseudoanalytic func-
tions satisfying the main Vekua equation as well as on the concept of a transplant
operator introduced in Section 5.3.

5.1 Preliminary information on the Cauchy integral
formula for pseudoanalytic functions

The subject of Cauchy integral formulas for classes of pseudoanalytic functions has
been treated by many different mathematical schools and with implementation of
different notations and techniques. Here we follow the definitions and notations in-
troduced by L. Bers due to their complete structural resemblance with the classical
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results from analytic function theory. Consider the Vekua equation
W = aW + bW (5.1)

in a simply connected, bounded domain 2 where a and b are complex-valued
functions satisfying the Holder condition up to the boundary. L. Bers (see [13])
proved the existence of a solution w of (5.1) in Q\ {20} which satisfies the relation

wiz) (5.2)

lim —————
im0 alz — zp)~ !

where « is any complex number. This function is denoted as
w(z) = 2V (a, 20, 2).

Note that, while no other condition is imposed, this function is not unique. The
following generalization of the Cauchy integral formula is valid.

Theorem 81 ([13]). Let W be a solution of (5.1) defined in a domain Q bounded by a
simple closed continuously differentiable curve I' and assume that W is continuous
up to the boundary I'. Then for any z € Q) the following equality holds:

1

T

W) = 5o [ ZC0EWOdCC ). (53)
r

This integral should be understood in the following sense. If the parametric repre-

sentation of the curve T' has the form ((t), 0 < t < T, then for any function x

defined on I' we have

T
/Z(*l)(x(g“)dgg,z) =/ ZED((C@))S (1), € (8), 2)dt.
r 0

Let us stress that in (5.3) any solution of (5.1) in Q\ {20} satisfying (5.2) is
acceptable in the role of a Cauchy kernel as in the case of analytic functions for
the Cauchy integral formula in a bounded domain €2 the kernel can be taken, e.g.,
as 1/(z — zo0) + w(z), where w is any function analytic in Q.

The Vekua equations considered in this chapter possess coefficients having
singularities and the natural (physically meaningful) domain of interest 2 does
not coincide with the whole complex plane.

Formal powers, and in particular the first negative formal power Z(~1) enjoy
the following property. If o/ and o’ are real constants then

ZEV( +ia” 20, 2) = o' Z0V(1, 20, 2) + ' Z5V (6, 20, 2). (5.4)

Thus, in order to be able to write down Z(~1)(a, 29, z) for any complex coefficient
«, which is required for the Cauchy integral formula, we need to construct two
Cauchy kernels:

ZI(1, 20, 2) and ZV (i, 29, 2).
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We finish this section by noticing that the Cauchy integral from (5.3) possesses
many important properties similar to those of a usual Cauchy integral including
Plemelj-Sokhotski formulas and others, which are indispensable for solving corre-
sponding boundary value problems.

5.2 Relation between the main Vekua equation and
the system describing p-analytic functions

Let us consider the case when a = 0 and b = fz/f where f is a continuously
differentiable real-valued positive function defined in 2, that is the main Vekua
equation. We write
Vi=0s— éC’
f
where C is the operator of complex conjugation. We suppose that p = f? and
introduce the operator

e 0Pt + S0P

where P* := %(I + C) and I is the identity operator. We have that the equation
Mw =0 (5.5)
is equivalent to the system
1 1
P = F@byv Py = _sz (5.6)

where ¢ = Rew and ¢ = Imw.
We write 1
B:=fP" + ?P’.

Then it is easy to see that

pl=lp+ + fP.
f
Proposition 82 ([72]).
VB =1L
Proof. Consider
7))
0z ——C PT+—P
(=) (975
+ + . 1 - _fp + 2 + 1 -
= JOPT 4 [T 4 SO0sPT = GPT - foPT P = fO-PT 4 0eP =10

Here we used the fact that CPT = Pt and CP~ = —P~. O
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This proposition gives us a simple relation between the Vekua operator V and
the operator II corresponding to the system (5.6) describing p-analytic functions
(with p = f?) and in particular means that, if a function W satisfies the main
Vekua equation

(83 — %C’) W =0, (5.7)

then its corresponding pseudoanalytic function of the second kind w = B~'W is
a solution of (5.6).

Remark 83. From Proposition 82 we have also that
V=1B""

Let us suppose that we have Z}_l)(l,zo,z) and Z;_l)(i,zo,z) where the
subindex reflects the fact that these Cauchy kernels are solutions of (5.7). Then
we can consider the Cauchy integral in (5.3):

1

QW@:%AEFWWQM@@

and hence we have the following Cauchy integral formula for p-analytic functions.

Theorem 84 ([72]). Let w be a solution of (5.5) defined in a domain Q bounded by a
simple closed continuously differentiable curve I' and assume that w is continuous
up to the boundary I'. Then for any z € Q) the following equality holds:

w(z) = B™'C;Bw(z). (5.8)

Proof. Consider the Cauchy integral formula for solutions of (5.7), W = C;W and
substitute W = Bw. Then application of B~! gives the result. O

5.3 The transplant operator

In this section we introduce a new concept which leads to a construction of Cauchy
kernels for z¥-analytic functions. Consider the main Vekua equation (5.7) where
f is a positive solution of the stationary Schrodinger equation

(—A+)f=0 inQ (5.9)

with a real-valued coefficient v. In Theorem 33 it was shown that if W is a solution
of (5.7) then its real part W; is necessarily a solution of (5.9), meanwhile its
imaginary part Wy is a solution of the Schrédinger equation

(~A4+nh=0 inQ (5.10)
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where n = 2(Vf)?/f? — v. Moreover according to Theorem 36, given a solution
W1 of (5.9) the corresponding (metaharmonic conjugate) function Wy such that
W = W1 +iWs be a solution of (5.7) can be constructed explicitly:

Wy = fVA(if20:(f 71 W), (5.11)

Now let g be another positive solution of (5.9) and consider the corresponding
Vekua equation
w-=2L%  inQ (5.12)
g
We have that both Re W (where W is a solution of (5.7)) and Rew satisfy (5.9),
meanwhile Im W and Im w satisfy the following, in general different Schrédinger
equations,
(=A+n) ImW =0 in Q

and
(A +mn2) Imw=0 in Q

where m1 = 2(Vf)?/f? — v and n2 = 2(Vg)?/g® — v.
Now we introduce an operator which transforms solutions of (5.7) into solu-
tions of (5.12) acting in the following way:

Ty o[W] = PTW +ig YA(ig?0=(g ' PTW)). (5.13)

Its application makes the imaginary part of a solution of (5.7) drop out and be
substituted by an imaginary part constructed according to Theorem 36 in such a
way that after this “transplant” operation the new complex function w = T 4[W]
becomes a solution of (5.12). This is why we call the operator Tt , the transplant
operator.

Assigning a fixed value in a certain point of the domain of interest to the
result of application of A, we obtain an invertible one-to-one map establishing a
relation between solutions of (5.7) and (5.12). The inverse to T} 4 is given by the
expression

Ty gw] =Ty glw] = Prw+if T AGf20:(f~ P w)).

Example 85. As an example of application of T ; we construct the Cauchy kernel

for solutions of the equation
1

wr =5 W (5.14)
starting from the analytic Cauchy kernel 1/ (z — zp). Let f = 1 and g = z. Both
of them obviously satisfy the same stationary Schrodinger equation which in this
case turns to be the Laplace equation. The main Vekua equation in this particular
case is just the Cauchy-Riemann system Wz = 0. The Vekua equation (5.12) takes
the form (5.14). We will consider it in the right half-plane C; (Rez > 0). Now
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take the function W = 1/ (z — z9) with 29 = xo + iyo being any point in C; and
apply to it the transplant operator (5.13). Thus, we consider the distribution

w(z) = a:—x02+ —A | iz?0; Lﬂfo2 .
|z — 20| x|z — 20|

T — X X0 To —T)(Z— 20
N AN ICTELTCEESY
x|z — 2| 222 |z — 2] x|z — 2

XTr—Xg
x|z—20]2

We have

In order to apply the operator A to the function ix20s ( ) we separate its

real and imaginary parts and arrive at the equality

a <m26; <7‘U — 2>>
x|z — z0]
_ “onm—=xo0)(y—yo)dn w0 [* d¢
- </11 ((n —z0)2 + (y — 10)?)? i 2 /yl (z1 — 0)* + (£ — v0)?
—T1(r7y — & 2 ! dé— Cq.
o) / <<x1—xo>2+<f—yo>2>2> T

Evaluation of the three integrals and their substitution gives us the result

A | iz?0; Lﬂfo2 = Lyog)—&-arctanx_xo—&—c.
x|z — 20| |z — 20| Y=Y

Thus, the Cauchy kernel corresponding to the Vekua equation (5.14) has the form

1 z( T — Tg >
+ — [ arctan +c
Z—ZzZy T Y—%Yo

where we can choose the real constant ¢ to be equal to zero and thus, the Cauchy
kernel Zg(g_l)(l, 20, z) turns out to be the distribution

1 ) —
Z{1(1, 29, 2) = + L arctan —— 0. (5.15)
Z—%2 T Y —%Yo

5.4 Cauchy integral formulas for z*-analytic functions

The procedure from [72] described in this section for obtaining in explicit form the
Cauchy integral representations for 2*-analytic functions is based on the following
simple observation.
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k+1

Remark 86. For any k£ € R the functions =% and z both are solutions of the

Schrodinger equation

x2

(-a+ 2 ) hwa =0

Now we are ready to describe the procedure. All the equations in this sec-
tion are considered in an arbitrary domain @ C C,; bounded by a simple closed

continuously differentiable curve. Assume we have a Cauchy kernel Zi;l)(a, 205 %)
for equation (5.7) with f = 2*. Then iZi;l)(a, 20, 2) is a Cauchy kernel for (5.7)
with f = 2% Its asymptotic behavior at zq is ~ ia/(z — zo). That is,

Ziji)(ia, 20,2) = iZiZl)(a, 20, 2).

Consider g = 2%*1. From Remark 86 we have that between (5.7) with f = 2% and
(5.12) with g = 2**1 there is a relation established with the aid of the transplant

operator (5.13). Thus applying T 4 to iZiZl)(a, 20, 2) we obtain a Cauchy kernel
for equation (5.12). Its asymptotic behavior at zq is again ~ ia/(z — 2p). Hence

Zi;lz (ia, 29, 2) = Tx—k7xk+1[iz‘i;1)(a, 20, %) (5.16)

Thus, the described procedure allows us to obtain in explicit form the Cauchy
integral formula for solutions of (5.7) with f = x**! from the knowledge of the

Cauchy kernel corresponding to f = x*.
Let us return to zF-analytic functions. Assume k is even: k = 2j, j =
0,1,2,.... Then the coefficient in the corresponding main Vekua equation (5.7)

contains f = z7. As was described above the Cauchy kernel in this case can be
constructed recursively from the analytic Cauchy kernel 1/(z — z9). We will give
more details and examples below. If k is odd: £k = 25+ 1, j = 0,1,2,..., the
coefficient in the corresponding main Vekua equation (5.7) contains f = z7 +1/2,
The Cauchy kernel in this case (j = 1,2,...) can be obtained recursively from
the Cauchy kernel for f = x'/2 following the procedure described above. As was
mentioned in the introduction the Cauchy kernel for f = x'/2 is known, though
it has a quite complicated form involving elliptic integrals. More precisely, this
Cauchy kernel was constructed (see [2], [33]) for the Vekua equation

Ozw — (w+w) =0

2(z+7%)

which is related to (5.7) with f = 2'/? as follows w = /zW. We will not dwell
upon the case of odd exponents k here, the purpose of this chapter is to introduce
and illustrate the techniques for obtaining new Cauchy kernels from the known
ones. We discuss application of our method in the case of even k, the corresponding
integrals can be evaluated analytically and the Cauchy kernels can be presented in
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a simple and explicit form (we give examples in the case k = 2 and k = 4). Thus, we
consider equation (5.7) with f = 27, j = 0, 1,2, .... Note that the coefficient in the
main Vekua equation (5.7) has the form j/(2z), j = 0,1,2,.... As was explained
in Section 5.1, for each j in fact we need to construct two Cauchy kernels

25V 20,2)  and 25020, 2).

In Example 85 proceeding from 1/(z — zp) we constructed Zg(c_l)(Lzo,z). In a
similar way taking now i/(z — zp) we construct Zg(c_l)(i, 20,2):

Z;—l)(i,zo,z):nm( ! ): YW LT liates | L) ).
Z— 20 |z—zo| X $|Z—Zo|

We have

2
Z(ix%;( Y—Yo ))ZCUO(fC—iEO)—(?z/—yO) +In 1 +ec

2
x|z — 2

Choosing ¢ = 0 and substituting this expression into (5.17) we arrive at the result

, . .
Lo i (5.18)

ZUD (G20, 2) = n .
2 (0:20,2) z2—20 T |z— 20|

Thus, from here and from (5.15) we have

ZED (v, 20,2) = o/ ZU V(1 20, 2) + o 25D (i, 20, 2)

o ] ,
= + — | & arctan
Z— 20 x

T — Tg 1
+a”In )
Y —Yo |z — 20|
where « is an arbitrary complex number, o' = Re« and o” = Im«. We can use

the freedom to add an arbitrary constant to the expression in the parentheses in
order to rewrite this Cauchy kernel also in the form

« 1 1
+—Im(«aln .
zZ— 20 €T zZ— 20

Thus, we have obtained the Cauchy kernel for equation (5.14) which ac-

cording to Theorem 84 allows us to write down the Cauchy integral formula for

x%-analytic functions. The next step is the calculation of Zg(cz_l)(oz,zo,z) using

Z;fl)(a, 20,2) =

Zéfl)(a, 20, z). This will give us a Cauchy kernel for the equation

8|~

w (5.19)

Wz =
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and hence the Cauchy integral formula for z*-analytic functions. According to
(5.16) we have

_ 1 1 1
z$; 1)(1, 20,2) = Ty 42 [—i 2V (i, 20, 2)] = Tye1 g2 | —— + —In ————
1 ’ lz—20 oz |z—20]
and
_ ) 1 —
Zg(c? 1)(7;, 20,2) = Ty 42 [iZg(C_l)(L 20, Z)] = Tr*1,12 |: ! — —arctan * JJ():| .
Z—z2 T Y=Y
We have

_ - 1 1
Zizl)(LZOaz) — xia:oz Zln—
|z — 2| x|z — 2]

) — 1 — 1 1
+ A it | & | 2+~ ——— (5.20)
x 22 \ |z — 2 x|z — 2]

_ - 1 -
A 1)(i,zo,z) = Y70 2 arctan =20

T 2
|z — 20| z Y=Y

) — 1 — 1 —
+ %A izt0s — yiy% — ~ arctan —— 0 . (5.21)
x %\ |z — 20| x Y —Yo

Evaluation of the corresponding integrals gives us the result

A | iz*os % x_w02+lln !
2 \ |z — % x|z — 2ol

r—xzo @ (y—yo)

and

= 3(2/ - yo)(hl |Z - Zo| - 1) + 3zg arctan — 5+ 1
Y —Yo |z — zo]
and
— 1 — 1 _
A ixtos — yion - —arctangc 0
=\ |z — 20| x Y — Yo
z” (& — o) T — X
= —3z¢In|z — 20| — 3x + ———== + 3(y — yo) arctan + ca.
|z — 2o Y—%Yo

Choosing ¢; = ¢o = 0 and substituting these expressions into (5.20) and (5.21) we

obtain
Ziz 1)(17 20, Z) = + = (1 _ Sl(y yO)) In
€T

z—2y |z — 20|
31y 3ixg T — Tg

iy + 5 arctan
z z Y — Yo
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and

Z(_l)(ia 20, Z) = ‘ - l (1 - 732@ — ya)) arctan T~ %o

x2
z—2z0 @ x Y — Yo
31 3i$0 1
- I
x x |z — zo]

It is not difficult to verify by a direct substitution that both functions are
indeed solutions of (5.19) in C4 \ zo. Combining them we can write down the
Cauchy kernel for the Vekua equation (5.19) in the form

Zg(cz_l)(a, 20,2) = O/Ziz_l)(l, 20,2) + a"Zg(CQ_l)(i, 20, %)

= —1—31—20 Im(aln )—ﬁlm(az)
Z— 20 x Z =20

+E<I—M> Re(aln 1 )
T T z— 2

The constructed Cauchy kernel gives us the Cauchy integral formula for z*-analytic
functions (see Theorem 84). The procedure can be continued and the Cauchy inte-
gral representations for 27-analytic functions can be obtained for higher exponents
j. It is sufficiently simple and can be implemented with the aid of a package of
symbolic calculation.




Chapter 6

Complex Riccati Equation

6.1 Preliminary notes
The ordinary differential Riccati equation
u =pu® +qutr (6.1)

has received a great deal of attention since a particular version was first studied by
Count Riccati in 1724, owing to both its specific properties and the wide range of
applications in which it appears. For a survey of the history and classical results on
this equation, see for example [34] and [107]. This equation can be always reduced
to its canonical form (see, e.g., [18], [56]),

Y+’ =, (6.2)

and this is the form that we will consider.

One of the reasons for which the Riccati equation has so many applications
is that it is related to the general second-order homogeneous differential equation.
In particular, the one-dimensional Schrédinger equation

d2
———u+v(@)u=0 6.3
U+ () (63)

is related to (6.2) by the easily inverted substitution
y=—, uw=elv.
u

This substitution, which as its most spectacular application reduces Burger’s
equation to the standard one-dimensional heat equation, is the basis of the well-
developed theory of logarithmic derivatives for the integration of nonlinear dif-
ferential equations [89]. A generalization of this substitution will be used in this
work.
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A second relation between the one-dimensional Schrédinger equation and the
Riccati equation is as follows. The one-dimensional Schrédinger operator can be
factorized in the form

0= (v (o) (6.4)

if and only if (6.2) holds. This observation is a key to a vast area of research
related to the factorization method (see, e.g., [93] and [94]) and to the Darboux
transformation (see, e.g., [90], [97] and [112]). Here we consider a result similar to
(6.4) but already in a two-dimensional setting.

Among the peculiar properties of the Riccati equation stand out two theorems
of Euler, dating from 1760. The first of these states that if a particular solution
yo of the Riccati equation is known, the substitution y = yo + z reduces (6.2) to a
Bernoulli equation which in turn is reduced by the substitution z = % to a first-
order linear equation. Thus given a particular solution of the Riccati equation, it
can be linearized and the general solution can be found in two integrations. The
second of these theorems states that given two particular solutions yg, y1 of the
Riccati equation, the general solution can be found in the form

_ kyo exp([yo—y1) — 1
kexp(fyo—wy1)—1

(6.5)

where k is a constant. That is, given two particular solutions of (6.2), the general
solution can be found in one integration.

Other interesting properties are those discovered by Weyr and Picard ([122],
[34]). The first is that given a third particular solution ys, the general solution can
be found without integrating. That is, an explicit combination of three particular
solutions gives the general solution. The second is that given a fourth particular
solution g4, the cross ratio

(1 —y2)(ys — ya)

(y1 — ya)(ys — y2)
is a constant. Thus the derivative of this ratio is zero, which holds if and only if
the numerator of the derivative is zero, that is, if and only if

(y1 —ya) (s — y2) ((y1 — y2) (Y3 —ya)) — (Y1 — y2) (Y3 — ya) (Y1 — ya) (y3 — y2))" = 0.

Dividing by (y1 —y2)(ys — y4)(y1 — ya)(ys — y=2), we see that Picard’s theorem
is equivalent to the statement

_ ! _ ! _ ! _ !
(yl y2) + (y3 y4) o (yl y4) _ (y3 y2) =0. (66)
Y1 — Y2 Y3z — Y4 Y1 — Ya Ys — Y2

In this chapter we study the equation
0:Q+1Q" = v (6.7)
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where z is a complex variable, 0z = %(896 +10y), Q is a complex-valued function
of z and v is a real-valued function. Note that this equation is different from the
complex Riccati equation studied in dozens of works where it is supposed to have
the form (6.1) with complex analytic coefficients p, ¢ and r and a complex analytic
solution u (see, e.g., [53]). We do not suppose analyticity of the complex functions
involved and show that equation (6.7), unlike the equation considered in [53], is
related to the two-dimensional stationary Schrédinger equation in a similar way as
the ordinary Riccati and Schrédinger equations are related in dimension 1. More-
over, we establish generalizations of the Euler and Picard theorems and obtain
some other results which are essentially two-dimensional, for example, an analogue
of the Cauchy integral theorem for solutions of the complex Riccati equation (6.7).

Equation (6.7) first appeared in [68] as a reduction to a two-dimensional
case of the spatial factorization of the stationary Schrédinger operator which was
studied in a quaternionic setting in [9], [11], [63], [64], [66], [68] and later on using
Clifford analysis in [10] and [36].

The ordinary Riccati equation is at the heart of many analytical and nu-
merical approaches to problems involving the one-dimensional Schrédinger and
Sturm-Liouville equations. Here we furnish a complete structural analogy between
dimensions 1 and 2 regarding the relationship between the Schrédinger and the
Riccati equations. Besides, the deep similarity between the ordinary Riccati equa-
tion and (6.7) strongly suggests that many known applications of the ordinary
Riccati equation can be generalized to the two-dimensional situation and many
new aspects such as Theorem 94 will become manifest.

The results discussed in this chapter have been obtained together with K.V.
Khmelnytskaya and presented in [60].

6.2 The two-dimensional stationary Schrodinger
equation and the complex Riccati equation

Consider the complex differential Riccati equation
v
0:Q+1QI" = ; (6:8)

where for convenience the factor 1/4 was included. We recall that v is a real-valued
function. Together with this equation we consider the stationary Schrédinger equa-
tion

(-A4+v)u=0 (6.9)
where u is real-valued. Both equations are studied in a domain Q C C.

Theorem 87. Let u be a solution of (6.9). Then its logarithmic derivative

us

- 1
Q=" (6.10)
is a solution of (6.8).
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Proof. Tt is only necessary to substitute (6.10) into (6.8). O

Remark 88. Any solution of equation (6.8) fulfils (2.17). Indeed, the imaginary
part of (6.8) reads

0yQ1 + 0,Q2 = 0.
Theorem 89. Let Q) be a solution of (6.8). Then the function
u = Al (6.11)
is a solution of (6.9).
Proof. Equation (6.9) can be written in the form
(4050, — v)u = 0.

Taking u in the form (6.11) where @ is a solution of (6.8) and using the observation
that

we have

0z0.u = 0= (Qe"¥) = M9 (9:Q +1QP) = . =

Observe that this theorem means that if @ is a solution of (6.8) then there
exists a solution w of (6.9) such that (6.10) is valid. Theorems 87 and 89 are direct
generalizations of the corresponding facts from the one-dimensional theory.

The following statement is a generalization of the one-dimensional factoriza-
tion (6.4).

Theorem 90. Given a complex function Q, for any real-valued twice-continuously
differentiable function ¢ the following equality is valid:

LA v)e= (@ +Q0) 0. - Q0)p (6.12)

4
if and only if Q is a solution of the Riccali equation (6.8).

Proof. Consider

(0:+QC)(0. — QC)o = A0 ~ QP — Q¢

from which it is seen that (6.12) is valid iff @ is a solution of (6.8). The second
equality in (6.12) is obtained by applying C' to both sides of the first equality. O
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6.3 (Generalizations of classical theorems

In this section we give generalizations of both Euler’s theorems for the Riccati
equation as well as of Picard’s theorem.

Theorem 91 (First Euler’s theorem). Let Qo be a bounded particular solution of
(6.8). Then (6.8) reduces to the following first-order (real-linear) equation

in the following sense. Any solution of (6.8) has the form

0, ReW

Q= "Rew

and vice versa, any solution of (6.13) can be expressed via a corresponding solution
Q of (6.8) as
W = eAlQ] | je—AlQol4 ie2A[Q0]&ZeA[Q*Q0] ) (6.14)

Proof. Let Qo be a bounded solution of (6.8). Then by Theorem 89 we have that
there exists a nonvanishing real-valued solution f of (6.9) such that Qo = f./f.
Hence (6.13) has the form (3.15). Now, let @) be any solution of (6.8). Then again
Q = u,/u where u is a solution of (6.9). According to Theorem 36, u is a real part
of a solution W of (3.15). Thus we have proved the first part of the theorem.

Let W = u + iv be any solution of (6.13) (u = ReW). Then u is a solution
of (6.9) and by Theorem 87 it can be represented in the form u = 4@l where
@ is a solution of (6.8). Then by Theorem 36 (formula (3.26)), W has the form
(6.14). O

Thus the Riccati equation (6.8) is equivalent to a main Vekua equation of
the form (3.15).

In what follows we suppose that in the domain of interest ) there exists a
bounded solution of (6.8).

Theorem 92 (Second Euler’s theorem). Any solution Q of equation (6.8) defined
for |z — zp| < R can be represented in the form

Z;)LO:O QneA[Qn]
@ ==

n=0 e

(6.15)

where {Qn},—, is the set of particular solutions of the Riccati equation (6.8) ob-
tained as follows:

0, Re Z(”)(am 20, 2)
Qn(z) - Re Z(™) (ar“ %o, Z) )

Z™ (ay, 20, 2) are formal powers corresponding to equation (6.13) and both series
in (6.15) converge normally for |z — 29| < R.
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Proof. By the first Euler theorem we have

0, ReW
Q= Re W

where W is a solution of (6.13). From Theorem 65 we obtain

0. >, Re Z(")(an,zo;z)
Y ReZM(ay, 20;2)

Q(2)

Every formal power Z(™ (a,,, zp; z) corresponds to a solution of (6.8):

0, Re Z(”)(amzo;z)
@n(z) = Re Z()(ay,, zo; 2)

or Re Z( (ay, 2o; z) = eA19)(2) from where we obtain (6.15). O

In the next statement we give a generalization of Picard’s theorem in the
form (6.6).

Theorem 93 (Picard’s theorem). Let Qp, k = 1,2,3,4 be four solutions of (6.8).
Then

0:(Q1 — Q2) + 2i Im(Q,Q2) n 0:(Q3 — Q) + 2i Im(Q3Q4)

Q1— Q2 Q3 — Q4
C0:(Q1— Qa) +2i Im(Q,Q4)  9x(Q3 — Qo) +2i Im(Q3Q2) _ 0
Q1— Q4 Q3 — Q2 '

Proof. Obviously,
Q1+ Q)+ Q3+ Q) — (@) + Q) — (@3 + Q) =0.
Multiplying each parenthesis by 1 = (Q; — Q;)/(Q; — Q;) we obtain the equality

(Q+Q)(Q1— Q1) | (Q3+Qy)(Qs —Q2)

@-Q) 7 (@-@)
(@1 +Q)(Q1-Q2)  (Q3+Qu)(Q3—Qa) _ 0
(Q1—Q2) (Q3 — Q) '

Using
(@l + GJ)(QZ - Qy) = aE(Q] — Qi) — @ng + QZGJ

the result is obtained. O
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6.4 Cauchy’s integral theorem

Theorem 94 (Cauchy’s integral theorem for the complex Riccati equation). Let
Qo and Q1 be bounded solutions of (6.8) in Q2. Then for every closed curve I' lying
in a simply connected subdomain of €,

Re/ (Q1— Qo) eAlR1=Qol g, 4 Im/ (@1 — Qo) eAlQ1+Qol g, — (6.16)
r r

Proof. From Theorem 89 we have that f = e41?0] and u = e4[@1] are solutions of
(6.9). Now, applying Theorem 43 we obtain

A
Re/r6z(f)dz+zl /Ff 0.(7)z

for every closed curve I situated in a simply connected subdomain of 2, which
gives us the equality

Re/ 9, (eARQ1 =Ygz 44 Im/ Aol (eAl@1=Qolygy = (.
r r

From this we obtain the result. O

As a particular case let us analyze the Riccati equation (6.8) with v = 0
which is related to the Laplace equation. If in (6.16) we assume that Q¢ = 0, then
(6.16) takes the form

/ QleA[Ql]dz =0.
r

This is obviously valid because if ()7 is another bounded solution of the Riccati
equation with v = 0, then according to Theorem 89 we have that u = 4@ is a
harmonic function and the last formula turns into the equality

/ uydz =0 (6.17)
r

(u is analytic).
Now, if in (6.16) we assume that @1 = 0, then (6.16) takes the form

Re/ Qoe_A[QO]dz +1 Im/ QoeA[Qo]dz =0.
r r

Rewriting this equality in terms of the harmonic function f = e4l%0] we obtain

Re f}g +1 Im/fzdz—()
which taking into account (6.17) becomes the equality
o)
Re fodz =0

f2
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Re [ 0. (%) dz=0. 6.18
J(5) 019

This equality is a simple corollary of a complex version of the Green-Gauss theorem
(see, e.g., [117, sect. 3.2]) according to which we have

1 1 1
g 2= (7) a== [ oe0x (5 ) o

For f real the right-hand side is real-valued and we obtain (6.18).

or which is the same,



Chapter 7

A Representation for Solutions of
the Sturm-Liouville Equation

The Sturm-Liouville equation

() + qu = w?u
is one of the canonical and main objects of study in classical mathematical physics.
Its theory has a long history and is quite well developed (see, e.g., [86], [129]).

This part of the book is dedicated to a new representation for solutions of the
Sturm-Liouville equation which was obtained in [74] with the aid of pseudoanalytic
function theory and allows us to reduce corresponding spectral problems to a
problem of finding zeros of analytic functions. The fact that a Sturm-Liouville
problem is equivalent to finding zeros of a corresponding analytic function has been
known since long ago. Nevertheless, given a spectral Sturm-Liouville problem, how
to construct the associated analytic function of w whose zeros coincide with the
eigenvalues was an open question. Here we show how the Taylor coefficients of
this analytic function can be obtained explicitly and discuss different applications
including a numerical method based on this result.

The main result of this part is formulated in Section 7.8, before we explain
how it is obtained using the results of the preceding chapters. In Chapter 8 we
discuss some applications of the main result including spectral problems and the
Darboux transformation.

7.1 Solving the one-dimensional Schrodinger equation
Consider the equation
(=037 + a(2))g(x) = 0. (7.1)

We suppose that ¢ and g are real-valued functions and that on some interval
I, of the independent variable = there exists a bounded nonvanishing solution
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go € C%(I,) such that 1/gg is also bounded. For simplicity we suppose that the
interval I, includes the point = 0 and that go(0) = 1. Our first goal is to solve
the equation

(=07 +q(z) £w?)u(z) = 0

for any real constant w. We start with the “+”-case.

7.2 The “+”-case

Consider the equation

(=02 + q(x) + wu(z) = 0. (7.2)
Let us notice that for the equation
(—A +q(2) +w?)U(z,y) = 0 (7.3)
where A = 92 + 97 we can immediately propose a particular solution, e.g.,
f(z,y) = go(x)e*?. (7.4)

This function does not have zeros on any rectangular domain €2 = I, x I, where
1, is an arbitrary finite interval of the variable y. For simplicity we assume that
the origin z = 0 is an internal point of the domain . According to Theorem 36,
any solution of (7.3) is a real part of a solution of the main Vekua equation (3.15)
where f is defined by (7.4). Moreover, a generating pair for this Vekua equation
has the form
F(z,y) = f(z,y) = go(w)e*?

and

Glx,y) =i/ f(w,y) = igy ' (x)e™".
Now using the results from Subsection 4.2 we can construct the formal powers
corresponding to equation (3.15) and to this generating pair. We have that

Z™(a,0,2) = go(x)e*? Re 2™ (a,0,2) +igy ' (z)e™¥ Im ,Z™(a,0, z)

where ,Z((a,0, z) are constructed according to formulas (4.5) and (4.6) where
o(x) = go(z) and 7(y) = e~ Y.
We know that any solution W of (3.15) in © can be represented in the form

W(z) = Z Z™ (ay, 0, 2)
n=0
and hence any solution U of (7.3) has the form

Ulz,y) = f: Re Z™ (a,,0, 2) (7.5)

n=0

= go(x)e*? Z (a’n Re .Z™(1,0,2) 4+ a” Re *Z(")(i,O,z)) .

n=0
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Observe that solutions of (7.2) are also solutions of (7.3). Consequently, for any
solution u of (7.2) there exists a set of real numbers {a, -~ such that

n’ 'Il

u(z) = go(z “””Z( Re .Z"™(1,0,2) + ! Re .Z™(i,0, z)) (7.6)
In other words there exist such sets of coefficients {a;,,a;,} ", that
d, <ewy 3 (a; Re ,Z™(1,0,2) + a” Re *Z(”)(i,O,z))> = 0. (7.7)
n=0

Obviously, if this condition is fulfilled, the resulting function (7.6) is a solution of
(7.2).
Let us analyze equation (7.7). First of all we have that, for an odd n,

ZM(1,0,2) =Y (T?)X(”_j)ijy(”,

=0\

20,0, 2) = ZZ (7))}@-3‘)2‘1'}7(3')
J=0

J

and for an even n,

Thus, we obtain for an odd n,
Re .Z™M(1,0,2) = (7)X<"—j>¢jy<j>,
Re,ZM(i,0,2)= 3 (”) F =) 17 0)

and for an even n,

Re.ZzM(1,0,2)= 3 (ﬁ))?("j)in(j),
0

even j= J
Re .Z™ (3,0, z) ( )X(”_j)ijﬂ?(j).
odzj 1 ']

It is somewhat more convenient for what follows to rewrite these formulas in the
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following equivalent form

Re .Z™M(1,0,2) = (”) X (R)jn—ky (n—k)

n for an odd n  (7.8)
Re .Z™(i,0,2) = Z (TL))}(k)inka/(nk)

even k=0 k
and
Re .Z™(1,0,2) = Z (Z)X’(k)i”ky(nk)7
even k=0

n for an even n. (7.9)
Re .Z™(i,0,2) = Z (n>X(k)ink+1f/(nk)

e

We recall that

y
nfy(”fl)(n)ez“’"dn for an odd n,

Y(n Oy
n [ YD (n)e=2"dn for an even n,
0
Y
n [Y=Y(n)e=21dy  for an odd n,
Y(n Oy
nff/(n—l)(n)e?‘m?dn for an even n.
0
Thus, from (7.8) and (7.9) we have
9y Re .Z™(1,0,2) Z (Z>X(k)inky(nkl)7
odd k=1
0y Re .2 (i,0,z) =¥ Y (n—k) (n>)?<’“>z'”’““?<”’”)
even k=0 K

for an odd n (7.10)
and

8y Re *Z(”)(I,O, Z) — 2wy Z (n _ k‘) (Z)j‘(’(k)in—ky(n—k—l)’

even k=0
n

9y Re .2 (1,0, 2) = e~ 2 Z (n—k) (Z)X(k)in—kﬂff(n—k—l)

odd k=1

for an even n > 0. (7.11)
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Now returning to equation (7.7) we observe that it is equivalent to the equation

o0

3 (4 (o Re . Z07(1,0,2) + 9, Re .20(1,0,2)
n=0

+all (0 Re .2 (i,0,2) + 0, Re .2(0,0,2)) ) = 0.

from which using (7.8), (7.9) and (7.10), (7.11) we obtain that (7.7) can be written
as

aéw + Z (a; Z in—k (Z)X(k) (wy(n—k) + (n _ k)y(n—k—l)e—Zwy)

even n=2 even k=0
+a Z jn—k+1 (Z)X(k)(wi}(nk) +(n— k)i}(nflcfl)ef&uy))
odd k=1

+ Z Z ‘n—k <k>X(k)(wy(nk) + (n _ k)y(nfkfl)ef&uy)
odd n=1 odd k=1

n

+ a;; Z 7;n—k+1 (Z'))}(k)(wi}(n—k) + (TL _ k,)i}(n—k—l)e—wa)) —0.
even k=0

(7.12)

In order that this equality hold identically, the expressions corresponding to dif-
ferent X (™) and X (") for all n should vanish identically. Combining all terms
multiplied by X we obtain the equation

Gt 3 iy vl
even n=2
4 Z a,” n41 wY (n) _|_ny(n 1) —wa) =0. (7.13)
odd n=1

Gathering all terms multiplied by X (! we obtain the second equation
Z a//Znn(w?(nfl) + (TL _ 1)}7(n72)672wy)

even n=2

+ Z a/ n—1 wy(n 1)_’_(n_1)y(n72)672wy):0
odd n=1

which can be rewritten as

ajw + Z dly i (n 4 1) (Y™ 4 Yy (n=De=2wy)
even n=2
+ Z all " (n 4 1) (Y ™) 4 Y (- Dem2e) — (7.14)

odd n=1
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Gathering all terms multiplied by X®, X®) ... we obtain an infinite system
of equations which fortunately we do not need to solve. Here we are reasoning
along the following lines. First of all we observe that if such sets of coeflicients
{al,,all}._, exist that all the equations derived from (7.12) are satisfied, they do
not depend on functions X (™ and X ™) but only on Y™ and y ™, Thus, they can
be constructed independently of the concrete form of gy and hence of the potential
q. Second, we know that such sets of coefficients exist. This is due to our earlier
observation that solutions of (7.2) are also solutions of (7.3) and hence they can
be written in the form (7.5).

These two arguments lead to the following surprising solution. We can take
any ¢, for example, ¢ = 0 and any pair of independent solutions of the resulting
Schrodinger equation (7.2) and to obtain their corresponding sets of coefficients.
These two sets will be universal in the sense that the general solution of (7.2)
for any other ¢ will be constructed with the aid of this pair of sets of coefficients
just by changing the generating function go and obtaining a corresponding system
of functions X (™ and X (. On first glance this conclusion can appear against
intuition, nevertheless its more detailed analysis as well as the final result convince
us that it is really natural. Thus, in the next subsection we construct such a pair
of sets of Taylor coefficients (in formal powers).

7.3 Two sets of Taylor coefficients

Here we consider the case ¢ = 0. Then the Schrodinger equation (7.2) becomes
(=02 + wHu(z) = 0. (7.15)

Note that the corresponding equation (7.1) has the form §%2g(z) = 0 and possesses
a suitable particular solution satisfying all the requirements (see the beginning of
Section 7) go = 1. Then f = e“Y and the main Vekua equation in this case has
the form

We = —W. (7.16)

wx wx

Let us take two independent solutions of (7.15) u™(x) = e** and v~ (z) = e~
First, we obtain the set of coefficients {a/,,a!’} " for the function u™. The first
step consists in constructing the corresponding conjugate metaharmonic function
vT (see Theorem 36)

vt = efwyZ(ie%Jy&zew(wfy)) — efwyZ(g(l + i)ew(ery)).
We have W
A(§(1 + i)ew(wﬂl)) = ew(@+y) 4

We choose ¢ = 0, then v+ = e“*. Thus, one of the solutions of the main Vekua
equation (7.16) such that ut = e** is its real part has the form

Wt = (1+1)e“". (7.17)
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Now, in order to construct its corresponding Taylor coefficients (in formal powers)
we notice that Apq) = 0 and B(pg) = —iw/2 (here F' = e“¥ and G = ie™*Y).
Thus, the operation of the (F, G)-derivative has the form

W=Ww.,+ %W.
For the function (7.17) we have

WH=w@+d)ev”, W =w?(1+1i)e

and it is easy to see that the n-th (F, G)-derivative of W has the form

W =

We obtain that the Taylor coefficients (in formal powers) of the function (7.17) at
the origin have the simple form

at = (1+14). (7.18)

In a similar way we study the case of the function u~. The corresponding pseu-
doanalytic function W~ has the form W~ = (1 —i)e”“*, and the corresponding
Taylor coefficients at the origin are

(—w)"

a, = (1 ). (7.19)

Let us notice that from the fulfillment of (7.13) with the coefficients of the form
(7.18) or (7.19) there follows the fulfillment of (7.14) and of all subsequent equa-

tions corresponding to )?(2)7 X®)etc. This is because of the fact that afﬂ =

tw +
—n+1an .

7.4 Solution of the one-dimensional
Schrodinger equation

Now with the aid of the sets of coefficients (7.18) and (7.19) we proceed in obtaining
the general solution of (7.2) with any potential ¢ for which a solution go of (7.1)
satisfying the nonzero and boundedness requirements exists. From (7.6) we have
that the general solution of (7.2) has the form

U = Cc1u1 + Cousg

where ¢; and co are arbitrary real constants and uq, us are defined as

ui(z) = wyz (Re LZM(1,0,2) + Re 2™ (i,0 z))
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and

s () wyz (R Z™M(1,0,2) - Re *Z(")(i,O,Z))7

n=0

which according to (7.8) and (7.9) can be written in the form

(e) = go(a)e” > 2 3 k(1) gy

even n=0 even k=0
+ Z ‘n— k+1( )X(k)Y(n k))
odd k=1
+ Z W_'( Z ik (Z')X(k)y(n—k)
odd n=1 """ Nodd k=1
even k=0
and
. oo " n () = o
uz(x) = go(x)e “( Z F( Z i k(k>X(k)y( k)
even n=0 even k=0
_ Z in—k+1(”)X(k)f/(n—k)>
odd k=1 k
= w" S n—k T (k)y (n—k)
— — XYy
S50
odd n=1 """ Nodd k=1 k
. Z ink+l<n>)?(k)i}(nk)>>.
even k=0 k

As we know that both expressions are independent of y, in order to simplify them
we can substitute any value of y. Of course, the easiest way is to substitute y = 0
because by definition all Y™ (0) and Y (0) for n > 1 are equal to zero, and
Y©(0) = Y (0) = 1. Thus, finally we obtain

W o n =Wt "
uy () :go(aj)( > HX( ey HX( >> (7.20)
even n=0 odd n=1
and
> W~ . > W N
us () :go(:v)( > HX( >y HX( >> (7.21)
even n=0 odd n=1
where

XO=1 xO0=q (7.22)

)
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nf)?(”’l)(f)gg(f)dg for an odd n,
)?(n)(x) _ Ox N (7.23)
n [ XD (€)gy2(€)d¢  for an even n,
0
n [ X"=D(€)gy%(€)dE  for an odd n,
XM (z) = 0 (7.24)
n [ X"=D(€)g2(¢)dé  for an even n.
0

In the next subsection we validate this result by a direct substitution into equa-
tion (7.2).

7.5 Validating the result

In order to substitute (7.20) and (7.21) or equivalently

oo o0

w" w
v1(z) = go(x) Z FX(H) and va(z) = go(x) Z EX(”)

even n=0 odd n=1

into equation (7.2) we first make some helpful observations.

It is well known that a nonvanishing solution gq of (7.1) allows us to factorize
the Schroédinger operator as

07 — qx) = (6& + g—6> ( , — g—6> . (7.25)

g0 g0

The first-order operators in their turn can be factorized as well, so we obtain
92 = q =gy ' 02950x9 -

Now let us consider v;. By definition, for an even n we have

x

X)) =n [ X0(¢)

0

_dg
95(8)

Thus, application of the operator 82 — ¢ to go)~( () for an even n and n > 2 (for
n = 0 the result is zero) gives us

(02~ 4) (90X™) = g5 0,630, X" = ngy "0, X1
= (n— 1)nge X" 2.
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Then
(@ —q)vi=g0 Y 7“}”2 LX)
even n=2 (n - )
[eS) W~
= WQQO Z FX(n) = w21]1.
even n=0

In a similar way one can verify that vy is a solution of (7.2) as well. Note that
according to the general result formulated in Subsection 4.2, both series in vy
and v are uniformly convergent on the interval I,. This fact can be quite easily
verified as well by estimating the integrals in X (™ and X () by the supremum of
the functions g3 and go 2 multiplied by successive antiderivatives of .

7.6 The “—” case
Consider the equation
(=02 + q(z) — wHu(z) =0 (7.26)

and the corresponding two-dimensional equation
(A +q(z) —w*)U(z,y) = 0. (7.27)
Its particular solution can be chosen as

f(z,y) = go(x) coswy

which is different from zero on the rectangular domain Q = I, X (—5-,5-). In
order to obtain the general solution of (7.26) in fact we should only obtain two
sets of Taylor coefficients as in Subsection 7.3. For this, once more we take ¢ =0
and consider two linearly independent solutions of the equation (92 +w?)u(z) = 0,

uT(z) = coswz and ™ (z) = sinwz. The next step is to construct v+ and v=. We

have
1 — COS WX
vt = A (z cos? wyds ( )) = —sinwr tanwy
cos wy cos wy

(we have fixed the arbitrary constant as zero). Thus,
W™ = coswx — isinwz tan wy.
In a similar way we obtain
W™ =sinwz + ¢ coswax tan wy.

Noting that the definition of the (F, G)-derivative in this case has the form

W = W, — % tanwyW
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we obtain the relations W+ = —wW = and W = = wW™ and hence the following
formulas for the corresponding Taylor coefficients in formal powers in the origin

(iw)"

al = —— for an even n  and a =0 for an odd n,

n!
(a7 n
. _ —i(iw
a, =0 foranevenn and a, = (7') for an odd n.
n!

Thus we arrive at the following general solution of equation (7.26) for any potential
q admitting a particular solution gy with the described above properties:

U = C1U] + CoU2

with -
w)"
even n=0 ’
and

wr() = gole) 3 L

odd n=1

where X (™ and X (™ are defined by (7.22)(7.24).

7.7 Complex potential

It is clear that the results obtained in the preceding subsections remain valid in
the case of a complex-valued potential ¢ and an arbitrary complex number w.
Consider the equation

(=02 + q(z) + w?)u(z) =0 (7.28)

where ¢ and u are complex-valued and w is any complex number. We assume that
go is a nonvanishing solution of the equation (=92 + ¢(z))go = 0 satisfying the
boundedness requirements. Then the general solution of (7.28) has the form

U= c1u1 + Colln (7.29)

where ¢; and ¢ are arbitrary complex constants and u1, us are defined as

o0

w" =~
u=go ». WX(”) (7.30)
even n=0
and -
wn
=gy Y, X" (7.31)
odd n=1

where as before X (™ and X (™ are defined by (7.22)—(7.24).
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7.8 Solution of the Sturm-Liouville equation

Having obtained the general solution of (7.28) it is easy to obtain the general
solution of the more general Sturm-Liouville equation

0z (pOyu) + qu = w?u (7.32)

where p € C?(I,) is a nonvanishing complex-valued function, ¢ and u satisfy
conditions from the preceding subsection. We assume that

9x(PO290) + 490 = 0 (7.33)

and observe that the following factorization holds:
9.0 _ 1/2 9 g_/ 9. — g_/ 1/2,\ _ 716 26 -1
(02p0y + q)u =p Sl A L 2 (9%0x (90 "))

where g = p'/2gy and by analogy with (7.29)-(7.31) we obtain the solution of
(7.32),

U= ciu1 + caus (7.34)
where
_ - Y )
uy = go Z_O X (7.35)
and
et wn—l (n)
uz = go ddzﬂ X (7.36)

where the definition of X(™ and X ™ is slightly modified:

X0O=1  x©=1, (7.37)
n [ XO-D(6)g2(6)de  for an odd n,
XM () o (7.38)
n [ XT=D(€)g™2(€)d¢é  for an even n,
0
n}X(”’l)(f)g’Q(f)dg for an odd n,
Xy =] o (7.39)
n [ X"=D(€)g2(€)de  for an even n.
0
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Let us verify that u; is indeed a solution of (7.32). We have

_ > W n
(02p0s + q)u1 = gy 0z <9281 >, X >>
even n=0
_ N w" F(n—1)
= A :EX
% eve§:2 (n o 1)' ’
2 c- wh 2 v (n—2) 2
=W go 272mX =w u;.

In a similar way the solution us can be verified as well.
Thus, we have proved the following theorem.

Theorem 95 ([74]). Let p and q be complex-valued functions of an independent real
variable x € [0,a], p € C*(0,a) be bounded and nonvanishing on [0,a] and w be an
arbitrary complex number. Suppose that there exists a solution gy of the equation
(pgh)’ + qgo = 0 on (0,a) such that go € C?(0,a) together with 1/go are bounded
on [0,a]. Then the general solution of (7.32) has the form

U = C1U] + CoU2

where ¢1 and co are arbitrary complex constants,

oo o0 n—1

w" & w
UL = go Z FX(TL) and u2 = go Z o xm

even n=0 odd n=1

with X™ and X™ being defined by (7.37)~(7.39) and both series converge uni-
formly on [0, al.

We obtained this theorem under too restrictive conditions. Here we formulate
its generalization as was done in [78], which allows us to obtain a general solution
of the Sturm-Liouville equation

(pu') + qu = Aru (7.40)

in the form of a spectral parameter power series. We give a proof of this result
which does not depend on pseudoanalytic function theory.

Theorem 96 ([78]). Assume that on a finite interval [a,b], equation

(pv') +qv =0, (7.41)

possesses a particular solution ug such that the functions udr and 1/(udp) are

continuous on [a,b]. Then the general solution of (7.40) on (a,b) has the form

U = Cc1u1 + Coug (7.42)
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where ¢1 and co are arbitrary complex constants,

u; = Ug Z N X @R and Uy = Ug Z AF X (2k+1) (7.43)
k=0 k=0

with X™ and X™ being defined by the recursive relations

X0 =1  xO=q (7.44)
[ XD (s)u2(s)r(s)ds, n odd,

XM= "9 (7.45)
fZ{X(”*l)(s)m ds, n even,

Ik X(”*l)(s)m ds, n odd,
XM(z)=4 (7.46)
[ X=Y(s)ud(s)r(s)ds, n even,

Zo

where To is an arbitrary point in [a,b] such that p is continuous at xo and p(xg) #
0. Further, both series in (7.43) converge uniformly on [a,b].

Proof. First we prove that u; and ug are indeed solutions of (7.40) whenever the
application of the operator L = di P ddz + g to them makes sense. For this, note

that if Lug = 0, then L can be written in the factorized form L = dz puU 3;@ ulo

Then application of ;L to u; gives

1 1
—L _ )\kX(2k) )\k 2k 1)
r “ U dx < Z ruo dx Z

= Ug Z )\k)?(2k72) = A\uq.
k=1

In a similar way one can check that us satisfies (7.40) as well. In order to give
sense to this chain of equalities it is sufficient to prove the uniform convergence of
the series involved in u; and wuy as well as of the series obtained by a term-wise
differentiation. This can be done with the aid of the Weierstrass M-test. Indeed,

~ k o) .
we have ‘X(%) 1 ) “’(_22579 and the series kzo (262), is

p“o

< (max‘ru%’)k (max

convergent where

) b—al®. (7.47)

¢ = |A| (max |rud|) (max

The uniform convergence of the series in uy as well as of the series of derivatives
can be shown similarly.
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The last step is to verify that the Wronskian of u; and ws is different from
zero at least at one point (which necessarily implies the linear independence of
uy and uy on the whole segment [a,b]). It is easy to see that by definition all the
X ™ (z0) and X ™ (x4) vanish except for X(©(z0) and X (z0) which equal 1.
Thus

u1(z0) = uo(xo), uy (o) = ug(xo), (7.48)
1
us () = 0, uh(zg) = ————— 7.49
2(o) 5(0) (@0 )p(70) (7.49)
and the Wronskian of u1 and us at x¢ equals 1/p(zg) # 0. O

Remark 97. In the case A = 0, the solution (7.43) becomes u; = ugp and us =
T
ug [ W. The expression for us is a well-known formula for constructing a
Z(s)p(:
o
second linearly independent solution.

Remark 98. The result of Theorem 96 is valid for infinite intervals as well, the
series being uniformly convergent on any finite subinterval.

Remark 99. One of the functions ru2 or 1/(pu?) may not be continuous on [a, b]
and yet w1 or us may make sense. For example, in the case of the Bessel equation
(zv') — Lu = —Azu, we can choose ug(z) = /2. Then 1/(pu3) ¢ C[0,1]. Never-
theless all integrals in (7.45) exist and u; coincides with the nonsingular J; (v Az),
while us is a singular solution of the Bessel equation.

Remark 100. In the regular case the existence and construction of the required
ug presents no difficulty. Let p and g be real-valued, p(z) # 0 for all z € [a,b]
and let p, p’, r and ¢ be continuous on [a,b]. Then (7.41) possesses two linearly
independent regular solutions v; and vs whose zeros alternate. Thus one may
choose ug = vy + ivs.

Remark 101. The procedure for construction of solutions described in Theorem 96
works not only when a solution is available for A = 0, but in fact when a solution
of the equation

(pug)’ + quo = Aorug (7.50)

is known for some fixed A\g. The solution (7.43) now takes the form

Z Xk and UQ—UOZ A — )\) X (2k+1)
k=0 k=0

This can be easily verified by writing (7.40) as
(L=Xor)u=(A—=Xo)ru

The operator on the left-hand side can be factorized exactly as in the proof of the
theorem, and the same reasoning carries through.



90 Chapter 7. Sturm-Liouville Equation

Remark 102. For calculating the series in (7.43) it may be convenient to calculate
X ™) or X directly from X2 or X("=2) For example, when n is even we
have

Y (n) ) = r; Su 2, v (n—2) s
X0 = [ | w002 @

= [ (P) = P)ualepr 00 0y

To
where P’ = 1/(u2p).

Remark 103. Other representations of the general solution of (7.40) as a for-
mal power series have been long known (see [104, Theorem 1], [25]) and used for
studying qualitative properties of solutions. The complicated manner in which the
parameter \ appears in those representations makes that form of a general solution
too difficult for quantitative analysis of spectral and boundary value problems. In
contrast, the solution (7.42)—(7.46) is a power series with respect to A, making
it quite attractive for numerical solution of spectral, initial value and boundary
value problems.

A special case of Theorem 96, with ¢ = 0, A = 1, was known to H. Weyl.

Corollary 104 ([124]). Let 1/p and r be continuous on [a,b]. The general solution
of the equation
(pu') =ru (7.51)

on (a,b) has the form
U= c1u1 + Colln (7.52)

where ¢1 and co are arbitrary constants and u1, uz are defined by (7.43)—(7.46)
with ug = A = 1.

This corollary enables us to find the particular solution wug discussed in Re-
mark 100.

7.9 Numerical method for solving
Sturm-Liouville equations

In this section following the exposition from [78] we consider the Sturm-Liouville
equation (7.40) on [a,b] with any desired initial conditions. The numerical im-
plementation of the solution via the representation (7.43) for a general solution
is algorithmically simple. One must consider the accuracy of calculation of the
iterated integrals in (7.45) and (7.46), and the rate of convergence of the series
(7.43), because in numerical work one must work with finitely many terms.

The main parameters that one can control are the number M of subintervals
in which to divide [a, b] when integrating numerically and the number N of powers
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in the truncated series. The relationship of M to the accuracy of the integrals is
a standard question and will not be discussed here. In regards to N, observe that
one can not always expect a good approximation to u over all of [a, b] with a series
of N terms, no matter how precisely the integrals are calculated. However, using

)?(2’“)‘ and | XD (see the proof of Theorem 96 below) it
is easy to obtain a rough but useful estimate for the tail of the series. Namely,

the estimate for

N ~
consider |u; — uy x| where uy y = up Y. \FX2*). We have

k=0
o0 _ o0 Ck
=l = fuol| 30 XXV < maxluol 37 5
k=N+1 k=N+1
N Ck
= max |uo| cosh\/E—kZO o

where ¢ is defined by (7.47). In a similar way one can see that the remainder of the
series corresponding to us is estimated by the tail of the power series of sinh+/c.
Thus, if a certain value of N is seen to be insufficient for achieving a required
accuracy, the interval can be subdivided and the initial value problem solved on
the first subinterval. The initial values of the solution for the second subinterval

’ 0 ~
are calculated easily taking into account that uj = 2wy + 5= kzl MF X (2k=1)

(and analogously for ug). Thus, no numerical differentiation is necessary and this
process can be continued with little loss in accuracy.

The required particular solution uy may be calculated using any available
algorithm; in the examples presented below we have applied the formula of Corol-
lary 104, applying the above subdivision procedure. All of the calculations were
performed with Mathematica (Wolfram).



Chapter 8

Spectral Problems and
Darboux Transformation

8.1 Sturm-Liouville problem as a problem of
finding zeros of an analytic function

The fact that spectral Sturm-Liouville problems are related to the problem of
finding zeros of complex analytic functions of the variable A is quite well known
(see, e.g., [86]). For a regular Sturm-Liouville problem the corresponding analytic
function is even entire. The representation (7.42)—(7.46) allows us to obtain the
Taylor series of that analytic function explicitly. As an example, let us first consider
a spectral problem for (7.40) with the boundary conditions

u(0) =0 and wu(l)=0.

We suppose that the coefficients satisfy the conditions from Remark 100 and that
ug is constructed as described there, taking x¢g = 0. From the first boundary
condition and (7.48), the constant ¢; in (7.42) must be zero. Then the spectral

problem reduces to finding values of A for which us(1) = ug(1) > \FXZF+1(1)
k=0
vanishes. In other words, this spectral problem reduces to the calculation of zeros

oo
of the complex analytic function k(\) = > a,, A" where
m=0

am = ug(1) X ZF+H (1),

Now let o and 3 be arbitrary real numbers and consider the more general
boundary conditions

u(a) cosa + v/ (a)sina = 0, (8.1)
u(b) cos 3+ u'(b)sin 3 = 0
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together with equation (7.40). Taking the solutions u; and wus defined by (7.43)
and using (7.48), (7.49) with zo = a, we obtain from (8.1) the equation
sin o
c1(up(a) cos a + up(a) sina) + co——— =0,
( ( ) O( ) ) uo(a)p(a)

which gives ca = v¢; when a # mn, with v = —ug(a)p(a)(uo(a) cot a + uy(a)),
whereas ¢; = 0 when a = 7n. In the latter case the result is similar to the example
considered above, thus let us suppose « # 7n. From the definition of u; and us
we have

i
r_ Yo k3 (2k—1) _U k x (2k)
u thy) —&——E/\X and ), = —2u +—E/\
te uo1 2 02 Uop

Then the boundary condition (8.2) implies that

(uo(b) cos B + uf(b) sin 3) (i AR X @R (3, )+7i)\kX(2k+1)(b)>

k=0
bmﬂ (Z NS 72 /\kX(2k)(b)> —o.
k=0
Thus the spectral problem (7.40), (8 2) reduces to the problem of calculating

)\) Z am\™ where

m=0

), (
zeros of the analytic function (

~sin 3

a0 = (ug(b) cos 3+ uy(b)sin ) (1+ X)) + 17w

and
am = (uo(b) cos -+ uf(b) sin B) (X E™(b) + 7 X 0 (1))

sin 3
uO)p()

This reduction of a Sturm-Liouville spectral problem lends itself to a simple
numerical implementation. To calculate the first n eigenvalues we consider the

(;?(Qm—l)(b) _|_,}/X(2m)(b)> , m = 172,....

Taylor polynomial k() = Z amA™ with N > n. Thus the numerical approx-

=0
imation of eigenvalues of the Sturm-Liouville problem reduces to the calculation
of zeros of the polynomial ky ().

There is no need to work with zeros of only one polynomial. It is well known
that in general the higher roots of a polynomial become less stable with respect
to small inaccuracies in coefficients. Our spectral parameter power series (SPPS)
method (the term introduced in [78]) is well suited to overcome this problem and
thus to calculate higher eigenvalues with a good accuracy. This is done using
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Remark 101. Suppose we have already calculated the eigenvalue \g using the
procedure described above as a first root of the obtained polynomial. Then for
the next step we define Uy = wug + ius where u; and ug are defined by (7.43)
with A = Ag. The function Up is then a solution of (7.50). We use it to obtain the
eigenvalue A1 of the original problem observing that Ay = A; + A9 where A; is the
first eigenvalue of the equation (L—Agr)u = Au with the same boundary conditions
as in the original problem. This procedure can be continued for calculating higher
eigenvalues. Note that if A\g = 0 we should begin this shifting procedure starting
with )\1.

8.1.1 Sturm-Liouville problems with spectral parameter
dependent boundary conditions

In this subsection based on [78] we consider Sturm-Liouville problems of the form

(pu') + qu = Aru, =z € [a,b], (8.3)
u(a) cosa+ v/ (a) sina = 0, a€0,m), (8.4)
Bru(b) — Bau (b) = () (Byu(b) — Byu' (b)) , (8.5)

where ¢ is a complex-valued function of the variable A and 1, (B2, 51, B4 are
complex numbers. This kind of problem arises in many physical applications (we
refer to [7] and references therein) and has been studied in a considerable number
of publications [7, 26, 29, 31, 45, 121]. For some special forms of the function ¢ such
as p(A) = X or p(A) = A% + 1\ + co, results were obtained [29], [121] concerning
the regularity of the problem (8.3)—(8.5); we will not dwell upon the details. Our
purpose is to show the applicability of the spectral parameter power series (SPPS)
method to this type of Sturm-Liouville problems. For simplicity, let us suppose
that & = 0 and hence the condition (8.4) becomes u(a) = 0. Then as was shown
in the preceding section, if an eigenfunction exists it necessarily coincides with us
up to a multiplicative constant.

In this case condition (8.5) becomes equivalent to the equality

(1o (B)er(N) — u(B)pa(N) 3 X1 () - 22 ZAk XCH (1) =0 (3.6)

Pt uobpb

where @1 2(\) = 1.2 — 8] 29(A). Calculation of eigenvalues given by (8.6) is espe-
cially simple in the case of ¢ being a polynomial of A. Precisely this particular sit-
uation was considered in all of the above-mentioned references concerning Sturm-
Liouville problems with spectral parameter dependent boundary conditions. For
these problems the calculation of eigenvalues using our method does not present
any additional difficulty compared to the parameter independent situation dis-
cussed in the preceding section.
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8.2 Numerical method for solving
Sturm-Liouville problems

Here we discuss some numerical examples of application of the SPPS method based
on the result of Theorem 96.

Paine Problem. A number of spectral problems which have become standard
test cases appear in [98, 106]. As a first example we consider

1
q(z) = m,
u(m) = 0.

The eigenvalues in the following table were calculated via SPPS using integra-
tion on 10,000 subintervals for calculating N = 100 powers of A. These eigenvalues
were found as roots of a single polynomial (i.e., the shifting of A as described in
Remark 101 was not applied). Due to the sensitivity of the larger roots of the
polynomial to errors in the coefficients, 100-digit arithmetic was used.

On the basis of the above values, a new calculation was made by shifting
with \* = 66, resulting in the following improved approximations for the last few

An [106] A, SPPS [78]
15198658211 | 1.519865821099
19433008221 | 4.943300822144

10.284662645 | 10.28466264509
17.559957746 | 17.55995774633
26.782363158 | 26.78236315809
37.064425862 | 37.06442587941

51.113357757

51.11335707578

66.236447704

66.23646092491

83.338962374

83.33879073183

102.42498840

102.4259718823

o|lo|xw|N|o|ul kx| w ol S

—_

123.49770680

123.512483827

eigenvalues.

n An [106] An SPPS [78]

7| 66.236447704 | 66.23644770359
8 | 83.338962374 | 83.33896237419
9 | 102.42498840 | 102.42498839828
10 | 123.49770680 | 123.49770680101
11 | 146.55960608 | 146.55960605783
12 | 171.61264485 | 171.61265439928




8.2. Numerical method for solving Sturm-Liouville problems 97

With \* = 146 and increasing the number of powers to N = 150, the following
further values were obtained.

n| A [106]

11 | 146.55960608
12 | 171.61264485
13 | 198.65837500

An SPPS [78]
146.55586199495330
171.60875781110985
198.65416389844202

When the number of digits for internal calculations was increased to 150,
SPPS produced the same results.

Coffey-Evans equation. This test case, defined by
q(z) = —2Bcos 2z + 32 sin? 2,
u(m/2) =0
presents the challenge of distinguishing eigenvalues within the triple clusters which

form as the parameter § increases. We present results for 4 = 20, 30, 50. In all cases
given here the eigenvalues were obtained without shifting .

8 = 20. M = 10,000 subintervals, N= 180 powers, 100 digits of precision.

An [28, 85] An SPPS [78]

-0.00000000000000

0.0000000000000003

77.91619567714397

77.9161956771439703

151.46277834645663

151.4627783464566396

151.46322365765863

151.4632236576586490

151.46366898835165

151.4636689883516575

220.15422983525995

220.1542298352599497

283.0948

283.0948146954014377

283.2507

283.2507437431126800

wo| || o x| wl|—o] 3

283.4087

283.4087354034293064

8 =30 M = 10,000 subintervals, N = 150 powers, 100 digits of precision.

An [85, 106]
0.00000000000000
117.946307662070

An SPPS [78]
0.000000000000000002
117.94630766206376
231.664928928423790
231.664928928423791
231.664930082035462
340.888299091685489
403.219684016171863
403.219684016171917

231.66492931296

N[O | W N RO 3
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£ =50 M = 10,000 subintervals, N = 150 powers, 100 digits of precision.

An [106] A, SPPS [78]
0.00000000000000 | 0.000000000000000003
197.968726516507 | 197.96872651650729
391.807
391.80819148905 391.810
547.1397060

ol —|o| 3

8.3 A remark on the Darboux transformation

The Darboux transformation is a very useful and important tool studied in dozens
of works (see, e.g., [90]). It is closely related to the factorization of the Schrédinger
operator (7.25). Consider the equation

! !
<8x—|—@> ( x—@>u=w2u.
go go

Applying the operator ( r — z—é> to both sides and writing v = (896 - z—°> u, one

0
obtains that solutions of equation (7.28) are transformed into solutions of another

Schrédinger equation
! !
( w—@> <8w+@>v:w2v
go go
which can be written also as

(=02 +r(x) +w?) v(z) =0, (8.7)

N2
where r = 2 z—g — q. Now, as we are able to construct the general solution
of (7.28) by a known solution of (7.1) we can also obtain an explicit form of the
result of the Darboux transformation. First, let us apply the operator ( r — g—“) =

go
gOa,]CgO_1 to uy defined by (7.30). We have

_ 90\, _. N Yo g
U1 = <6:r - %) U1 = go Z Tl' azX

even n=0
Ly Y feen @ N Y gm
— o xn-1) _ =2 Z x(n
Jo Z (n—1)! 9o Z n!
even n=2 odd n=1

and in a similar way we obtain

(o 9\, _ )
U2—<z )ug— Z n!X .
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Thus, the general solution of the Schrédinger equation (8.7) obtained from (7.28)
by the Darboux transformation has the form

C1 = w” C2 e wh ~

v = = § _X(n) + =2 § _X(n)
| |

go even n=0 : go odd n=1 ’fL.

where X (™ and X (™ are defined by (7.22)(7.24).



Chapter 9
Beltrami Fields

9.1 Description of the result

Solutions of the equation
— —
rot B+aB =0 (9.1)

where « is a scalar function of space coordinates are known as Beltrami fields
and are of fundamental importance in different branches of modern physics (see,
e.g., [128], [82], [43], [125], [4], [55], [50], [67]). For simplicity, here we consider the
real-valued proportionality factor o and real-valued solutions of (9.1), though the
presented approach is applicable in a complex-valued situation as well (instead of
complex Vekua equations their bicomplex generalizations should be considered,
see Section 14.3). We consider equation (9.1) on a plane of the variables x and y,
that is @ and B are functions of two Cartesian variables only. In this case, as we
show in Section 9.2, equation (9.1) reduces to the equation

div (éVu) +au = 0. (9.2)

This second-order equation can be reduced to a corresponding main Vekua equa-
tion. This reduction under quite general conditions allows us to construct a com-
plete system of exact solutions of (9.2) explicitly. For the reduction of (9.2) to a
Vekua equation it is sufficient to find a particular solution of (9.2). Here (Section
9.3) we show that in a (very important for applications) case of a being a function
of one Cartesian variable, a particular solution of (9.2) is always available in a
simple explicit form. This situation corresponds to models describing waves prop-
agating in stratified media (see, e.g., [75]). As a result, in this case we are able
to construct a complete system of solutions explicitly which for many purposes
means a general solution. We give an example of such construction.

We show that when o = a(y) (of course in a similar way the case o = a(x)
can be considered) equation (9.2) and hence equation (9.1) reduce to the main
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Vekua equation of the form

O (a,y) = '(j)mx,y) (9.3)

where B B
1. 2
= —sin A+ —= cos A;

/ Va Va
A is an antiderivative of a with respect to y, ¢c; and ¢, are arbitrary real constants.
A complete (in a compact uniform convergence topology) system of exact solutions
to (9.3) can be constructed explicitly. Thus, in the case when « is a function of
one Cartesian variable, the Vekua equation equivalent to (9.1) can be solved and
a complete system of solutions of (9.1) is obtained.

The results of this chapter have been obtained in a joint work with H. Oviedo [77].

9.2 Reduction of (9.1) to a Vekua equation

-
We consider equation (9.1) where both o and B are supposed to be dependent on
two Cartesian variables « and y. Then equation (9.1) can be written as the system

ayBg +aB; =0, (9.4)
—0,B3 +aBy = 0, (95)
OrpBo — 61131 + aBs = 0.

Solving this system for Bs leads to the equation
\Y
AB; — <7°‘ v33> +a2B; =0 (9.6)
where (-, -) denotes the usual scalar product of two vectors.

Note that ) v
a div (—v33> — AB; — <—a7v33>
Q Q

and hence (9.6) can be rewritten as
. 1
div (EV33> +aBs = 0. (9.7)
Thus equation (9.1) reduces to an equation of the form (3.10) with p = 1/« and
q=a.

Let us notice that (see, Proposition 28)

1
divEV—&—a: (A=)

-
-



9.3. Proportionality factor of one variable 105

where

1Aa 3 (Va\’
7‘:—574-1(7) —a2. (98)

That is Bg is a solution of (9.7) iff the function f = Bs/y/« is a solution of the
stationary Schrodinger equation

(~A+7)f=0 (9.9)

with r defined by (9.8). As was explained in Section 3.3, given its particular solu-
tion this equation reduces to a Vekua equation of the form (3.15). Unfortunately,
in general we are not able to propose a particular solution of (9.7). Nevertheless in
an important special case when a depends on one Cartesian variable, a particular
solution of (9.7) is always available in explicit form. We give this result in the next
section.

9.3 Solution in the case when « is a function
of one Cartesian variable

Let us consider equation (9.9) where o = a(y). We assume that « is a nonvanishing
function and look for a solution of the corresponding ordinary differential equation

> f 1a” 3 /a\>

Its general solution is known (see [56, 2.162 (14)]) and is given by the expression

Fy) = ——=sin A(y) + ——=

Veal(y) val(y)
where A is an antiderivative of a and ¢1, ¢ are arbitrary real constants.
Choosing, e.g., ¢y = 1, co = 0 and calculating the coefficient (0zf) /f we
arrive at the following Vekua equation which is equivalent to (9.1) in the case
under consideration (and which is considered in any simply connected domain
where sin A(y) does not vanish):

cos A(y) (9.10)

01 (z.9) = 5 () cot A) ~ 50 ) Wz ).

Note that F = f = % and G = % = iin i((z)) represent a generating pair for
aly <

this Vekua equation and hence if W is its solution, the corresponding pseudoana-
lytic function of the second kind w = % ReW +if Im W satisfies the equation

1—f2_

Wz
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which can be written in the form of the system

1

O = F¢y

1
¢y = _wa

where ¢ = Rew and ¢ = Imw.

For f being representable in a separable form f(z,y) = X (z)Y (y), the formu-
las for constructing corresponding formal powers explicitly were given in Section
4.2. Using them we obtain the following representation for the formal powers cor-
responding to (9.11)

Z( ) (a,20; 2 _alz( ) T — 2o (n k) *FYF 4 iag Z( ) x_xo)(n—k)ikf/k

k=0

where zg = g +1yo is an arbitrary point of the domain of interest, a is an arbitrary
complex number: a = a1 + ias, Y* and Y* are constructed as

YO (yo,y) = YO (yo,y) = 1

and forn =1,2,...

Yy
Y™ (yo,y) n/Y” Y(yo,n)f2()dn  n odd,

Yo

y
Y™ (yo, y n/Y (yo,m f2( ] n even,
Yo
i d
?(")(xo,a:)zn 57(”_1)(310,77) 277 n odd,
()
Yo
y
PO a0,0) = [ T D))y even.

Yo

The system {*Z(")(l, 2032), « 2" (i, 20; z)}ZO:O represents a complete (in a com-
pact uniform convergence topology) system of solutions of (9.11), which means
that any solution w of (9.11) in a simply connected domain €2 can be represented
as a series

Z Z (ay,, 205 2) = Z( ’n*Z(”)(l,zo;z)+ax*Z(”)(i,zo;z))
n=0

where a], = Rea,, a// = Ima, and the series converges normally. Consequently
the system of functions

{F&) Re(.2 (1 20:2)), J(9) Re(- 20 (i, 20:2)) }

o0

n=0
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represents in the same sense a complete system of solutions of (9.9) with r defined
by (9.8), and

{Val)f) Re(.Z(1,20:2),  Val)f () Re(.2M (i, 20:2) ) (9.12)

is a complete system of solutions of (9.7). Thus in the case under consideration
any solution Bs of (9.7) can be represented in the form

Bs(z,y) = > (ansin A(y) Re(.Z"(1, 20; 2)) + by sin A(y) Re(+Z™ (i, 20: 2)))

n=0

where a,, and b,, are real constants.
—
The other two components of the vector B are obtained from (9.4) and (9.5):

1 1
Bl = ——6yBg and BQ = —81B3 (913)
o o
that gives us a complete system of solutions of (9.1) in the case under consideration.

On the following example we explain how this procedure works.

Example 105. Let us consider the following relatively simple situation in which
the corresponding integrals are not difficult to evaluate. Let

ay) = ——— (9.14)

Vo

and 2 be an open unitary disk with a center in the origin. We take in (9.10) ¢; =0
and cg = 1. Then it is easy to verify that

fly) = (1 =971

The first three formal powers with a centre in the origin can be calculated as
follows:

Bl

1—y2)3 3yl —y?)3
y( y)+y( y?)

(1,0;2) =x+1 1 3

+ § arcsin
3 Yyl

_ Yy
(1—y?)=
1 3 yarcsiny
ZP(1,052) =a? - Sy -2
(1,0:2) = = 30 = T2
1—y2)2 1—y2)2
+2m<y( 4y)2+3y( 81/)2

*Z(l)(i,();z) =— + ix,

+ § arcsin
3 Yyl

. 2xy . 1
2605) =~ B i (2= ),



108 Chapter 9. Beltrami Fields

1 3 yarcsiny
LZ8)(1,0; 2 :x3—3x< +—7>
( ) 4y 4(1_y )1
1-y%)3 1—y%):
4 32 <y( 4y )2 N 3y( 8y )2 +§aminy>
) 3 3
—i(= g = P+ 1= 4?)

—3(1— %)2 arcsin —&-Earcsm
6 Y Y7 128 Y

. 3z?y y(l+y 3. ‘ 1
*Z(S)(l70;z):_(1—y2)% (( )%) —Zarcsmy—l—zx 2 -3 y2—§y4 .

W=

3 51 9
*+y(l—9?) (ES - alﬂ)

.3
4

Now taking the real parts of these formal powers and multiplying them by the
factor /af (see (9.12)) we obtain the first elements of the complete system of
solutions of (9.7), that is any solution Bs of (9.7) in a simply connected domain
can be represented as an infinite linear combination of the functions

1 3 yarcsiny
(332 - 12/2 - —71> )

=

{(1—92)5a d(1-y% -y 1=y 4(1-y?)2

1 3 yarcsiny
_9 1—o)3 (23— 1 o Jdyarcsmy
zy,  ( y)Z(év 3%(41/ +4(1_y2)% ;

3 3
“y(l+y?) — Z(l — %)% arcsiny, ... }

9.2
3:cy+4

and the corresponding series converges normally.

From (9.13) it is easy to calculate the corresponding components By and Ba

respectively,

(NI

y, zy, (1—-9%)2, §(1—yg)%arcsiny—&-y x2—§y2+§ 7
4 4 4
1
20(1 —y?)?, —x(l_y2)éarcsmy+y(x —%xy +Z5x>

9 3
- (192 —32%)(1 —y?)2 — Syarcsiny, . .. }

e

1
2)3

and
{07 (1 - y2)7 07 23"(1 - y2)7 _2y(1 -y ) 3

3 9
(32% = Zy")(1 - y*) = Jy(1 - y?)% arcsiny,  —6ay(1—1)7,. . }

Thus, we obtain the following complete system of solutions of (9.1) with the pro-
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portionality factor o defined by (9.14):

v Y (1 —yz)%
— N , _
BO: 0 L ) B]: (]-_y)l 5 32: 0 ;
(A=) 2(1 -y -y
1 .
11— y)x aresing +y(a® - 3y* + ) 2x(1 — 3%
B 22(1 - y?) - )
BSZ 1 ) 9 B4: _2y(1_y)2 ;
—y?)3 (22 - Ly2 _ Byarcsing v
(1 Yy )2 (33 4y 1 (1_y2)%) 2xy
%x(l - yz)% arcsiny + y (3;3 _ %szﬂ + %x)
1 ;
Bs = (32° — 39°)(1 — y*) — Jy(1 — y*)? arcsiny ’
2)5 (23 1,2, 3yarcsin
(1—-y*)2 (ac —35C<Zy +Zﬁ
= —(fy* —32%)(1 - y?)E — 3y arcsiny
Be = —6zy(1 — yz)% 7

—32%y + %y(l +y?) — %(1 — yz)% arcsin y

Of course the integrals involved in the construction of the complete system of
solutions are not always sufficiently easy to evaluate explicitly as in Example 105.
Nevertheless our numerical experiments confirm that in general the formal powers
and hence the solutions of (9.1) can be calculated with a remarkable accuracy. For

example, the vector §4O (see notations in Example 105) in the Matlab 7 package
on a usual PC can be calculated with a precision of order 10~%. Thus, the use of
formal powers for numerical solution of boundary value problems corresponding
to (9.1) and more generally to equations of the form (3.10) is really promising.
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Static Maxwell System in Axially
Symmetric Inhomogeneous Media

10.1 Meridional and transverse fields

Consider the static Maxwell system
div(eE) =0, rotE=0 (10.1)

where we suppose that £ is a function of the cylindrical radial variable r =
Va3 +x3: ¢ = £(r). Two important situations are usually studied: the merid-
ional field and the transverse field.

The first case is characterized by the condition that the vector E is inde-
pendent of the angular coordinate § and the component Fy of the vector E in
cylindrical coordinates vanishes identically. A vector of such a field belongs to a
plane containing the axis 3 and depends only on the distance r to this axis as well
as on the coordinate x3. The field then is completely described by a two-component
vector-function in the plane (r, z3).

The second case is characterized by the condition that the vector E is in-
dependent of x3 and the component Fs is identically zero. A vector of such a
field belongs to a plane perpendicular to the axis 3 and the corresponding model
reduces to a two-component vector-function in the plane (x1, z2).

In both cases following [61] we construct a complete system of solutions of
the corresponding model. We use the fact that in both cases the system (10.1)
reduces to a system describing p-analytic functions

1 1
Uy = — Uy, Uy = ——Vg. (10.2)

In the first case the function p is a function of one Cartesian variable x, meanwhile
in the second it is a function of 7 = y/x2 + y2. In both cases we construct an infinite
system of formal powers.
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10.2 Reduction of the static Maxwell system
to p-analytic functions

10.2.1 The meridional case

Introducing the cylindrical coordinates and making the assumptions that E is
independent of the angular variable 6 and that the component Fjy is identically
zero, we obtain that (10.1) can be written as

OE, 0FE; _ 0 19(rekEy) n J(eEs)

ors  or r  Or O0xs =0

Set © =r, y = x3, u = F3 and v = reE,. Then the system takes the form

where the subindices denote the derivatives with respect to the corresponding vari-
ables. Thus, in the case of a meridional field the vector E is completely described
by an ze(z)-analytic function w = u + iv.

10.2.2 The transverse case

We assume that E is independent of the longitudinal variable x5 and F3 = 0.
Then from (10.1) we have that the vector (Ey, E)7 is the gradient of a function
u = u(x1,x2) which satisfies the two-dimensional conductivity equation

div(eVu) = 0. (10.3)

Write x = x1, y = x2, 2 = x + iy and consider the system

1 1
Uy = gvy, Uy = —gvz. (10.4)
It is easy to see that if the function w = u + iv is its solution, then w is a solution
of (10.3), and vice versa, if u is a solution of (10.3) in a simply connected domain
Q then choosing B
v = A(icuz), (10.5)
we obtain that w = u + iv is a solution of (10.4). Note that v is a solution of the
equation

1
div(ZVv) = 0.
Thus, equation (10.3) (and hence the system (10.1) in the case under considera-

tion) is equivalent to the system (10.4) in the sense that if w = v+ iv is a solution
of (10.4) then its real part w is a solution of (10.3) and vice versa, if u is a solution
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of (10.3) then w = u + iv, where v is constructed according to (10.5) is a solution
of (10.4).

We reduced both considered cases, the meridional and the transverse, to the
system describing p-analytic functions. In the first case p = xe(z) is a function
of one Cartesian variable and in the second p = e(r), r = /22 +y%. As we
show below in both cases we are able to construct explicitly a complete system of
formal powers and hence a complete system of exact solutions of the corresponding
Maxwell system. Let us notice that equation (10.3) with € being a function of the
variable r was considered in the recent work [35] with applications to electrical
impedance tomography. The algorithm proposed in that work implies numerical
solution of a number of ordinary differential equations arising after a standard
separation of variables. Our construction of a complete system of solutions of (10.3)
is based on essentially different ideas and does not require solving numerically any
differential equation.

10.3 Construction of formal powers

10.3.1 Formal powers in the meridional case

As was shown above in the meridional case the Maxwell system reduces to the
pair of equations
1 1

SEEr L

ve(x) Ve

which is equivalent to the system

o(r)p, = T(y)%, U($)¢y = —7(Y) Yz

Taking o(z) = ze(z) and 7 = 1 we can use L. Bers’ elegant formulas from Section
4.2. Let

XO(z0,2) = XO(20,2) =1

and forn =1,2,... let

[ 1
XM (29, 2) = n/X(”’l)(;vO,t)mdt for odd n,
o
XM (xg,2) = n/X("*l)(;vO,t)ts(t)dt for even n,

Zo

KO (g, 2) = 1 / XD (zy tte(t)dt  for odd n,

Zo
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- . 1
XM (20, 2) = n/X(”’l)(a:O, t)%dt for even n.

Zo

Then the formal powers in the meridional case are given by the expressions

*Z(n)(a‘/ + 7;0,//720, =a Z ( ) (n k) (y yO)

+ia” (Z)X(” Rk (y —yo)®  for odd n
k=0
and

+ia” <n>X(” Rk (y — yo)® for even n.
k=0

10.3.2 Formal powers in the transverse case

This case reduces to the system

where ¢ is a positive differentiable function of 7 = /22 + y2. The system describing
e-analytic functions is equivalent to the main Vekua equatlon (3.15) where f = /e
In order to apply Theorem 77 we let w = Inr and U(u) = 4/e(e*). Then taking
V = 1 we obtain the generating pair (F,G) for equatlon (3.15) in the desirable
form ,
i
F =U(u), G = Ula)’ (10.6)
The analytic function ® (from Theorem 77) corresponding to the polar coordinate
system has the form ®(z) = In z and consequently ®,(z) = 1/z. We note that ®,
has a pole in the origin and a zero at infinity. Thus, Theorem 77 is applicable in any
domain 2 which does not include these two points. Moreover, as for constructing
formal powers we need to use the recursive integration defined by (4.1); in what
follows we require €2 to be any bounded simply connected domain not containing
the origin.
From Theorem 77 we have that a generating sequence corresponding to the
generating pair (10.6) can be defined as

U )
F,, =— and G,,=—— forevenm
zm z

my
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and )
F, =
zmU
In order to have a complete system of formal powers for each n we need to construct
ZM(1, 20; 2) and Z(™ (i, z9; 2).
For n = 0 we have

and G, = % for odd m.
z

ZO(1,20:2) = M F(2) + " G (2)

and
ZO (i, 203 2) = AV F(2) + 10 G(2)

where )\go)7 Mgo) are real constants chosen so that
MO P (z0) + 1" G(z0) =1

and )\50)7 ’ugo) are real constants such that

AV F(z0) + iV G(z0) = i
Taking into account that F is real and G is imaginary we obtain that

1
RO N
1 F(ZO)7 ,ul I

)\EO) =0, ugo) = F(z0).

Thus,

200200 = 105 =\ 20
and

2O, 20;7) = u;i;) "y jg;

where 79 = |2]-
For constructing Z™M (1, zo; z) and Z() (i, zp; 2) we need first the formal pow-
ers Zfo)(L 203 #) and Z;O)(i, 20; #). According to Definition 52 they have the form

ZEO)(lazo;Z) = /\gl)ﬂ(z) + ugl)Gl(z)

and
2O, 20:2) = \VF (2) + 1V G (2)

where )\gl)7 ugl) are real numbers such that

AV F(z0) + 187G (20) = 1
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and )\51)7 ,ugl) are real numbers such that

MY Fy (20) + VG (20) = i.

Thus in order to determine )\gl)7 ,ugl) and )\Z(-l), ,ulm we should solve two systems

of linear algebraic equations:

1 i61/2(7”0)
NG (1) 1
2051/2(7“0) —|-,LL1 Z0
and
w__ L 1y @€'/ (o) _
¢ 2051/2(7“0) Hi 20

which can be rewritten as
MY 4+ piMie(ro) = eY2(ro) 20

and
MY 4 1Vie(ro) = ie/?(ro)20.

From here we obtain
MY = (rg)wo,  uY =72 (r0)wo,
)\1(1) _ _51/2(%)y07 ’ugl) _ 5—1/2(7“0)%0‘
Let us notice that in general for odd m we have

D AR i )

2 (1, 20:2) = 2mel/2(r) z™m

)

N ™l
— 2mel/2(r) * Zm

)

where
A™ = &'2(ro) Rezg" = &'/ (ro)rf" cos mbl,
™ = V2 (rg) Tm 2 = £ /2 (rg)rl sin mb,
N™ = —&2(rg) Tm 2" = —"/*(ro)r" sin mél,
™ = e72(rg) Re 2 = e V/2(ro)rgl cos mb,

o is the argument of the complex number zj.
Thus, for odd m:

ZW(1,20;2) = (%O)m <cosm601/i({:)) + 4 sinmfy /;((:2)) ’
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ZT('?)(in()?Z) = (%)m <— sinmfy i([:)) + 3 cosmby ;E?)) )

In a similar way we obtain the corresponding formulas for even m:

Zy(r?)(lvz();z) = (%O)m (cosm@o’/;(;)) +isinm90\/ ZY:;) )
ZW (i, 205 2) = (%O)m <— sinmfo | 66((7;)) +icosmbyy | Z((?:)))> .

In order to apply formula (4.1) for constructing formal powers of higher orders we
need to calculate the adjoint generating pairs (F,, Gr,). For odd m we have

izm.

* _ "= * 1/2 m
Fm - 51/2(7”) ’ Gm € (T)Z .
For even m we obtain
) ) 1/2 * Z—
. iz"e ' (r), Gy, 720

Now the whole procedure of construction of formal powers can be easily algorith-
mized according to the formula (4.1). The obtained system of formal powers

{Z(")(Lzo;z), Z(")(i,zo;z)}

n=0
is complete in the space of all solutions of the main Vekua equation (3.15) with
f =¢€'2(r), i.e., any regular solution W of (3.15) in Q can be represented in the
form of a normally convergent series

W(z) = Z Z™ (an, 205 2) = Z (a’nZ(”)(l,zo;z) + a’TZZ(”)(i,zo;z))
n=0 n=0

" __

» = Ima, and zg is an arbitrary fixed point in .

o
where a;, = Reay,, a



Chapter 11

Hyperbolic Numbers and
Analytic Functions

In this part of the book we use the results and follow the exposition from [80]
where a hyperbolic analogue of pseudoanalytic function theory was developed
which proves to be extremely useful for studying hyperbolic partial differential
equations. We show that solutions of the Klein-Gordon equation with an arbitrary
potential are closely related to certain hyperbolic pseudoanalytic functions, the re-
sult of a factorization of the Klein-Gordon operator with the aid of two Vekua-type
operators. As one of the corollaries we obtain a method for explicit construction
of infinite systems of solutions of the considered Klein-Gordon equation. Our ap-
proach is based on the application of the algebra of hyperbolic numbers [110, 114]
instead of that of complex numbers and generalizes some earlier works dedicated
to hyperbolic analytic function theory [84, 95, 52]. It should be mentioned that
the elliptic and hyperbolic pseudoanalytic function theories naturally are quite dif-
ferent. Nevertheless as we show following [80] there are many important common
features.

It has been proven (see, e.g., [57]) that there exist essentially three possible
ways to generalize real numbers into real algebras of dimension 2. Indeed, each
possible system can be reduced to one of the following:

1. numbers a + bi with i> = —1 (complex numbers);
2. numbers a + bj with j2 = 1 (hyperbolic numbers);
3. numbers a + bk with k? = 0 (dual numbers).

Here we use the set of hyperbolic numbers, also called duplex numbers (see, e.g.,
[110, 114]) and denote it by

D:={z+tj : =1, z,t € R} = Clg(0,1). (11.1)

It is easy to see that this algebra of hyperbolic numbers is commutative and
contains zero divisors.
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As in the case of complex numbers, we denote the real and “imaginary” parts
of z=z+1t] € D by z = Re(z) and ¢t = Im(z). Now defining the conjugate as
z := x — tj and the hyperbolic modulus as |2|? ;= 2z = 22 — t?, we can verify that
the inverse of z whenever it exists is given by

1 z

i (11.2)

z

From this, we find that the set A'C of zero divisors of I, called the null-cone, is
given by
NC={z+tj : |z| =t}
It is also possible to define differentiability of a function at a point of D
[105, 108]:
Definition 106. Let U be an open set of D and 2y € U. Then, f: U CD — D is
said to be D-differentiable at zo with derivative equal to f'(z) € D if

L FE) = )

z2—20 zZ— 2
(z2—2z0 inv.)

= f'(20). (11.3)

Here z tends to zg following the invertible trajectories. We also say that the
function f is D-holomorphic on an open set U if and only if f is D-differentiable
at each point of U.

Any hyperbolic number can be seen as an element of R?, so a function f(x+
tj) = fi(z,t)+ f2(x,t)j can be seen as a mapping f(z,t) = (f1(z,1), f2(x,t)) of R?.

Theorem 107. Let U be an open set and f : U C D — D such that f € C*(U).
Let also f(x + tj) = fi(x,t) + fa(z,t)j. Then f is D-holomorphic on U if and

only if
ofi _ 0fs dfs  0fi
or ot " o T e (114)
;7 afl af2 , L. X . .
Moreover [’ = Da + 529 and f'(z) is invertible if and only if det J¢(z) # 0,
x x

where Jy(z) is the Jacobian matriz of f at z.

Every hyperbolic number x + tj has the unique idempotent representation

x+tj=(z+t)er + (z —t)ey, (11.5)

where e; = J and ey = % This representation is useful because with its
aid addition, multiplication and division can be done term-by-term.

The notion of holomorphicity can also be seen using this notation. We define
the projections P;, P, : D — R as Pi(z) = x +t¢ and P2(z) = x — t, where
z =z + tj as well as the following definition.
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Definition 108. We say that X C D is a D-cartesian set determined by X; and
Xy if
X = X1 X Xo = {a:—&—zj €D:z+1tj =wie; +wees, (’U)l,’wg) € X1 x XQ}. (11.6)

It is easy to show that if X; and X5 are open domains of R, then X7 x, X5 is
also an open domain of D. Now, it is possible to formulate the following theorem.

Theorem 109. If f., : X1 — R and f., : Xo — R are real differentiable
functions on the open domains X1 and Xo respectively, then the function f :
X1 Xe Xo — D defined as

flx+1t) = fe,(x+t)er + fe,(x —t)ea, Vo +1j € X1 Xe Xo (11.7)
is D-holomorphic on the domain X1 X, Xs and

flla+t)) = fl(x+t)er + fo(x —t)ea, Vo +tj € X1 X X, (11.8)



Chapter 12

Hyperbolic Pseudoanalytic Functions

12.1 Differential operators

We will consider the variable z = x + tj, where x and t are real variables and the
corresponding formal differential operators

0. = 5 (0 +300) and 9: = 3 (2, — j0L). (12.1)

Notation f; or f, means the application of J; or 0, respectively to a hyperbolic
function f(z) = u(z) + v(2)j. These hyperbolic operators act on sums, products,
etc. just as an ordinary derivative and we have the following result in the hyperbolic
function theory. We note that

Fo= 5 (e o)+ (e b} and e = 2 (v 4 (0~ w)).

2
In view of these operators,
f2)=0 & (ug+v)+ (We+u)j=0 (12.2)
ie., uy = —v¢, vy = —uy and
fz:2)=0 & (ug+v)+ (We+u)j=0 (12.3)

i.e., Uy = V¢, Up = Ug.

Lemma 110. Let f(z + tj) = u(x,t) + v(z,t)j be a hyperbolic function where
Uy, Ut, Uy and vy exist, and are continuous in a neighborhood of zg. The derivative

oy~ 1 f(z) = f(z0)
f(z0) = (ngn%%w) B (12.4)

exists, if and only if
F=(z0) = 0. (12.5)
Moreover, f'(z0) = f.(20) and f'(z0) is invertible if and only if det Jy(z0) # 0.
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12.2 Hyperbolic pseudoanalytic function theory

Let z = = + tj where x,¢ € R. The theory is based on assigning the part played
by 1 and j to two essentially arbitrary hyperbolic functions F' and G. We assume
that these functions are defined and twice-continuously differentiable in some open
domain 2 C D. We require that

Im{F(2)G(z)} # 0. (12.6)

Under this condition, (F,G) will be called a generating pair in 2. Notice that

= | Re{F(2)} Re{G(2)}
I{FEICE) = | ()} mic()
that for every zp in Q we can find unique constants Ao, po € R such that w(zp) =
Ao F(z0) + poG(20). More generally we have the following result.

. It follows, from Cramer’s theorem,

Theorem 111. Let (F,G) be a generating pair in some open domain . If w(z) :
Q C D — D, then there exist unique functions ¢(z),9(z) : @ C D — R such that

w(z) = ¢(2)F(2) + ¥(2)G(z), Vz € Q. (12.7)

Moreover, we have the following explicit formulas for ¢ and 1:

¢(2) = )G ¥(2) = ——=—= (12.8)

Proof. Let (F,G) be a generating pair in some open domain . Let 2y €  with
w(z0) = x1 + t1j, F(z0) = x2 + t2] and G(z9) = x3 + t3j. In this case, w(zg) =
¢(20)F (20)+1(20)G(20) with ¢(20), ¢ (20) € Rifand only if z1 = ¢(z0)z2+1(20)23
and t1 = ¢(z0)ta + ¥(z0)t3. That is we obtain the system AX = B where A =

(2%2),B=(%)and X = <¢(Z°)> and the unique solution is X = A~!B where

(20)
A~ = g (5, 57). Hence,
_ 1 ts —x3 T
X = Im[F(ZQ)G(ZO)] ( —t2 Z2 > ( bt > (12 9)
_ 1 ( Im[w(20)G(20)] ) .
Im[F(20)G(20)] \ —Im[w(20)F(20)]
Then
S L. C(CICO) v . C21.C) ERVApIPY 12.10
0 = s ) ) = s S e (12.10)
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Consequently, every hyperbolic function w defined in some subdomain of (2
admits the unique representation w = ¢F + ¥G where the functions ¢ and 1 are
real-valued. Thus, the pair (F,G) generalizes the pair (1,]j) which corresponds to
hyperbolic analytic function theory. Sometimes it is convenient to associate with
the function w the function w = ¢ + ji. The correspondence between w and w is
one-to-one.

We say that w : Q C D — D possesses at zg the (F,G)-derivative w(zg) if
the (finite) limit

w(zo) = lim w(z) — Mo F'(2) — poG(2)

Z—20 z— 2
(z—z0 inv.)

(12.11)

exists.
The following expressions are called the characteristic coefficients of the pair
(F,G):

" __FGZ—FEG’ _ FG: - FG

T rg-Fa YT FG-FG (12.12)
o FG, - F.G _ FG.-F.G '
(F,.G) — FE—FG ) (F,G) — F@—FG .
Set (for a fixed zp)
W(z) = w(z) — AoF(2) — noG(2), (12.13)
the constants Ao, o € R being uniquely determined by the condition

W(z) = 0. (12.14)

Hence W (z) has continuous partial derivatives if and only if w(z) has. Moreover,
w(zp) exists if and only if W'(2) does, and if it does exist, then W (zg) = W' (2p).
Therefore, by Lemma 110, if we suppose w € C1(£2), the equation

W(z) =0 (12.15)
is necessary and sufficient for the existence of (12.11). Now,

w(z) w(z0) w(zo)

F(z) F(z) F(z)

G(z) G(20) G(20)

W(z) = (12.16)

F(Zo) F(Zo)
G(z0) G(20)

so that (12.15) may be written in the form

ws(z0) w(z0) w(zo)
F:(20) F(20) F(z0) | =0 (12.17)
G:(20) G(20) G(20)
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and if (12.11) exists, then

w,(z0) w(zo)
F.(20) F(20) F(20)
)

izg) = =0 CGlzo | . (12.18)

F(20) F(20)
G(z0) G(20)

Equations (12.18) and (12.17) can be rewritten in the form
W= w, — A(F,(;)w - B(F,G)m, (12.19)

Wz = a(F7g)U} + b(F,G)QI}. (1220)
Thus we have proved the following result.

Theorem 112 ([52]). Let (F,G) be a generating pair in some open domain §). Every
hyperbolic function w € C*(Q) admits the unique representation w = ¢F + PG

. drow
where ¢, : Q C D — R. Moreover, the (F,G)-derivative w = 5 of w(z)

exists and has the form
w=¢. F+1.G=w, — Apcyw— Braew (12.21)
if and only if
wz = a(p,eyW + bp,q)W. (12.22)

The equation (12.22) can be rewritten in the form
¢z F +1:G = 0. (12.23)

Equation (12.22) is called a “hyperbolic Vekua equation” and any continuously dif-
ferentiable solutions of this equation are called “hyperbolic (F, G)-pseudoanalytic
functions”. If w is hyperbolic (F, G)-pseudoanalytic, the associated function w =
¢ + j is called hyperbolic (F, G)-pseudoanalytic of second kind.

One can appreciate a complete structural similarity of these first results of
hyperbolic pseudoanalytic function theory with those from the elliptic theory (Sec-
tion 2.2). Here we continue exploring this similarity.

Remark 113. The functions F' and G are hyperbolic (F, G’)-pseudoanalytic, and
F=G=0.

Definition 114. Let (F,G) and (F1,G1) be two generating pairs in 2. (Fy,Gy) is
called the successor of (F,G) and (F, Q) is called the predecessor of (Fy,Gy) if

a(Fl)Gl) = a,(F7g) and b(F1,G1) = —B(F7g).
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The importance of this definition, similarly to the elliptic case, becomes ob-
vious from the following statement.

Theorem 115. Let w be a hyperbolic (F,G)-pseudoanalytic function and let
(F1,G1) be a successor of (F,G). If v = W € C*(Q) then W is a hyperbolic
(F1, Gy)-pseudoanalytic function.

Proof. The proof in the hyperbolic case is identical to that in the elliptic case (see
Theorem 11). O

Definition 116. Let (F,G) be a generating pair. Its adjoint generating pair
(F,G)* = (F*,G*) is defined by the formulas

2F

F* - _T, G* = . (12.24)
FG-FG FG-FG
The (F, G)-integral is defined as
/U}d(F,G)Z = F(z) Re/ G*wdz + G(z1) Re/ F*wdz (12.25)
r r r

where T is a rectifiable curve leading from zy to 2.
If w = ¢F + @G is a hyperbolic (F, G)-pseudoanalytic function where ¢ and
1) are real-valued functions, then

[ idma =) - 6G0)F(E) - wE)6() (12.26)
20
This integral is path-independent and represents the (F,G)-antiderivative of w.
The expression ¢(zo0)F(z) + ¢ (20)G(z) in (12.26) can be seen as a “pseudoanalytic
constant” of the generating pair (F,G) in .

A continuous function W(z) defined in a domain Q will be called (F,G)-
integrable if for every closed curve I situated in a simply connected subdomain of
Q the following equality holds:

T

Theorem 117. Let W be a hyperbolic (F, G)-pseudoanalytic function. Then W is
(F, G)-integrable.

Proof. Tt will suffice to show that if 2 is a regular domain and I'" lies within the
domain of definition of W, then

r

is zero.
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From the definitions (12.12) and (12.24) we find

A(F+,G*) = —O(F,G)» A(F*,G*) = _A(F,G)v
(12.29)
b(F*7G*) = _B(F’G), B(F*7G*) = _b(F7G).
Hence we obtain
F! = —aF* - BF*, Gi=-aG* - BG*, (12.30)
and by hypothesis
W; = aW — BW, (12.31)

where a, b, A and B are the characteristic coefficients of (F,G).

Let us now use the definition (12.25) to evaluate (12.28). By using the hy-
perbolic Green’s theorem (see [52]), we obtain

/G*Wdz=2j// 0z (G*W)dadt
r Q
:2j// (—aG*W—F@W—i—G*aW—G*BW)dxdt
Q

— 4] / /Q Re(G*BW)dxdt

which is a purely imaginary number. The same argument shows that fF F*Wdz
is a pure imaginary number. Hence by Definition (12.25) we find that (12.28) is
Z€ero. U

12.3 Generating sequences

Definition 118. A sequence of generating pairs {(FT,“ Gm)} with m € Z, is called
a generating sequence if (Fy,11,Gmy1) is a successor of (Fy,, Gy). If (Fy, Go) =
(F,G), we say that (F, Q) is embedded in {(Fy,Gm)}.

Definition 119. A generating sequence {(F,, Gy)} is said to have period p > 0
if (Frtp, Gmp) is equivalent to (Fi,, Gi,), that is their characteristic coefficients
coincide.

Let w be a hyperbolic (F,G)-pseudoanalytic function. Using a generating
sequence in which (F,G) is embedded we can define the higher derivatives of w
by the recursion formula

d wl™
wlm 1 — (Fim,Gm)

0 _ .
w w; dz s

m=0,1,2,....
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Definition 120. The formal power ZT(,?)(a, z0; z) with center at zg € Q, coefficient
a and exponent 0 is defined as the linear combination of the generators Fy,, G,
with real constant coefficients A, 1 chosen so that AFy,(z0) + uGm(20) = a. The
formal powers with exponents n = 1,2,... are defined by the recursion formula

Z(a,20;2) = n / 70 a, 20 Q)d ) - (12.32)
£
This definition implies the following properties similar to those in the elliptic

case (cf. Section 4.1).

1. Z,(,?)(a, 20;2) is a (Fy,, G )-hyperbolic pseudoanalytic function of z.
2. If @’ and a” are real constants, then Z,g?)(a’ +ja”,z0;2) = a’Zf,?)(L 20;2) +
0" 233 (3 70; 2).

3. The formal powers satisfy the differential relations

d Z’r(r?) ) 5 n—
(F'm, 7GM) d (a %0 Z) = nZ,’(n+11)(a7 205 Z)
z

4. The asymptotic formulas
ZT(,?)(a, 2052) ~a(z—20)", z— 20

hold.
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Relationship between Hyperbolic
Pseudoanalytic Functions

and Solutions of the
Klein-Gordon Equation

13.1 Factorization of the Klein-Gordon equation

Consider the (1 4 1)-dimensional Klein-Gordon equation

(D —v(z, t))gp(:c,t) =0 (13.1)
in some domain 2 C R?, where

0? 0?
D::W_@7 v and ¢
are real-valued functions. We assume that ¢ is a twice-continuously differentiable
function.
In analogy to the factorization of the stationary two-dimensional Schrédinger
equation (Section 3.1) it is possible to factorize the Klein-Gordon equation with
potential. By C' we denote the hyperbolic conjugation operator (Cj = —j).

Theorem 121 ([80]). Let f be a positive particular solution of (13.1) in Q. Then
for any real-valued function o € C%(Q) the following equalities hold:

(@O v)p = 4(a,f+ fTC)( L %c)w

_ 4(az n fTC) (ag - %c)w

(13.2)
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Proof. Consider

L I W (f_)
(é“fC)(z f@“”‘azaz@ e o\T)e

) Of ) (13.3)

=—(Op——¢)|=-(0O- .

1 ( v <p> TH Ve
Thus we have the first equality in (13.2). Now application of C' to both sides of
(13.3) gives us the second equality in (13.2). O

Note that the operator 9, — f—le , where I is the identity operator, can be
represented in the form

_
i

Let us introduce the notation P := f8,f~'I. From Theorem 121, if f is a positive
solution of (13.1), the operator P transforms real-valued solutions of (13.1) into
solutions of the hyperbolic Vekua equation
0 + 120w =
( . )w = 0. (13.5)
f
The operator 0, applied to a real-valued function ¢ can be regarded as a kind
of gradient. If we have 0, = ® in a convex hyperbolic domain, where ® = &1 +j®,
is a given hyperbolic-valued function such that its real part ®; and imaginary part
D, satisty

P=90 I=fo.f'I. (13.4)

0P — 0, P2 =0, (13.6)
then we can construct ¢ up to an arbitrary real constant c. Indeed, we have
x t
olx,t) =2 (/ & (n,t)dn +/ <I>2(:E0,§)d£> +c (13.7)
xo tO

where (x0, o) is an arbitrary fixed point in the domain of interest. We will denote
the integral operator in (13.7) by Ap:

T t
mllie. =2 ([[oonan+ [ @aeac) e ass)
xo to
Thus if ® satisfies (13.6), there exists a family of real-valued functions ¢ such that

0. = ®, given by ¢ = A[P].

In a similar way we define the operator Ay, corresponding to Jz. The family of
real-valued functions ¢ such that d;¢p = ®, where ¢ = Ap[®], can be constructed
as

Aot =2 ([ @ | t balan ) +e. (139

0 to
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when
0;®1 + 0, P2 = 0. (13.10)

Note that both definitions A and Ay, are easily extended to any simply connected
domain.

Consider the operator S = fA,f I applicable to any hyperbolic-valued
function w such that ® = f~lw satisfies condition (13.6). Then it is clear that for
such w we have that PSw = w.

Theorem 122 ([80]). Let f be a positive particular solution of (13.1) and w be a
solution of (13.5). Then the real-valued function g = Sw is a solution of (13.1).

Proof. First, let us verify that the function ® = w/ f satisfies condition (13.6). Let
w = u+ jv. We find

0y®1 — 0Py = f1 ((ut — V) — (?u — %v)) . (13.11)
The equation (13.5) is equivalent to the system
fz ft ft f:r
Uy — V¢ = ——"U+ =V, Ut — Vg = —SU— =V 13.12
e (13.12)

and we find that the expression (13.11) is zero. Hence, the function ® = w/f
satisfies (13.6) and we have PSw = w.

Let Q = (0z + f—sz’) such that QP = (0 —v) from Theorem 121. We obtain

PSw=w = QPSw=Quw=0 = (O0—-v)Sw =0. (13.13)

U

N

13.2 The main hyperbolic Vekua equation

The Vekua equation (13.5) is closely related to another Vekua equation given by

(ag - %O)W —0. (13.14)

Indeed, one can observe that the pair of functions

F=f and G:% (13.15)

is a generating pair for (13.14). The associated characteristic coefficients are then
given by

Arra) =0, Bwra = %, ara) =0, brag = 7 (13.16)
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and the (F, G)-derivative according to (12.21) is defined as

vow. Lo (o 2
W=, - 2 (az ;

From Definition 114 and Theorem 115, if we compare B(p gy with the coef-
ficient in (13.5) we obtain the following statement.

Theorem 123. If W € C'(Q) is a solution of (13.14), then its (F,G)-derivative
W =w is a solution of (13.5) on Q.

C’) w. (13.17)

Let us now consider the (F, G)-antiderivative. Taking into account that F* =
jf and G* =1/f, we find

[ w0dwa = rere [ Eac— ke [ jsicuicrac
. L TS TTE L, o)
_ IOy B '
= e [ A gsm [ (o
and we obtain the following statement.
Theorem 124. If w is a solution of (13.5), then the function
W) = [ wOdrag (13.19)

is a solution of (13.14).

Lemma 125. Let b be a hyperbolic function such that b, is a real-valued function,
and let W = u + jv be a solution of the equation

W = bW. (13.20)

Then w is a solution of the equation

%Du = (bb+b,)u (13.21)
and v is a solution of the equation

iDv = (bb—b,)v. (13.22)

Proof. We observe that under the conjugation the equation Wz = bW is equivalent
to 0,(u — jv) = b(u + jv). Then we obtain

1
ZD(U +jv) = 0,0:(u + jv)

=b.(u—jv) + b0, (u — jv) (13.23)

= b, (u — jv) + bb(u + jv)

and by considering the real and imaginary parts of this expression we complete
the proof. 0O
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Theorem 126. Let W be a solution of (13.14). Then u = Re W is a solution of
(13.1) and v =Im W is a solution of the equation

(o =0, wh S F 13.24
—njv=0, where n=-v+ 2 (13.24)
Proof. Let us first show that if b = E7 then b, is a real-valued function:
©@:f2)f — f=f- _10f |f2 1 |f:f
I 7P e (15:25)
We can easily calculate that 4(bb+b.) = v and 4(bb—b.) = 1 such that according
to Lemma 125 we find (O — v)u =0 and (O —n)v = 0. O

Remark 127. If we consider the case v = 0 in (13.1), then we obtain the one-
dimensional wave equation [y = 0 with the well-known general solution ¢ =
F(z+t)+ G(x —t), where F' and G are two arbitrary real-valued functions of one

F'G
(F+G)?
Theorem 128. Let u be a solution of (13.1). Then the function v € ker(0—n), such
that W = u + ju is a solution of (13.14), is constructed according to the formula

v=—f""A,[if?0:(f ). (13.26)

variable. In this case, the potential 7 is then given by n = 8

It is unique up to an additive term cf~" where ¢ is an arbitrary real constant.
Let v be a solution of (13.24). Then the function u € ker(d — v), such that
W =wu+jv is a solution of (13.14), can be constructed as

u=—fAu[if ?0:(fv)], (13.27)
up to an additive term cf .

Proof. Consider W = ¢f + ju/f to be a solution of the Vekua equation (13.14).
Then this equation can be rewritten in the form

b: = —if*¢:
2 (13.28)
)
Taking into account that ¢ = u/f, (0 — v)u =0 and (O — v)f = 0, we can verify
that
2 f2
o (Lo o (£e) =0 wom
2 2
such that we can use (13.9) and v is given by @ = —A, I:jf2¢§}. Now, since

v=Im W =/ f we find v = — f VA, [jf20:(f 'w)]. The function v is a solution
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of (13.24) due to Theorem 126. Note that as the operator Aj reconstructs the
scalar function up to an arbitrary real constant, the function v in formula (13.26)
is uniquely determined up to an additive term cf~! where c is an arbitrary real
constant.

Equation (13.27) is proved in a similar way. O

Example 129. Let us illustrate the last theorem by a simple example. Consid-

ering f(z,t) = ot = $((x +1)* — (z — ¢)?) and u(z,t) = 1 to be two partic-

ular solutions of the wave equation in the subdomain 0 < z < ¢ < oo, then
v=—f"tA[jf?0:(ftu)] € ker (O —n), where

If.]2 2 g2
n(xz,t) =8 7 =2 (13.30)
Explicitly, the solution v is given by
2 t2
vz, t) = = 2‘; (13.31)

13.3 Generating sequence for the main hyperbolic
Vekua equation

The first step in the construction of a generating sequence for the main hyperbolic
Vekua equation (13.14) is the construction of a generating pair for the equation
(13.5) which, as was shown previously, is a successor of the main Vekua equation.
For this, one of the possibilities consists in constructing another pair of solutions
of (13.14). Then their (F,G)-derivatives will give us solutions of (13.5).

Consider the main Vekua equation (13.14) which is equivalent to the equation
¢zF + G =0, (13.32)

where W = ¢F + ¢G, F = f and G = j/f. Equation (13.32) can be rewritten
explicitly as the system of partial differential equations

¢:Ef2_¢t:07

13.33
Yy — ¢tf2 =0. ( )

Let us suppose that f and ¢ are functions of some real variable p = p(z,t),
ie., f= f(p) and ¢ = ¢(p). System (13.33) then becomes

%: = ¢/ptf27

13.34
Py = ¢>/pzf2« ( )
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The compatibility condition for this system implies
O (¢Ipzf2) — 0 (<z>’ptf2) =0, (13.35)

which is equivalent to the equation

"+ (45—52 + 2f7/> ¢ =0, (13.36)
for |p.|? # 0. We assume now that 4|E—zp|2 is a function of p, i.e.,
45—52 = s(p). (13.37)
Hence, under this hypothesis, we can integrate (13.36) and obtain
e—5(p)
¥ () = " (13.38)

where S(p) = /p s(o) do.

PO

We can now integrate (13.38) and (13.34) to obtain a solution W = ¢F + G
of (13.14). However, since we are interested in finding a solution of (13.5), i.e., the
(F, G)-derivative W, we need ¢, and 1), which are given explicitly by

_ <%
b= —p
; (13.39)
P, = 5 e*SpZ.

Thus, a solution w; = ¢, F + 9. G of (13.5) is given by

wy = ge—S&. (13.40)

In much the same way we can construct another solution of (13.5) looking
for ¢ = 9(p). The system (13.33) then becomes

V't
¢w = ?7
s (13.41)
by = V' pa
L=
and ' (p) = f2e=3(), Calculating ¢, and v, we find
_J.-s
Pz =5 P (13.42)

Y, = fzeispzw
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which gives us another solution wy of (13.5):
3 . _S
w2 = 5je p-f (13.43)

Hence, for the function ® = je ™ p, # 0 we have found a generating pair for
the Vekua equation (13.5) given by (eliminating the constant 3 in wy and ws):

(FlaGl) = (J eispzfa Jessz?>
— (BF,3G).

(13.44)

Indeed, we have
Im(FG1) = Im(|®|*FG) = —e °|p.|* #0. (13.45)

The following step is to construct the generating pair (Fy, G2). For this we
should find two other solutions of (13.5), equivalent to ¢z F} + 1¥:G1 = 0. Then to
obtain (Fs, G2) we calculate the (F, Gy)-derivative of these solutions. Using the
same assumptions and the same method as in the previous case, we obtain

(F2, Gs) = (P°F, ©°G). (13.46)

The generalization of results (13.44) and (13.46) is given in the next theorem which
allows us to obtain a generating sequence wherein the generating pair (F,G) of
(13.14) is embedded. Let us note that under the assumption (13.37) the function
® is a “hyperbolic analytic function”, i.e., ®z = 0. Indeed, we have

1
P :j((agefs)pz + Ze*SDp)
1
= —gie™¥ (4slp-2 = Op) = 0.

Theorem 130 ([80]) Let f be a nonvanishing solution of (13.1) such that f = f(p),
p = p(x,t), and 3 |2 is a function ofp denoted by s(p). Let also the function ®

such that ® = je S(p)pz # 0, where S(p fp o)do. Then the generating pair

(F,G) with F = f and G =j/f is embedded in the generating sequence (Fp,, Gp)
where F,, = ®"F, G, = ®"G and m € 7.

Proof. First, let us show that (F,,, G,,) is a generating pair in Z. Indeed, we find
m(F,Gr) = Im(|@*"FG) = (—1)™e 2™ p,[*™ £ 0.

To complete the proof, we need to show that {(FT,“ Gm)} forms a generating
sequence, i.e., (Fy,, Gy,) is a successor of (Fp,—1,Gpm—1):

a(Fnz7Gm) = a(Frnflxgnzfl) and b(Fnz7Gm) = _B(Fnzflenzfl)' (1347)
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The coefficients a(r,, G,.)» 0(F,.,G..) and B(r,, a,,) can be calculated in terms of
a(r,q), brq) and B(r q), respectively, by taking into account that ®; = 0. We
obtain

@ m
aE,.Gn) = [P are) =0, b, = (3) br,q),

o

" (13.48)
B(Fm;Gm) = (%) B(F7G)

Therefore, the first equality in (13.47) is verified. Taking into account (13.16) and
(13.48), the second equality in (13.47) is reduced to

f, +@f; =0 & f'(®p,+ Pp,) =0. (13.49)
Since ® = je %) p, it is easy to observe that (13.49) is valid. O

This last theorem allows us to calculate the generating sequence (Fi,, Gp,)
for a large class of potentials v(x,t) in the Klein-Gordon equation (13.1). The
importance of this result appears in the following theorem.

Theorem 131. Let f be a particular solution of (13.1) and let (F,G) be the gener-
ating pair in some open domain Q with F = f and G =j/f. Then

Re Z(")(a,zo;z)7 n=0,1,2,...
are solutions of the Klein-Gordon equation (13.1).

Proof. From property 1 of Definition 120 we see that Z(™)(a, z¢; 2) is a hyperbolic
(F, G)-pseudoanalytic function. Hence Z(™ (a, zp; z) satisfies (13.14) and the real
parts are solutions of (13.1) from Theorem 126. O

Example 132. As an example of this theorem, we consider the Klein-Gordon equa-
tion (13.1) with the potential v(z,t) = t? — 22 in the “time-like” subdomain
0 <z <t < oo. A particular solution of this equation is given by f(p) = exp(p?),
where we have defined p(z,t) = v/zt. In this case the function 45—:"2 is a function
of p given by s(p) = —1/p, with S(p) = —Inp and & = £ # 0. Let us construct
the first formal powers Z(™ (1, 4j; z) and Z(™)(j, 4j; z). By Definition 120 we obtain

ZO(1,45;4)) = 1, 7O, 45;4) = j,
= MF(4)) + mG(4j), = XMF(4) + 12G(4j),
= A+, = Ao+ jue

such that \; = g2 =1 and p3 = A2 = 0. Hence, we obtain

ZO(1,45;2) = MF(2)+mG(2), ZO0(,45;2) = XaF(2)+ pG(2)

— xt — ia—at
= e, = Je .
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Now, from the formula (12.32), if we want to construct

ZW(1452)  and  Z0(j 45 2)
we need to calculate first Zl(o)(l, 4j; z) and Z:EO)(j, 4j; z). Note that the generating
pair (F1,G1) is given by

1 .
= Zze"”t and Gp= ize*‘”.

Hence, from Definition 120 we obtain

79 (1,45;4j) = 1,
= A3 F1(4) + pu3Gi(4)),
= A3j + s,

75, 45; 4j) = j.
= A\ F1(4)) + paGa(4)),
= A4 + [,

which implies that us = Ay =1 and A3 = g = 0 and
Z(1,45;2) = MsF1(2) + psGa(2), 27, 4j:2) = MFi(2) + paGa(2)

i 1
= LTt — Z et

4 4
From the definition (12.32), we have

ZW) (a,4j; 2) = / 7" (a,45; O)d(p.c)C
0

and (12.24) gives F* = jf and G* = 1/f. Now using (12.25) we find
ZM(1,4j; 2) = i <e”Re /Ozjeh/t/g“d( +je ™" Re /O gdg) ,
ZW (5, 4j; 2) = i <e”Re /O ’ Cd¢ + je "'Re /0 ’ je’“'f'gdg) 7
where ( = 2’ + jt’. Evaluating these integrals, we obtain

z 1 2 t2
Re/ cd¢ = Re/ e(x + jt)(z + jt)de = ~ ;
0 0

and .
Re/ jet2't eqe = Re/ j(z +jt)2eei262"”tde = e sinh(xt),
0 0
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such that s
1 t
ZM(1,4j; 2) = 1 (sinh(xt) 1 ‘; e—“> :
1 (2% +¢t2
ZW(j,45; 2) = I (%e‘” +jsinh(xt)) .

Now, according to (12.32), if we want to find Z() (1, 4j; z) and Z (j, 4j; 2) we
need to calculate first Z{l)(l7 4j; z) and Z{l)(j7 4j; z); those are themselves obtained
from ZQ(O)(I, 4j; z) and ZQ(O)(j, 4j; 2).

The generating pair (Fy, G2) is given by
2 2
= (Z) e and Gy =]j (Z) e %t

which allows us to calculate ZQ(O)(I, 4j; z) and ZQ(O)(j7 4j; z). We find

. z\?% , o (A2 _,
Zéo)(174j;2)= (Z) e, Zéo)(J,4J;Z)=J(Z) e "t

To obtain Zfl)(l,ﬁlj;z) and Z{l)(j,élj;z), we need the adjoint generating pair of
(Fl, Gl), i.e.,

xt efzt

e
Ff=4— G;=4
1 ‘]z 1

z
Using (12.32), we find

2 + 2
2

1
ZM(1,4j;2) = E(m +jt) ( et +jsinh(xt)> ;

$2 + t2 —xt)
(S] .
2

1
Z3 (), 45; 2) = 5@ +it) (Sinh(:vt) +j

Finally, by considering again (12.32), we obtain

Tt
ZP)(1,4j; 2) = 86—4 {(Ctz + %) + dat + 2( cosh(22t) — sinh(2xt) — 1)]
N
J ozt 4t [ ot . .
+ il (4xtsinh(2xt) — 1)

4+ 26—t cosh(xt) ( cosh(zxt) + sinh(xt)) — 1} ,
1 22 + ¢
64 ot

— ée*” [(mz +t*)% + 4 cosh(xt) ( sinh(xt)

Z3) (45 2) = {e” (sinh(2zt) — cosh(2xt)) — 4at sinh(xt) + e*‘”t}

+ cosh(zt)) — 4(xt + 1)] .
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According to Theorem 131, we can verify that the real parts of Z(™ (1, 4j; 2)
and Z(”)(j, 4j;z) with n = 0,1,2,... are solutions of the Klein-Gordon equation
with potential v(z,t) = t? — 22.

Example 133. We are now considering the Klein-Gordon equation (13.1) with the
potential

1 1 1
v(z,t) = 1 ((t+ e 1)2> (13.50)

on the time-like subdomain 0 < z < t < co. A particular solution of this equation
is given by f(x,t) = \/(x +1)(t + 1). We write p = (2 + 1)(¢ + 1). In this case it

is easy to see that the function 45’—52 is zero, therefore a function of p. We obtain

® = £ + ey, where e is the idempotent constant of (11.5). Let us calculate the
first formal powers Z(™ (1, toj; z) and Z(™)(j, toj; 2), where to > 0. We find

ZO 1, t0j;2) =a W (z+ 1)t + 1),

., jou
20015 = e

where o« = /tg + 1.

From (12.32), in order to construct ZM (1,toj; z) and ZM(j, toj; z) we first
need Zfo)(l7 toj; z) and ZEO)(j7 toj; z). These functions are calculated from the gen-
erating pair (F1,G1) given by

AE@):(§+60 CEEEE)

0= (5 +) e

Using this generating pair we obtain

2" (1, toj; 2) = —% (x+1)(t+1)
ca(to +1)(z + 2e1) 1
to(to +2) +D)({E+1)
730 (5, toj 2) = (to;;&izj;)el) (z+1)(E+1)
ca(z + 2eq) 1

Thte+2) VEr )i+

We note that F* = —j/(x +1)(t+ 1) and G* =1/+/(z + 1)(¢t + 1) such that we
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are now able to calculate Z(M)(1,4j; z) and Z(M(j, toj; z). We find

Z(l)(l,to_],Z)
Oz(to —+ ].)
to(to+2)

(z+ i)(t+ 1) [20050(10 2) (2($+t)(a:t+ 1)+ (22% + 4t 4 2 +t2))

1 2 2
Cafto+l) (2 +t ot
to(t0+2) 2

_ (x+1)(t+1)[ 1 (‘”2”2

T\ In[(z+1)(t+ 1)]}

+:v+t> +

and

_ (x+1)(t+1)[ to+1 <x2+t2

ato(to+2) 2
4 J { —(to+1)
(z+1)(t+1) [20t0(to+2)

" «o x2+t2+w+t
to(to+2) 2 '

Again here, we can verify that the real parts of Z()(1,tj; 2) and Z(M)(j, toj; 2) are
solutions of the Klein-Gordon equation with potential (13.50).

+a:+t) — ln[(ﬂs+1)(t+1)]}

to (to + 2)

(2(a:+t)(a:t+ 1)+ (2242 + 4wt + 22 +t2))

Thus, we have proved that the Klein-Gordon equation can be reduced to a
hyperbolic Vekua equation of the form (13.14) and as a consequence under quite
general conditions an infinite system of solutions of the Klein-Gordon equation can
be constructed explicitly as a real part of the corresponding set of formal powers.
Meanwhile in the elliptic theory this result gave us a complete system of solutions
(of a corresponding Schrodinger equation); it is an open question what part of the
kernel of the Klein-Gordon operator is determined by the obtained solutions.

One of the main results of elliptic pseudoanalytic function theory is the sim-
ilarity principle. It is interesting and important to find a corresponding fact in the
hyperbolic case.

The reduction of the Klein-Gordon equation with an arbitrary potential to
a Vekua-type hyperbolic first-order equation gives us the possibility to apply con-
cepts and ideas from pseudoanalytic function theory to linear second-order wave
equations. Besides some first applications presented here, questions related to ini-
tial and boundary value problems, existence and construction of special classes of
solutions, large-time behavior of solutions (closely related to a similarity principle)
and others may receive a new development effort.



Chapter 14

The Dirac Equation

The Dirac equation with a fixed energy and the Vekua equation describing pseu-
doanalytic functions both are first-order elliptic systems, and it would be quite
natural to expect a deep interrelation between their theories, especially in the
case when all potentials and wave functions in the Dirac equation depend on two
space variables only. Nevertheless there has not been much work done in this direc-
tion! due to the fact that traditional matrix representations of the Dirac operator
do not allow us to visualize a relation between the Dirac equation in the two-
dimensional case and the Vekua equation. Written using the traditional matrix
formalism, the Dirac equation is a system of four complex equations which does
not decouple in a two-dimensional situation but decouples in the one-dimensional
case only.

In the present chapter we establish a simple relation between the Dirac equa-
tion with a scalar and an electromagnetic potential in a two-dimensional case from
one side and a pair of decoupled Vekua equations from the other. As a first step we
use the matrix transformation proposed in [65] (see also [66] and [81]) which allows
us to rewrite the Dirac equation in a covariant form as a biquaternionic equation.
It is not our aim to discuss here the advantages of our biquaternionic reformulation
of the Dirac equation compared with other representations (the interested reader
can find some of the arguments in [66]). We point out only that our transforma-
tion is C-linear as well as is the resulting Dirac operator, which is not the case
for a better known biquaternionic reformulation of the Dirac operator introduced
by C. Lanczos in [83] (see [40] and [66] for more references). Moreover, in the
time-dependent case, with a vanishing electromagnetic potential our Dirac opera-
tor is real quaternionic. We mention also that the quaternionic form of the Dirac
equation introduced in [65] and discussed here, was recently rediscovered in [113].

Here we exploit another attractive facet of our biquaternionic Dirac equation
(which, we emphasize, is completely equivalent to the traditional Dirac equation

IWe refer to the work [5] where the theory of pseudoanalytic functions was used in a way
completely different from ours for studying the two-dimensional Dirac equation with a scalar or
a pseudoscalar potential.
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written using Dirac matrices). In the two-dimensional case it decouples into a pair
of separate Vekua equations. In general these Vekua equations are bicomplex. We
show that some results from theory of pseudoanalytic functions without modifica-
tions can be applied to these equations. We formulate the similarity principle and
concentrate on another non-trivial and surprising consequence of the established
relation with pseudoanalytic functions. Consider the Dirac equation with a scalar
potential depending on one variable with fixed energy and mass. In general this
equation cannot be solved explicitly even if one looks for wave functions of one
variable. Nonetheless one of the results we present here for such a Dirac equation
is an algorithmically simple procedure for obtaining in an explicit form an infinite
system of exact solutions depending on two variables. The solutions are positive
formal powers and as such, in general, they are not appropriate for studying the
Dirac equation on the whole plane. However the very fact that it is always possible
to obtain explicitly an infinite system of exact solutions of the Dirac equation with
scalar potential of one variable, as well as the hope to be able to obtain explicitly
not only the generalizations of positive powers but also those of the negative ones,
makes in our opinion this approach attractive and promising.

14.1 Notation

We denote by H(C) the algebra of complex quaternions (= biquaternions). The
elements of H(C) have the form @ = Zz:o Qrer where {Qx} C C, eq is the unit
and {ex|k = 1,2, 3} are the standard quaternionic imaginary units. Sometimes we
will use also another notation for the quaternionic imaginary units:

e1 =1, ex=j, esz=k.

We denote the imaginary unit in C by ¢ as usual. By definition ¢ com-
mutes with eg, k¥ = 0,3.We will use also the vector representation of @ € H(C):
Q = 5¢(Q) + Vec(Q), where Sc(Q) = Qo and Vec(Q) = Q = S;_, Qrer. The
quaternionic conjugation is defined as Q = @y — Q.

By M we denote the operator of multiplication by a biquaternion P from
the right-hand side

MPQ=qQ P
The interested reader can find more information on complex quaternions in, e.g.,
[66] or [81].

Let @ be a complex quaternion-valued differentiable function of x = (z1, 2,

333). Let

3
0
DQ =) er-—Q. (14.1)
1 k@xk

This operator is called sometimes the Moisil-Theodorescu operator or the Dirac
operator but the truth is that it was introduced already by W.R. Hamilton him-
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self and studied in a great number of works (see, e.g., [39], [41], [42], [66], [81]).
Expression (14.1) can be rewritten in a vector form as

D@ = — divQ + grad Qg + rot Q.

That is, Se(DQ) = — divQ and Vec(DQ) = grad Qo + rot Q. Let us notice that
D? = —A. If Qq is a scalar function, then D@ coincides with grad Q.

The following generalization of Leibniz’s rule can be proved by a direct cal-
culation (see [41, p. 24]).

Theorem 134. Let {P,Q} C CY(G;H(C)), where G is some domain in R®. Then
D[P -Q] = D[P]-Q+ P D[Q] +2(Sc(PD))[Q), (14.2)

where ,
(Se(PD))IQ] = - ,lejan'
§=
Remark 135. If in Theorem 134 Vec(P) = 0, that is P = P, then
D[Py - Q] = D[R] - Q+ Py - D[Q]. (14.3)

From this equality we obtain that the operator D + %‘1% can be factorized as

(D + %dpﬂ Q = Py D(RQ). (14.4)
0

Let G be a complex-valued vector such that rot G = 0. Then the complex-
valued scalar function ¢ is said to be its potential (or antigradient) if grad ¢ = G.
We will write ¢ = A[G]. The operator A is a simple generalization of the usual
antiderivative and of the operator A (see Subsection 2.3.3), and it defines the
function ¢ up to an arbitrary constant. Its explicit representation is well known
and has the form

x Yy z
AG)(z,y,2) = / (€, o, 20)dE + / Ga(z, ¢, 20)dC + / Gal(z, y, n)dn + C.
o Yo Z0

14.2 Quaternionic form of the Dirac equation

Consider the Dirac operator with scalar and electromagnetic potentials

3 3
D =700 + > 0k +1i <m +pervo + > Ar +psc)
k=1 k=1
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where ~;, j = 0,1,2,3 are usual y-matrices (see, e.g., [16], [115])

10 0 0 00 0 -1
01 0 0 oo -1 o0
=100 -1 0| m=lo1 o o
00 0 -1 10 0 0
0 0 0 i 0 0 -1 0
o o =io o 0o o1
2= o0 0 |2 =L 0 o0 o0 |
i 0 0 0 0 -1 0 0

m € R, pe;, Ax and pg. are real-valued functions.

In [65] (see also [22], [66], [81]) a simple matrix transformation was obtained
which allows us to rewrite the classical Dirac equation in quaternionic terms.

Let us introduce an auxiliary notation f := f(t, 21, z2, —x3). The domain G is
assumed to be obtained from the domain G C R* by the reflection x5 — —x3. The
transformation announced above we denote as K and define it in the following way.
A function ® : G C R* — C* is transformed into a function F : G ¢ R* — H(C)
by the rule

F = IC[(I)] = % (—(&’1 — &)2)60 + Z(&)O — &)3)61 — (&’0 + &)3)62 + Z(EIv)l —+ &’2)63) .

The inverse transformation K ~! is defined as
P = IC*I[F] = (—iﬁl — ﬁz, —ﬁo — iﬁgn ﬁo - iﬁgﬂiﬁl — ﬁg)T.

Let us present the introduced transformations in a more explicit matrix form
which relates the components of a C*-valued function ® with the components of
an H(C)-valued function F:

0 -1 1 0 g

1 7 0 0 —1 q)l

F=K[®] == =

(2] -1 0 0 -1 Dy

i i 0 &,

and _
0 —i -1 0 Fo

[ T 0 —i P

¢ =KF = 1 0 0 —i F

0 ¢« -1 0 By

Let
R=D—-9,M* +a+ Mfi(f)czelfi(;ﬁsmLm)ez)
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where a = i(ﬁlel 1+ Agey — Ageg). The following equality holds [66]:
R = Ky17273DK 1.
That is, a C*-valued function @ is a solution of the equation
D® =0 in G

iff the complex quaternionic function F = K& is a solution of the quaternionic
equation _
RF =0 in G.

Note that in the absence of the electromagnetic potential the operator R becomes
real quaternionic which is an important property (see [79]).

In what follows we assume that potentials are time-independent and consider
solutions with fixed energy: ®(t,x) = @, (x)e™?. The equation for ®,, has the form

D,®, =0 inG (14.5)

where G is a domain in R3,

3 3
D, = iw’YO + Z’Vkak +1 (m + Petyo + Z Ak’yk + psc> .
k=1 k=1

We have
R, = Ky17273Du K1,

where
R,=D+a+ MP

with b = —i((pes + w)er — i(Psc + m)ez). Thus, equation (14.5) turns into the
complex quaternionic equation
R,q=0 (14.6)

where ¢ is a complex quaternion-valued function.

14.3 The Dirac equation in a two-dimensional case
as a bicomplex Vekua equation

Let us introduce the following notation. For any complex quaternion ¢ we denote
by @1 and Q3 its bicomplex components

Q1 = qo + g3es and Q2 = q2 — qie3.

Then ¢ can be represented as ¢ = Q1 + Q2e2. For the operator D we have D =
Dy + Dsgey with D = 6383 and Dy = 0y — 6163. Notice that b = Bey with
B = —(ﬁgc+m) +i(5el +W)€3, a— A1 +A2€2 with A1 = ases and AQ = a2 —apes.
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We obtain that equation (14.6) is equivalent to the system
D1Q1 — D2Qy + A1Q1 — A2Q, — BQ2 =0, (14.7)

D@y + D1Q2 + A2Q, + A1Q2 + BQ1 =0, (14.8)

where @1 and Q2 are bicomplex components of . We stress that the system (14.7),
(14.8) is equivalent to the Dirac equation in y-matrices (14.5).

Let us suppose all fields in our model to be independent of z3, and Ay =
ases = 0. Then the system (14.7), (14.8) decouples, and we obtain two separate
bicomplex equations [21]

DyQ2 = —A3Q2 — BQ,
and

D1Q1 = —A:Q1 — BQ,.
Write 0 = Do, a = —As, b= —B, w = Q2, W = Q1, 2 = = + yk, where z = x5,
y = x1 and for convenience we set k = e3. Then we reduce the Dirac equation with
electromagnetic and scalar potentials independent of x3 to a pair of Vekua-type

equations _
ow = aw + bw (14.9)

and _ L
OW = aW + bW. (14.10)

The difference between the bicomplex equations (14.9), (14.10) and the usual com-
plex Vekua equations is revealed if only w or W can take values equal to bicomplex
zero divisors (otherwise equations (14.9), (14.10) can be analyzed following Bers-
Vekua theory). Let us study this possibility with the aid of the pair of projection
operators
1 1
Pt = 5(1 +ik) and P = 5(1 —ik).

The set of bicomplex zero divisors, that is of nonzero elements ¢ = ¢y + ¢k,
{qo,¢1} C C such that

qq = (q0 + q1k) (g0 — q1k) = 0 (14.11)
we denote by &.

Lemma 136. Let g be a bicomplex number of the form q = qo + q1k, {q0,q:1} C C.
Ifq€ &, then g =2P%qy or q = 2P qq.

Proof. From (14.11) it follows that ¢3 + ¢ = 0 which gives us that ¢; = Fiqgo.
That is ¢ = qo(1 + ik) or g = go(1 — ik). O

For other results on bicomplex numbers we refer to [111].

The similarity principle in general is not valid in a bicomplex situation. Nev-
ertheless if the bicomplex pseudoanalytic function is such that its values are not
zero divisors at any point of the domain of interest, then for such a function the
similarity principle can be formulated without any modification (see Section 4.3).
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14.4 Some definitions and results from Bers’ theory
for bicomplex pseudoanalytic functions

14.4.1 Generating pair, derivative and antiderivative

The definitions in the bicomplex case are quite analogous to those in the complex
situation.

Definition 137. A pair of bicomplex functions F' = Fy 4+ F1k and G = Gg + Gk,
possessing in {2 partial derivatives with respect to the real variables x and y, is
said to be a generating pair if it satisfies the inequality

Vec(FG) # 0 in .

The following expressions are called characteristic coefficients of the pair (F,G):

FGz — F5G FGs — FEG
a = T = = = = =
(F.G) FG - FG FD ™ FG - FG
B FG, - F,G _FG. - F.G
&= TG -FG O~ FG-FG

where the subindex Z or z means the application of @ or d respectively.
Every bicomplex function W defined in a subdomain of Q2 admits the unique
representation W = ¢F + ¢G where the functions ¢ and v are complex-valued.

The (F, G)-derivative W = W of a function W with ¢ and 1 possessing
continuous partial derivatives, exists and has the form

W = ¢.F + .G =W, — ApeyW — Bir.oyW (14.12)

if and only if
¢zF +zG = 0. (14.13)

This last equation can be rewritten in the form

Wz = a(F,G)W + b(pyg)W
which we call the bicomplex Vekua equation. Solutions of this equation are called
bicomplex (F, G)-pseudoanalytic functions.

Remark 138. The functions F' and G are bicomplex (F, G)-pseudoanalytic, and
F=G=0.

Definition 139. Let (F,G) and (F1,G1) be two generating pairs in . (Fy, Gy) is
called the successor of (F,G) and (F, Q) is called the predecessor of (Fy,Gy) if

a(Fl)Gl) = CI,(F7g) and b(F1,G1) = —B(F7g).
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By analogy with the complex case we have the following statement.

Theorem 140. Let W be a bicomplea;‘(F7 G)-pseudoanalytic function and let
(F1,Gh) be a successor of (F,G). Then W is a bicomplex (F1,G1)-pseudoanalytic
function.

Definition 141. Let (F, G) be a generating pair. Its adjoint generating pair
(F,G)" = (F*,G")
is defined by the formulas

2F

*

FG—-FG’ FG-FG
The (F, G)-integral is defined as

/ Wdipyz = (F(zl) S / G*Wdsz + G(21) Se / F*Wdz)
N N

where T is a rectifiable curve leading from zy to 2.
If W = ¢F + 4G is a bicomplex (F, G)-pseudoanalytic function where ¢ and
1) are complex-valued functions, then

/ ’ Wdrq)z = W(z) — ¢(20)F(2) — 1(20)G(2), (14.14)

and as F = G = 0, this integral is path-independent and represents the (F,G)-
antiderivative of W.

14.4.2 Generating sequences and Taylor series in formal powers

Definition 142. A sequence of generating pairs {(Fp,,Gm)}, m = 0,£1,+2,..
is called a generating sequence if (F,41,Gm+1) is a successor of (F,, Gp). If
(Fov, Go) = (F,G), we say that (F,G) is embedded in {(Fy,, Gm)}-

Theorem 143. Let (F,G) be a generating pair in Q. Let Q1 be a bounded domain,
Oy C Q. Then (F,G) can be embedded in a generating sequence in Q.

Definition 144. A generating sequence {(Fy,, Gn,)} is said to have period p > 0
if (Fin+tp, Gmp) 1s equivalent to (Fy,, Gi,), that is their characteristic coefficients
coincide.

Let W be a bicomplex (F, G)-pseudoanalytic function. Using a generating
sequence in which (F, Q) is embedded we can define the higher derivatives of W
by the recursion formula

d(meGm)W[m]

wlol — w- wim+1 —
) dz )

m=1,2,....
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Definition 145. The formal power Z,(,?)(a, 20; #) with center at zg € €2, coeflicient a
and exponent 0 is defined as the linear combination of the generators F},,, G, with
complex constant coefficients A, p chosen so that AFy,(z0) + uGm(z0) = a. The
formal powers with exponents n = 1,2,... are defined by the recursion formula

Z 4 (a, 20;2) = (n + 1)/ Z\ (a, 201 Odyr,, )€ (14.15)

20
This definition implies the following properties.

1. Zr(f)(a, z0;2) is an (Fy,, Gy, )-pseudoanalytic function of z.

2. If @’ and a” are complex constants, then
ZW (' +ka" | 20, 2) = a' Z0V(1, 20; 2) + 0" Z0V (K, 20; 2).
3. The formal powers satisfy the differential relations

d(Fm,Gm)ZT(:LL)(aaZO;Z) (n—1)
- =nZ,, 1 (a,z0;2).

4. The asymptotic formulas
Z,(;L)(a, z052) ~a(z —20)", z— 20
hold.

Assume now that

ZZ (a,z0; 2 (14.16)

where the absence of the subindex m means that all the formal powers corre-
spond to the same generating pair (F,G), and the series converges uniformly
in some neighborhood of zy. If the function W in (14.16) is bicomplex (F,G)-
pseudoanalytic and the series converges normally, the rth derivative of W admits
the expansion

o0

Wl (2 Z (n—1)(n—r—+1)Z"ay, z; 2).

From this the Taylor formulas for the coefficients are obtained

Wl (z)

Ap = 1
n:

(14.17)
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Definition 146. Let W (z) be a given (F,G)-pseudoanalytic function defined for
small values of |z — zg|. The series

Z Z™ (a, z; 2) (14.18)
n=0

with the coefficients given by (4.13) is called the Taylor series of W at zg, formed
with formal powers.

The Taylor series always represents the function asymptotically:
N
W(z) — Z ZM™(a,zp;2) = O (|z - zo|N+1> , 2z — 20, (14.19)
n=0

for all N. This implies (since a pseudoanalytic function can not have a zero of ar-
bitrarily high order without vanishing identically) that the sequence of derivatives
{Wwl(29)} determines the function W uniquely.

In spite of a complete structural similarity of the complex and bicomplex
main pseudoanalytic definitions, the theorems establishing the numerous proper-
ties of series in formal powers remain unproved in the case of bicomplex pseudoan-
alytic function theory due to the above-mentioned difficulties with the similarity
principle.

14.5 The main bicomplex Vekua equation

As in the complex case we consider the main bicomplex Vekua equation. Let fj
be a complex-valued (with respect to i), twice differentiable nonvanishing function
defined on 2. Consider the equation

aw=2%w  wa (14.20)
0

where we recall that 8 = 9, + ko, and W = Wy + kW,, Wy 5 are complex-valued
(with respect to 7).

Set vy = Afo/f()

Theorem 147 ([71]). If W = Wy + Wik is a solution of (14.20), then W1 = Sc W
is a solution of the stationary Schréodinger equation

—AW1 +1v1 W =0 in Q (14.21)
and Wo = VecW is a solution of the associated Schrédinger equation

—AWs +1oWe =0 in Q (14.22)
where vo = 2(0fy - 0f0)/ f& — v1.
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Moreover, the results from Section 3.3 allowing us by a given solution W;
of (14.21) to construct such a solution Wy of (14.22) that W = W; + W)k be
a solution of (14.20) generalizing in this way the well-known procedure for con-
structing conjugate harmonic functions in complex analysis remain valid in the
studied bicomplex case as well.

14.6 Dirac equation with a scalar potential

Let us show that the Dirac equation with a scalar potential depending on one real
variable reduces to a bicomplex Vekua equation of the form (14.20). In this section
we present results from [21].

Let pse = p(x) and pe = 0, A = 0, k = 1,2,3. Then according to Section
14.3 the Dirac equation is equivalent to the pair of bicomplex Vekua equations

Ow = bw (14.23)
and _ L
oW = bW (14.24)
with b = p(z) + m — iwk.
Let fo = eP@)tmativy where P is an antiderivative of p. Then we have
b= 0fo/ fo-

Note that due to Theorem 147, if the bicomplex function W is a solution of (14.24),
then the complex function Wi = Sc W is a solution of the stationary Schrodinger
equation (14.21) where

vi(z) = p'(x) + (p(x) +m)* - w?, (14.25)
and the function Wy = Vec W is a solution of equation (14.22) where
va(z) = —p'(2) + (p(2) + m)* — w?. (14.26)

Let us notice that both Schrédinger equations (14.21) and (14.22) in this case
admit separation of variables. Nevertheless this does not imply they can be solved
explicitly. In general this is not the case. However we will show how using our
approach and Bers’ theory for both of them one can construct in explicit form an
infinite system of exact solutions.

Consider equation (14.24). It is easy to see that the pair of functions

_k
o

represents a generating pair for (14.24). Note that F' = ¢? and G = e~ 7k, where
o = a(z) + B(y) and a(x) = P(x) + mz, B(y) = iwy. For a generating pair of

F=f, and G (14.27)
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such special kind it is easy to construct a successor. Let 7 = —a(z) + 8(y). Then
the pair i = e” and G1 = e "k is a successor of (F,G). Moreover, (F,G) is a
successor of (F,G1). Thus, for (F,G) we obtain a complete periodic generating
sequence of a period 2 in explicit form.

The fact that we have a generating sequence in an explicit form implies that
we are able to construct the corresponding formal powers of any order explicitly
and therefore to obtain an infinite system of exact solutions of the Dirac equa-
tion with a scalar potential depending on one variable as well as of the stationary
Schrédinger equations (14.21) and (14.22) with potentials (14.25) and (14.26) re-
spectively.

As a first step we construct the adjoint generating pair (see Definition 141):

_ 1
fo

Next, we write down the expression for the (F, G)-integral:

~/1“Wd(F7G)Z = % (fo(zl) Sc/F I}Z((j)) dz — foél) Sc/rfo(z)W(z)kdz> .

By definition, the formal power Z(%) (a, z; z) for equation (14.24) has the form

F* = —fok and G*

ZO (a4, 205 2) = AF(2) + pG(z),

where the complex constants A and p are chosen so that AF'(z) + pG(z0) = a.

That is,
Z(O)(Q,ZO;Z) — )\eP(z)ereriwy + Mef(P(:r)ijijiwy)k.

In order to obtain Z()(a, z; z) we should take the (F, G)-integral of Z{O)(a7 20 2),
where
270,20 2) = M Fy(2) + mGa (2),

with )\1F1(Zo) + ,u,lGl(Zo) = a. Thus,

ZW(a, z0;2) = /Z(AlFl(C) + 11 G1(0)d(r,6)C

20
1 )
— 5{eP(z)ererzwy Sc
% / efP(z')fm:r/fiwy'(AlefP(z')fmw/jLiwy/ + MleP(z')erzlfiwy/k)dC
20
_ e—P(z)—mx—iwyk Sc

> / eP(z')erz'Jriwy'k(AlefP(:r/)fmz'jLiwy/ + ‘uleP(w/)+mw/iwy'k)dC}

20
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_ %{eP(z)ereriwy SC/ (}\16*2(P(z’)+m;p/) + Mleiziwy/k)dc

20

_ e—P(z)—mx—iwyk SC/ (}\1621@7/1{ . ung(P(z’)+mz/))d<}
20
where ¢ = 2’ + y'k.
For Z®)(a, 29; z) by Definition 145 we have

Z<2>(a,z0;z):2/ ZM (@, 205 O dp . €, (14.28)

Z0

where Z{l)(a, 20;¢) in its turn can be found from the equality

Zfl)(aazo;z) =/ ZQ(O)(a'aZMC)d(FLGl)C- (14.29)

Z0

We note that due to periodicity of the generating sequence containing the gener-
ating pair (14.27),
0
2 (a, 20:¢) = 29 (a, 20: ).

The adjoint pair for (F1, G1) necessary for the (F1, G1)-integral in (14.29) has the
form

Ff=—€e"k and Gi=e.
Thus,

Zfl)(a, 203 %)
1 )
_ §{€—P(x)—mz+1wy Sc

« / eP(w/)+mw/7iwy'(/\eP(ac')+mw/+iwy/ + luefP(:r/)fmac'fiwy/k)dC
20

_ eP(r)+mx—iwyk Sc

y / e—P(ac’)—mz'-&-iwy’k(/\eP(fﬂl)-‘rmf,""iwy, + Ne—P(m’)—mz’_iwy/k)dC}

Z0

_ %{eP(m)meriwy SC/ (/\62(P($/)+m1/) + ﬂG*iny/k)dC

20

_ eP@)+mr—ivy) SC/ ()\e2iwy'k _ M€2(P(z/)+mx/))d<}.

20

Substitution of this expression into (14.28) gives us the formal power Z?)(a, zo; 2),
and this algorithmically simple procedure can be continued indefinitely. As a result
we obtain an infinite system of formal powers of (14.24).
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A similar procedure works also for equation (14.23). Note that the pair of
functions Fik = e"k and G1k = —e™7 is a generating pair corresponding to
(14.23).

As any solution of the Schrédinger equation (14.21) with the potential 14
defined by (14.25) is the scalar part of some solution of (14.24), and any solution
of (14.22) with the potential (14.26) is the vector part of some solution of (14.24),
the scalar and the vector parts of the constructed system of formal powers give us
infinite systems of solutions of (14.21) and (14.22) respectively.

This last result can also be interpreted in the following way. Consider the
equation

—~Af+vf=uw?f inQ (14.30)

where f is a complex twice-continuously differentiable function of two real variables
x and y, and v is a complex-valued function of one real variable z, w is a complex
constant. Suppose we are given a particular solution fy = fo(x) of the ordinary
differential equation

d’ fo

dx?
This implies that we are able to represent v in the form v = p’+p? where p = f}/ fo.
Then we observe that (14.30) is precisely equation (14.21) with m = 0 in (14.25).
Thus our result means that, if we are able to solve the ordinary differential equa-
tion (14.31), then we can construct explicitly an infinite system of exact solutions
to (14.30) for any w. For this one should consider the bicomplex Vekua equation
(14.24) and follow the procedure described above for constructing the correspond-
ing system of formal powers. Then the scalar part of the system gives us an infinite
system of exact solutions to (14.30).

+vfy=0. (14.31)



Chapter 15

Complex Second-order Elliptic
Equations and Bicomplex
Pseudoanalytic Functions

Using the formalism of bicomplex numbers many results from Chapters 3 and 4
can be obtained also for second-order elliptic equations with complex coefficients.
Here we give some examples without proofs which are completely analogous to
those given earlier.

Consider the equation
(=A+v)f=0 (15.1)

in some domain Q C R2, where A = 8‘9—; + 59—7;, v and f are complex-valued with
respect to the imaginary unit ¢ (in our terms'scalar) functions. We assume that f
is a twice-continuously differentiable function. We write 0z = %5 = %(31 + ko),
0, = %8 = %(31 —k0,), and by C the operator of conjugation with respect to k:
if W = Wy + kW5 where Wy and Wy are scalar functions, then CW = Wy — kW,.

We have the following results on the factorization of second-order operators

generalizing those of Chapter 3.

Theorem 148. Let f be a nonvanishing in Q particular solution of (15.1). Then
for any complez-valued (scalar) function o € C%(Q) the following equalities hold:

%(A—VW: (324-%0) ( z—%(/’)@: <3z+f750> (5%—%0)@
(15.2)

Theorem 149. Let ug be a nonvanishing in 2 particular solution of the equation
(divp grad +q)u =0 in € (15.3)

where p and q are complex-valued functions, p € C%(Q) and p # 0 in Q. Then
for any complez-valued (scalar) twice-continuously differentiable function ¢ the
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following equality holds:

1 z z
Z(divp grad +q)p = p'/? (62 + J%C) (55 - 70> p?p,

where f = p*/?uy.

Let f be a scalar function of x and y. Consider the main bicomplex Vekua
equation

W, = %W in Q. (15.4)

Set W1 = ScW and Wy = VecW.

Theorem 150. Let W = Wi + Wik be a solution of (15.4). Then U = f~'W; is a
solution of the equation

div(f2VU)=0  inQ, (15.5)
and 'V = fWs is a solution of the equation
div(f2VV)=0  inQ, (15.6)
the function W1 is a solution of the stationary Schrodinger equation
—AW1 +rmW; =0 in (15.7)
with ri1 = Af/f, and Wy is a solution of the associated Schrodinger equation
AWy +1oWo =0 in (15.8)
where vy = 2(Vf)?/f* —r1 and (V)* = f2+ f7.
Remark 151. The pair of functions

F=f and G= ? (15.9)

is a generating pair for (15.4). This allows us to rewrite (15.4) in the form of an
equation for pseudoanalytic functions of second kind,

ezf + 1/’2; =0, (15.10)

where ¢ and ¢ are scalar functions. If ¢ and v satisfy (15.10), then W = ¢f —Hbl?‘
is a solution of (15.4) and vice versa.
Set w = ¢ + k. Then from (15.10) we have

(w+w)zf + (w—w)z= =0,

~l

which is equivalent to the equation

1-f2_
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Theorem 152. Let W = W1 +Wsk be a solution of (15.4). Assume that f = pt/ 2,
where ug is a nonvanishing solution of (15.3) in Q. Then u = p~Y2W1 is a solution
of (15.3) in Q, and v = p*/?>Wy is a solution of the equation

1
(div — grad —|—q1> v=20 in Q, (15.11)
p

2
CI1:—1 <g+2<@7%>+2(m> ) (15.12)
p\p b uo Uo

Theorem 153. Let W1 be a solution of (15.7) in a simply connected domain €.
Then the function Wa, solution of (15.8) such that W = Wy + Wak is a solution
of (15.4), is constructed according to the formula

where

Wo = fTHA(kf20:(f 1 W)

Given a solution Wy of (15.8), the corresponding solution Wy of (15.7) such
that W = Wy + Wik is a solution of (15.4), is constructed as

Wi = —fA(KS20:(fW2)).

As we see the results concerning the relationship with second-order equations
for bicomplex pseudoanalytic functions are similar in their structure to the corre-
sponding results for complex pseudoanalytic functions. Moreover, the scheme for
constructing formal powers and corresponding infinite systems of solutions of the
second-order equations works without any modification in this bicomplex formal-
ism. The difficulty arises when one wants to obtain results on the completeness
of the systems of solutions. For this it is necessary to generalize many theorems
from pseudoanalytic function theory onto the bicomplex situation. It should be
mentioned that this task is anything but easy.

We notice also that while we have considered a bicomplex-valued function of a
complex variable, the theory of pseudoanalytic bicomplex functions of a bicomplex
variable represents interest as well; for some first results in this direction we refer
to [109].
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Multidimensional
Second-order Equations

16.1 Factorization

Consider the equation

(—A+v)g=0 in G (16.1)
where A = 53—; + 38—52 + 8722, v and g are complex-valued functions, and G is a
domain in R3. We assume that g is twice-continuously differentiable.
Theorem 154. Let f be a nonvanishing particular solution of (16.1). Then for any
scalar twice-continuously differentiable function g the following equality holds:

Df Df
D+M7T)D-M7T)g=(-A+v)g. (16.2)
Proof. This is a direct calculation based on the Leibniz rule (14.3). O

Remark 155. The factorization (16.2) was obtained in [9], [11] in a form which
required a solution of an associated biquaternionic Riccati equation. In [64] it was
shown that the solution has necessarily the form D f/f with f being a solution of
(16.1).

Remark 156. Theorem 154 generalizes Theorem 25. In a two-dimensional situation
(16.2) reduces to (3.2).

Remark 157. As g in (16.2) is a scalar function, the factorization of the Schrédinger
operator can also be written in the form

(D+M7)fD(fg) = (-A+1)g,

from which it is obvious that, if ¢ is a solution of (16.1), then the vector F =
fD(f'g) is a solution of the equation

(D+MT)F=0 inG. (16.3)
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The inverse result we formulate as the following statement.

Theorem 158. Let F be a solution of (16.3) in a simply connected domain G. Then
g = fA[f'F] is a solution of (16.1).

Proof. First, in order to apply the operator A to the vector f~'F we should
ascertain that indeed,
rot(f~'F) = 0. (16.4)

For this, consider the vector part of (16.3). It has the form

rotF—l—[FxDTf]:O

which is equivalent to equation (16.4).
Now, applying the Laplacian to g = fA[f~'F] and taking into account that
f is a solution of (16.1) and F is a solution of (16.3), we obtain the result:

—~Ag=D*g=D(Df - Alf 'F]+F)
= fT'FDf — A[f'FIAf + DF

_pPL A w2
~F FA[f1F] F
= —vg. O

In the same way as in Section 3.2 we obtain the factorization of the operator
divp grad +q where div and grad are already operators with respect to three
independent variables.

Theorem 159. Let ug be a nonvanishing particular solution of the equation
(divp grad+q)u=0 in G CR3 (16.5)

with p, ¢ and u being complez-valued functions, p € C*(G) and p # 0 in G. Then
for any scalar function ¢ € C?(G) the following equality holds:

(divp grad+q)p = —pl/z(D—&—M%)(D —M%)pl/gap (16.6)
where f = p*/?uy.
Proof. This is analogous to the proof of Theorem 29. O

Thus, if u is a solution of equation (16.5) then
F = fD(f~'p"*u) = fD(ug ')

is a solution of equation (16.3) (see Remark 157). The inverse result has the
following form.
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Theorem 160. Let F be a solution of equation (16.3) in a simply connected domain

G, where f = p'/?uy and ug is a nonvanishing particular solution of (16.5). Then
u = ug A[f ' F]

is a solution of (16.5).

Proof. This is a corollary of Theorem 158 and relation ( div p grad +¢) = p'/?(A —
v)p'/? where v = Af/f. O

Notice that due to the fact that in (16.6) ¢ is scalar, we can rewrite the
equality in the form

D
(divp grad+q)p = —p'/>(D+ M '7) (D — TfCH> %,

where C'y is the operator of quaternionic conjugation: CyW = Sc(W) — Vec(W).

16.2 The main quaternionic Vekua equation

Consider the equation

(D - DchH> W =0, (16.7)

where W is an H(C)-valued function. Equation (16.7) is a direct generalization
of the main Vekua equation (3.15). Moreover, we show that it preserves some
important properties of (3.15).

Theorem 161. Let W = Wy + W be a solution of (16.7). Then Wy is a solution
of the stationary Schrédinger equation

AWy +vWy =0, (16.8)
where v = Af/f; the function u = f~ Wy is a solution of the equation

div(f? gradu) = 0, (16.9)
and the vector function v = fW is a solution of the equation

rot(f~2 rotv) = 0. (16.10)

Proof. Equation (16.7) is equivalent to the system

div W + <V7f,w> =0,

rot W + [va XW} + VIV, —VTfW():O
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which can be rewritten in the form

div(fW) =0, (16.11)
f1 rot(fW) + f grad(f~'Wp) = 0. (16.12)
From (16.12) we obtain (16.9) and (16.10). Equation (16.8) is obtained from (16. 9)

and (3.9).

Remark 162. Observe that the functions
i J
F():fa F1:_7 F2:_7
f f f
give us a generating quartet for the equation (16.7): they are solutions of (16.7)
and obviously any H(C)-valued function W can be represented in the form

3
W=> oF,
=0

where ¢; are complex-valued functions. It is easy to verify that the function W is

a solution of (16.7) iff
3

> (D) F; =0 (16.13)
=0

in a complete analogy with the two-dimensional case (see Remark 34). Set
w = o + p1i+ p2j + psk.
Then (16.13) can be written as

1
D(w+w)f + D(w — w)? 0
which is equivalent to the equation
1— f2
D ——Dw.
w = It 2

Remark 163. The results of this section remain valid in the n-dimensional situ-
ation if instead of quaternions the Clifford algebra Cly, (see, e.g., [19], [42]) is
considered. The operator D is then introduced as D = E?:l € Ba; where e; are
the basis elements of the Clifford algebra.

Let us notice that some results in the direction of construction of a multi-
dimensional theory of pseudoanalytic functions were presented, e.g., in [8], [88].
The difference of our approach consists in the fact that we start from the factor-
ization of the stationary Schrédinger operator and study the quaternionic Vekua
equation arising from this factorization. We expect that, due to a special form of
this Vekua equation, more results from L. Bers’ pseudoanalytic function theory
can be generalized offering interesting applications to second-order equations of
mathematical physics.



Open Problems

New mathematical results unfailingly produce new questions, and the theory pre-
sented in this book is not an exception. Here we summarize some of the open
problems related to the material discussed in the preceding chapters.

1. In Chapter 5 the pseudoanalytic Cauchy kernel was obtained only for a
certain class of Vekua equations and related systems describing p-analytic
functions. Besides the Cauchy integral formula the explicit construction of a
Cauchy kernel allows us to obtain negative formal powers, to develop Laurent
series theory and to consider problems, for example, in unbounded domains.
Though, as was shown in Chapter 4 it is possible to construct positive for-
mal powers in a quite general situation, it is an important open problem,
how under the same conditions to construct negative formal powers. It is
worth mentioning that the proof of their existence given by L. Bers in [14] is
constructive and reduces the problem to construction of positive formal pow-
ers. Nevertheless the procedure in Chapter 4 does not seem to be directly
applicable in this case.

2. In Part IV the theory of hyperbolic pseudoanalytic functions and their re-
lation to the Klein-Gordon equation were presented. In spite of a certain
structural similarity of this theory to the elliptic pseudoanalytic function
theory, many important questions remain unanswered. For example, as was
shown in Section 13.3, formal powers for the main hyperbolic Vekua equation
and consequently an infinite system of exact solutions for the corresponding
Klein-Gordon equation can be constructed explicitly in a quite general sit-
uation. Nevertheless the completeness of these systems of functions in the
kernels of the corresponding operators is an open question, and in case of the
incompleteness their physical meaning is an interesting issue.

3. Part V shows the importance of bicomplex pseudoanalytic functions for
studying second-order partial differential equations with complex coefficients
and such physical systems as the Dirac equation. However, a good part of
bicomplex pseudoanalytic function theory remains undeveloped. The global
completeness of the system of formal powers (at least for the main Vekua
equation) is one of the many open questions here. Under what conditions
can such important results as the Liouville theorem be true? This is a kind
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Open Problems

of problem needed to be solved for developing the mathematical theory of
electrical impedance tomography [3] in the case of physical media with com-
plex electrical parameters.

Many concepts and results of pseudoanalytic function theory wait for their
appropriate generalization onto the multidimensional case using such tools
as quaternions and Clifford algebras. While the main quaternionic Vekua
equation was introduced in Section 16.2 and its relation to second-order
Schrédinger-like equations was established, further questions as, for exam-
ple, the construction of quaternionic formal powers remain open.

One of the main objects studied in this book is the main Vekua equation
deeply related to second-order Schrédinger-like equations. Almost everywhere
in the preceding chapters we required that the coefficient in this equation
be nonsingular, that is the particular solution of the corresponding second-
order equation whose logarithmic derivative represents that coefficient must
have no zeros. Nevertheless it is very interesting to use the results on Vekua
equations with singular coefficients like those from [92], [119] and references
therein in order to study second-order equations which do not possess non-
vanishing solutions in a domain of interest.
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