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Preface to the German Edition

Complex analysis has produced a large number of deep recumbent and aesthetic
results in its more than 200 year-old history. In the classical context complex
analysis is the theory of complex differentiable functions of a complex variable,
or also the theory of holomorphic functions. These are the solutions of a (2 x 2)-
system of partial differential equations, which usually are called Cauchy—Riemann
differential equations (CRD).

Indeed, the algebra of the real quaternions of W.R. Hamilton has been available
since 1843 and the real Clifford algebra of W.K. Clifford since 1878, but until the
1930s the prevailing view was that complex analysis is a purely two-dimensional
theory. Only the group around the Swiss mathematician R. Fueter and the Ro-
manian mathematicians G.C. Moisil and N. Teodorescu around 1930 started to
develop a hypercomplex analysis in the algebra of real quaternions and in real
Clifford algebras. In the late 1960s a group of Belgian mathematicians around R.
Delanghe in Ghent created a rich higher dimensional analogy to complex analysis,
called Clifford analysis. Since 1990 the number of relevant articles and books has
increased significantly. Today intensive research is going on in Clifford analysis to
which the more than 9000 entries in our database on the relevant literature testify.
The database can be found on the CD attached to our book.

The purpose of the present textbook is to collect the essentials of classical complex
analysis and to present its higher dimensional generalizations at a level suitable
for university instruction. The typical users we have in mind are, first of all, stu-
dents of mathematics and physics, but also students of any discipline requiring
some sophisticated mathematics from the second year onward. The material to be
covered is extensive, and we have attempted to make it as self-sufficient as possible
within the limits of a modest size book. We have covered not only analytical and
geometrical aspects but numerical procedures as well. Historical references outline
the development of the field and present some of the personal characteristics of
the most important personalities who have contributed to that history.

In the first chapter complex numbers, quaternions, and the Clifford numbers are
introduced. We have emphasized the parallelism of our presentation. Quaternions
and Clifford numbers take up more space than complex numbers. Besides the
algebraic and geometrical properties we treat in particular also rotations and rep-
resentations.

In Section 4 we illustrate the topological and analytical basic facts for the treat-
ment of functions up to Riemann spheres. This section is deliberately kept short in
view of its relationship to classical analysis. Section 5 treats some of the possible
definitions of holomorphic functions. We keep this name also in higher dimen-
sions, because the definitions are almost independent of dimension. The standard
literature uses here mostly the concept of Weierstrass monogenic functions. How-
ever, it seems to us at least debatable whether this best describes the meaning
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of the definition (cf. end of Section 5). Also, the notion of holomorphic functions
fits conceptually better that of meromorphic functions. Since the articles by H.
Malonek the concept of holomorphic functions can be introduced also via local
approximation by suitable linear functions, so even in that context the analogy
holds in all dimensions. Section 6 is devoted to “simple” functions, namely powers
and Mobius transforms. The polynomials named after R. Fueter are suitable as
power functions in higher dimensions since they have many nice qualities. Unfor-
tunately, the reduction of Fueter polynomials to the planar case leads to powers
(—iz)™ and not to z"; however, the parallelism is still given. In particular L.V.
Ahlfors has studied Mobius transforms in higher dimensions. Here too the clear
comparability of all dimensions can be recognized.

We have put together the necessary aids for integration in Appendix 2, and a short
introduction to the theory of differential forms in Appendix 1. We believe that
this can be helpful, because in lectures to beginners these areas are often treated
only very briefly, if at all. Indeed, we do not include the proof of Stokes’ integral
theorem as this would lead too far away from the subject. Then in Chapter III
Cauchy’ s integral theorem and the Borel-Pompeiu formula are easy consequences
of Stokes’ theorem. However, we also consider the boundary value formulae of
Plemelj—Sokhotzki. Conclusions on Cauchy’s integral formula follow. Moreover, the
Teodorescu transform is examined and the Hodge decomposition of quaternionic
Hilbert space is treated. The needed functional spaces are briefly introduced in
Appendix 3.

Chapter IV is devoted to different areas of hypercomplex analysis. We firstly treat
Taylor and Laurent series. The effort is clearly larger in higher dimensions than
in the plane, but the similarity helps. Unfortunately, the Taylor series in dimen-
sions greater than 2 are not orthogonal expansions. For quaternions orthogonal
expansions are introduced, which are especially adequate for numerical purposes.

The elementary functions in the plane have no special difficulties. They are given
more or less canonically. For all generalizations to higher dimensions, a royal way
does not exist symptomatically. Different generalizations of the exponential func-
tion are pointed out, and one generalization given by the method of separation of
variables is developed. This exponential function has some nice properties and is
an appropriate kernel for the Fourier transform of quaternion-valued functions.

Section 12, which explores the local structure of holomorphic functions, shows that
in higher dimensions this is still an active field of research. The pleasant qualities
of zeros and isolated singularities in the plane at first sight get lost in space. There
is still no suitable structure in which to understand all the relevant phenomena.
At least the residue theorem can be transferred, and also first attempts for an
argument principle were found.

Section 13 deals with special functions. The Gamma function and the Riemann
Zeta function are treated, followed by considerations about automorphic functions
and forms in C/(n) which offer an insight into the latest research in this field.
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Problems at the end of every section should help the reader toward a better un-
derstanding of the corresponding area. The use of the skewfield structure of the
real quaternions allows one to formulate some statements more precisely and in
a more readable form than in general Clifford algebras. Since applications in R?
and R* are of special interest, we have sometimes waived the more general case of
real Clifford algebras C¢(n).

Results of many colleagues working in the area of Clifford analysis are used in the
presentation of higher dimensional results. We thank especially our colleagues Pro-
fessor Kriiger (Kaiserslautern/Germany), Professor Malonek (Aveiro/Portugal),
and Professor Kraufthar (Leuven/Belgium), who helped us to write some of the sec-
tions. We discussed details with Professor Sommen (Ghent/Belgium) and Profes-
sor Shapiro (Mexico-City/Mexico). We thank Professor Jank (Aachen/Germany)
and the editor Dr. Hempfling (Birkhduser) for improving the typescript. Critical
remarks by the referees of a first version of the book were of great value for us.
M. Sprofig and T. Lahmer helped us by very carefully

long work for this book.

Weimar, Aachen and Freiberg, August 2005
Klaus Giirlebeck, Klaus Habetha and Wolfgang Sprofig



Preface to the English Edition

We thank the publisher for the opportunity to translate this book into English.
Of course we have corrected all mistakes we found in the German edition, other
changes have been made only rarely.

We thank in particular Professor E. Venturino (Torino/Italy) who translated one
chapter of the book, but also improved the translation of the rest of the book.
Some sections have been translated by M. Schneider and A. Schlichting who are
students in Freiberg/Germany.

Weimar, Aachen, Freiberg, May 2007
Klaus Giirlebeck, Klaus Habetha, Wolfgang Sprofiig
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2 Chapter I. Numbers
1 Complex numbers

1.1 The History of Their Discovery

The European Renaissance as rebirth of humanistic thought began in the middle of
the fourteenth century in Italy and had its maximal development in the sixteenth
century, in which with some delay the ideas of renewal of natural sciences and
mathematics were accepted. In particular, algebra experienced a push forward,
but also important results came from mechanics, astronomy, trigonometry and
geometry. A few learned men began to build on the mathematical results of the
ancient scientists. Thus the works of ARCHIMEDES, APOLLONIUS, EUCLID and
HERON OF ALEXANDRIA became of remarkable interest. It was discovered that in
the year 50 A.D. already HERON in his book Stereometria had described roots of
negative numbers.

The main influence on the algebraically oriented
mathematics of this time came from the Arabic
world. Rules for finding roots of negative numbers
were described for the first time in 499 in the prin-
cipal work Aryabhatyia of ARYABHATA THE OLDER.
Through the method of “completion of the square”,
the Babylonians were able to solve quadratic equa-
tions with positive coeflicients.

The algebraists of the Renaissance had two principal arvibe Ehasse _
. ot prrrp gL ke e rppr
tasks: to extend the number system in order to un- P parese ke

w = [T

derstand the meaning of negative and complex num-
bers, and to develop an efficient mathematical sym-

bolism Girolamo Cardano

With the exception of DIOPHANTUS OF ALEXANDRIA, the ancient Greek and
Arabic mathematicians were accustomed to describing mathematical situations
by rhetorical means. With his principal work, printed in 1545 in Niirnberg Artis
magnae siwe de requlis algebraicis or simply Ars magna, GIROLAMO CARDANO
(1501-1576) established the foundations of modern mathematics. In his book he
not only showed how to solve cubic equations, but using roots of negative numbers
he gave also the formulas for solving algebraic equations of fourth order. CARDANO
himself is seen as personification of the Renaissance. In a singular way he was able
to bridge the Middle Age and modern perspectives. On the one hand he was an
adept and active practitioner of occultism and of natural magic. He authored
general treatises on palmistry and the meaning of dreams, and he wrote about
spirits, angels, and deamons. On the other hand, his researches are completely
free from mystical and supernatural influxes. The solution methods that he made
public were based on firmly established results of his predecessors.
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These methods date back to SCIPIONE DAL
FERRO (1465-1526) and NiccoLO FONTANA
(“TARTAGLIA”) (1500-1557). Although he swore
to TARTAGLIA, who gave him the “secret knowl-
edge” for solving algebraic equations of third and
fourth order, not to publish these new methods
without TARTAGLIA’s consent, CARDANO consid-
ered it his duty to make them known to the math-
ematical world of that time, indicating their dis-
coverer. The story of the Ars magna is indeed a
fascinating historical episode.

Niccolo Fontana

A new stage began with RENE DESCARTES (1596-1650). He introduced in 1637 the
terms real and imaginary and with his works in general tried to popularize these
new concepts. ALBERT GIRARD (1595-1632) gave geometrical interpretations of
roots of negative numbers. Also references to imaginary numbers are found in the
writings of the German universal scientist GOTTFRIED WILHELM LEIBNIZ (1646
1716). He writes in 1675 that an imaginary number is “a wonderful creature of
an ideal world, of amphibic nature between the things which are and those which
are not.” Later, general contributions were made by JOHN WALLIS (1616-1703),
ROGER COTES (1682-1716) and above all by LEONHARD EULER (1707-1783),
who in 1777 introduced also the symbol i = v/—1, shortly after having discovered
the relation

e =cos @ +isin ¢
and from it the astonishing result:
™ +1=0.

The concept complex number was introduced only in 1832 by CARL FRIEDRICH
GAUSS. Since then, for a complex number z the notation z = x + iy became
standard. The introduction of complex numbers as pairs of real numbers dates
back to WILLIAM ROWAN HAMILTON (1837).

1.2 Definition and Properties

The complex numbers can be defined in several different ways: we try to remain
consistent through the following chapters and begin by defining an extended field
of the real numbers R. We have then to establish a set and corresponding rela-
tionships.

Definition 1.1 (Field of the complex numbers). Let the set C := {z : z = (z,y),
z,y € R} be the set of ordered pairs of real numbers. The numbers = and y are
called the coordinates of z.
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Componentwise Addition is defined as

21+ 22 = (z1,31) + (T2, 92) = (z1 + T2, y1 + ¥2)

for
zi = (z4,y:) € C,

and multiplication with a real number a as

a(z,y) := (ax, ay).

Multiplication is defined as the linear continuation of the multiplication of the
basis elements 1 and i, where 1:= (1, 0) represents the multiplicative unit element
and i := (0,1) satisfies the rule i2 = —1.

Some remarks: multiplication with real numbers allows the usual representation
for the complex numbers:

z=(z,y) = la + iy =z +1iy.

Thus in place of = + i0 we can simply write x, and in place of 0 + ¢y simply 7y, in
particular in place of 1 only 1 (or nothing at all). The continuation of multiplication
of the basis elements is carried out through formal expansion of the product

2122 = (z1 +iy1) (22 +iy2) = (w122 — y1y2) + (2192 + y122),
where we apply i = —1.

The pair (0, 0) is the neutral element of addition. To prove that addition and mul-
tiplication in C are associative and distributive is a somewhat tiresome exercise,
while commutativity follows immediately from the definition. All nonzero elements
have multiplicative inverses. Thus C is a field, the field of complex numbers.

If we identify the complex numbers = + i0 with the real numbers, then addition
and multiplication in C correspond to those in R, so that C is an extension field of
R. Also the above defined multiplication by a real number, which leads to a vector
space structure, is encompassed by the multiplication in C.

The complex numbers x + iy clearly correspond in a one-to-one manner to the
vectors (m) of the vector space R2, however vectors cannot be multiplied as complex
numbers, so that the structure of C is richer.

In higher dimensions the basis elements are frequently denoted by eg,e; and so
on: in the plane this is not yet necessary, as here the use of summation signs does
not introduce any simplification.

Definition 1.2. = =: Re z is called the real part and y := Im z the imaginary part
of the complex number z = (z,y). The number z := x — iy is called the complex
conjugate of z. The expression |z| := 2z = \/x2 + 42 will be denoted as modulus
or absolute value of z.
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The modulus of a complex number is obviously equal to the Euclidean norm of
the corresponding two-dimensional vector.

Proposition 1.3. Let z, 21,290 € C be given. Then the following relations hold:

(i) Rez=*37, (i) Imz= %7,

(iil) i = ‘Zz‘z, 2 #0, (iv) 21+ 220 = 21 + 29,
(V) 2122 = 21 29, (Vi) z=z,

(vii) |z122]| = |z1]|22], in particular for allm € Z  (viii) |[2"] = |2|",

(ix) [z] =] =2 =z].

Proof. The relations (i)—(vi) and (ix) require only simple calculations. For (vii) write
‘2122|2 = 21222122 — Z1Z21%2222 — |Zl|2|22‘2 . O

This proposition shows that conjugation is exchangeable with addition and mul-
tiplication in C: (iv), (v) and (vi) mean that conjugation is an involution. Thus in
physics and operator theory frequently the notation z* is used in place of z. The
reader should convince him/herself that conjugation is the only automorphism in
the algebra C apart from the identity. An example follows:

Example 1.4. If we want to split a fraction of complex numbers in its real and
imaginary parts, we have to expand it with the complex conjugate part of the
denominator as follows:

i+3  [(i+3 —2i—4\ —-10—-10i 1 i
2i—4 \2—4 —2i—4) 20 22

Remark 1.5. Proposition 1.3 contains the following statements: a sum of two
squares can be written as the product of linear expressions, obviously using the
complex unit i:

22 4y = (z +iy)(x — iy).

Moreover, the two-squares-theorem holds:
(23 + i) (@3 + 13) = (122 — y192)° + (2192 + Y122)%,

which says that a product of two sums of two squares can be written again as the
sum of squares. In higher dimensions an extensive theory has been constructed
around this theorem (see [66]).

Now a few inequalities concerning the modulus of a complex number follow:

Proposition 1.6. For the modulus of a complex number we have

() [Rez| <lzf, [Imz| <z},
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(i) |21 + 22| < |z1| + 22|  (triangular inequality),
(ifi) [|za] = Jz2|| <[22 — zal.
With the so-called Euclidean distance |z1 — 22| of two complex numbers, C becomes

a metric space. In Section 4.1 we will investigate this more closely.

Proof. We show only the triangular inequality and (iii) with the help of Proposition 1.3
and (i):

|21 + 222 = (21 + 22)(21 4 22) = |21]* + | 22| + 2Re(2221)
< lmf el + 2022l = (2] + |22))%
We obtain (iii) from (ii), since |z1| = |z2+21—22| < |22|+]21 —22], also |z1|—|2z2| < |z1—22].
Now we can interchange z1 and z2, one of the two left sides equals Hzl\ — \zQH, so that
(iii) follows. O
A Im
y z=x+ 1y
® >
x Re
Figure 1.1

Complex numbers can be represented as points in the so-called GAUSS or ARGAND
plane, also Gaussian plane, with rectangular coordinates or with polar coordinates

(see Figure 1.1). Every complex number z = x + iy with r := |z| can be described
as follows:
z = T =T + 7 =7r + 1
r r r (\/ﬁ + 42 \/x2 +y2>
= r(cosp +isiny).

The last representation is called the trigonometric form or polar form of the com-
plex number z. Asin R?, r and ¢ are called the polar coordinates of z. Thus r gives
the distance of the point z from the origin of the Gaussian plane and ¢ describes
the angle between the positive real axis and the segment joining 0 and z. The
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coordinate ¢ is called the argument of z and is denoted by arg z. For —m < ¢ < 7,
we speak of the principal value of the argument. In general we use in calculations
the principal value. But fundamentally the argument is determined up to integer
multiples of 27.

The formulae relating Euclidean and polar coordinates are, for x # 0 :
z=rcosp, y=rsing, r=1/z2+y2, ¢ =arctan v
x

If ¢ lies in the second quadrant, one has to add =, while if it lies in the third
quadrant, one has to subtract m to obtain the principal value of the argument.
We assume that the arctangent has values between —7/2 and 7/2 as its argument
moves from —oo to oo.

In 1799 CasPAR WESSEL represented complex numbers by geometric figures
in the plane. However little notice of his work was taken. Independently, the
accountant JEAN ROBERT ARGAND found in 1806 a geometric interpretation
of complex numbers. Finally it was C. F. GAUSS who represented complex
numbers by means of arrows in the plane, a notation that remained in constant
use thereafter.

Due to simplicity of use, complex numbers in polar coordinates are particularly
suited for multiplication and division (Figure 1.2).

Proposition 1.7. Complex numbers are multiplied by multiplying their moduli and
adding their arguments. They are divided by dividing the moduli and subtracting
the arguments.

Im
Z1%22
|2122]
22
P1+ @2 Z1
P2
Re
©1 .

Figure 1.2
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Proof. Let two complex numbers be given in trigonometric form z1 = r1(cos p1 +1isin 1)
and 2o = 72(cos @2 + isin p2). By expanding the multiplication we have

2122 = 7r1r2[(cos @1 cos p2 — sin 1 sin p2) + i(cos w1 sin g2 + sin @1 cos p2)]
= rirzfcos(p1 + p2) + isin(p1 + p2)]-
For the division we obtain
z T ..
T (cos(pr — gn) + isin(pr — 92)) O
z2 T2
An important consequence is the formula of year 1707 named after ABRAHAM DE
MOIVRE (1667-1754)

Corollary 1.8 (De Moivre formula). For all n € Z with z = r(cos ¢ + isinp) we
have

2" = |z]"(cos ny + isin nyp),
where any arqgument ¢ of z can be used.

Proof. The proof for positive n € N follows by a simple mathematical induction. For
n = 0 on both sides of the formula we have 1 and for negative n one has to change the
sign of the formula for positive n, paying attention to the fact that (cosny + isinnep) -
(cosnp —isinny) = 1. O

The de Moivre formula allows the root extraction of every complex number:

Proposition 1.9 (Rootfinding). Let the complex number a # 0 have the trigono-
metric representation

a = |al(cos ) + isinv)).
The number a possesses for each natural n exactly n different n-th roots in C, i.e.,
the solutions of the equation z"™ = a. We can calculate them by the formula

2 2
2k = ?/\a| (Cosw—i_n b +isinw+n kﬂ-)

fork=0,....n—1.

From this formula it follows that all zj are points lying on the circle of radius
{/|al, and neighboring points are distinguished by the difference of v = 27/n in
their argument. By imposing £ = 0,1,...,n — 1 in the above formula, we obtain
all these points from the periodicity of trigonometric functions.

Example 1.10. Let 23 = 1. The right-hand side has then the representation 1 =
1(cos 0+ isin0). It follows (Figure 1.3)

0 Lisi 0 1
z1 = cos isin =1,
! 3 3
2r .2,
22 = cos g + isin 5 (in the second quadrant),

4 4
z3 = cos ;r + isin ;r (in the third quadrant).
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Remark 1.11. The de Moivre formula shows that the partitioning of the circle,
i.e., inscribing a regular n-polygon in the unit circle {|z|] = 1} can be solved by
solving the equation

i.e., by

2mik 2mik
ZL = COS 7m + 7sin m (0<k<n-1).
n n

A Im

\

Re

22
/ )
X

Figure 1.3

Partitioning of the circle can be viewed as a special case of the solution of the
general algebraic equation of n-th degree:

P,(z) =anz" + Un_12" 14+ 4 a1z4+ag =0, a, #0.

For this we have the fundamental theorem of algebra:

Theorem 1.12 (Fundamental theorem of algebra). The n-th degree polynomial
P, (2) possesses exactly n zeros, provided we count each one according to its mul-
tiplicity, i.e., P,(z) can be written in the form

Pa(2) = an (2 — 22)™ (2 = 22)"™ -+~ (2 — 2)"

with ny +no + -+ +np = n and a, # 0. If the complex numbers z; are pairwise
distinct, then n; indicates the multiplicity of the zero z;.

We will prove this theorem later, when the necessary preliminary results and tools
will be ready for use.

The Flemish mathematician ALBERT GIRARD in 1629 expressed for the first
time the fact that every algebraic equation of n-th order has n roots, which are
to be sought in a larger domain than R. The first serious attempt to prove this
statement was undertaken in 1746 by JEAN-BAPTISTE LE ROND D’ ALEMBERT.
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For polynomials with real coefficients there was in 1749 a proof by L. EULER,
based on an idea of “Ars Magna”. Under the assumption that the solutions exist,
in 1795 PIERRE SIMON LAPLACE was able to provide an elegant proof. In C. F.
GAuss’ doctoral thesis the first complete proof of the fundamental theorem was
given. However probably the simplest proof, based on the idea of D’ ALEMBERT,
goes back to J. R. ARGAND and was published in 1814. A constructive proof
was finally given only in 1940 by HELLMUTH KNESER.

1.3 Representations and geometric aspects

The multiplication of a complex number with cos¢ + isin ¢ describes a rotation
of the Gaussian plane of an angle ¢, since the argument of every complex number
z would be augmented by the angle . All these rotations form a group, the
special orthogonal group SO(2), where the number 2 denotes the dimension of the
underlying R-vector space C. Clearly 1 is the neutral element of this group, the
inverse element of cos ¢ + isin ¢ being given by cos @ — isin .

Since the rotations in the plane can be represented also by multiplication of the
vector (x) by a matrix, one may ask what is the relationship of complex numbers
with this multiplication by a matrix. In fact we have

Proposition 1.13. The mapping M : z — M(z) of z = x + iy € C on the real
(2 x 2)-matrices of the special form

_( % Y
is a ring isomorphism from C onto the subring of R>*2-matrices of the above form.

Proof. The equations M(z + 2') = M(z) + M(2') and M(2z") = M(z)M(2") for two
complex numbers z and 2’ are easily checked. O
We then have found a so-called representation of complex numbers by matrices,
thus an isomorphic mapping from C into the linear mappings of R? onto itself. In
this way M " corresponds to z, as well as det M to |z|? and the trace M to 2Re z.
The rotations considered above correspond to the known planar rotation matrices,
ie.,

cosy —singp >

R(p) := M(cosp + ising) = ( sng  coso

with ¢ € R. It is easily shown that
Rlp+¢) = R(p)R({Y)  (p¢ €R).

The mapping R : ¢ — R(p) represents a homomorphism of the additive group R
onto the multiplicative group of the given rotation matrices. Each such matrix, in
view of our association, corresponds to a point on the unit circle S* = {z : |2|=1},
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the boundary of the unit disk D := {z : |z| < 1}. In general here the multiplicity
of the argument plays no role, since the addition of 2kw, k € Z, to ¢ does not
change the value of cos ¢ and sin ¢. In view of R(7) = R(—m) the elements of the
matrix of R(¢) remain continuous, if we let the value of ¢ jump from 7 on the
negative real axis to —.

Remark 1.14. In conclusion we hint at the relationship between rotations and
reflections. By conjugation every complex number is reflected about the real axis.
In this way we can describe the reflection about an arbitrary straight line through
the origin as follows: if the line makes the angle a with the positive real axis, it
will be turned by (cos @ — isin «)z into the real axis; then reflection is given by
conjugation. Finally one has to rotate the line in the opposite direction, in a way
that the reflection point 2’ of z is expressed through

2" = (cos a+isin a)?z = (cos 2a + i sin 2a)z.

If we perform another reflection, then we obtain
2" = (cos(26 + 2a) + i sin(2 + 2a))z.

But this is a rotation about the origin. We can state then:

Two reflections of C on straight lines through the origin give a rotation of C about
the origin. Conversely we can split any rotation into two reflections.

We are now in the position to state a few facts of planar analytic geometry through
complex numbers. A straight line in the plane is described by an equation of the
form az + by + ¢ = 0 with real a,b,c, and a? + b > 0. On using the formulae of
Proposition 1.3 we obtain

(@ —ib)z+ (a +1ib)z+2c=0
or
Nz+Nz+2c=0

with the complex number N := a +ib # 0 and a real c. This can also be written
in the form Re (N z) 4+ ¢ = 0.

For two vectors (zi) and (Zi) of R? the scalar product is defined by

X1 X9
( ) : ( > =122 + Y1y2.
Y1 Y2

For the corresponding complex numbers z; = x1 + iy; and zo = xo + iys the
expression

Re(z122) = x122 + Y192 = Re(2122)
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is called the scalar product. For the linear equation
Re(Nz)+¢=0,
which means that for two points z; and z5 on the straight line we have
Re (N(z1 — 22)) = 0.

This says that the vector corresponding to N lies perpendicular to the line. We
have then introduced the orthogonality of complex numbers, which can be illus-
trated in the Gaussian plane. We can observe easily that the point on the line
closest to the origin is given by

—cN

zZo0 — ‘N|2

Finally, we recall that a straight line can also be described by a parametric rep-
resentation. If A denotes a complex number, corresponding to a vector in the
direction of the line — thus perpendicular to N — and zg denotes a point on the
line, then the parametric representation is

z2(t) = At + 29, —oo0 <t < o0.

One can easily go from one representation of the equation of the straight line to
the other ones.

In a way similar to the scalar product, we can also introduce in C a vector product
(or cross product) by

[21, 22] := 21y2 — x2y1 = Im(2122).

It corresponds to the operation (ii) - J (Zj) in R?, where

=(50)

represents the rotation matrix by the angle — /2. This gives the formula [z1, 22] =
Re(z1(—1)z2) = Im 21 25 for the vector product. The matrix J shows up also in the
curvature theory of planar curves where it is called a CARTAN matriz. If [z, 23] = 0,
then z; and 25 lie on a straight line through the origin, they are then collinear.
Moreover the relationship holds

2122 = 21 - 29 +i[21, 22].

A further elementary geometrical figure in the plane is the circle, which is given
by its center zg and radius R. It contains all points at distance R from zy,

Sr(z0) :={z : |z — 20| = R}.
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The equation of the circle can be written in the from
(z - Zo)(Z - Zo) = zz —2Rezzg + 2020 = R2.

The tangent to such a circle at one of its points z; € Sg(z¢) is the straight line
through z; orthogonal to the difference 21 — zp (Figure 1.4). Its equation is thus

Re(z1 —20)(z —2z1) =0 or Re(z1 — z0)z = Re (21 — 20)21.
A
Im
21
20
Re
Figure 1.4

A circle also can be described by a parametric representation. It is simply
z(t) = zo + R(cost + isint), —7m<t<m.
Both line and circle equations can be summarized by the formula
Azz+ Re(Bz) + C =0,

here A and C represent real numbers, B is an arbitrary complex number with
|B|> — AC > 0. For A # 0 we obtain a circumference, for A = 0 a straight line.
Re(Bz) is the scalar product of the vectors corresponding to B and z.

1.4 Exercises

1. For arbitrary complex numbers z; and ze prove the equality (Apollonius
identity)

|21 + 22|2 + |21 — Z2|2 = 2(\2’1‘2 + ‘Z2|2)-

2. Determine the geometric locus of all points of the complex plane for which
the following relationship holds:

z—1
<

a) Im <
z24+1

0, b) |z—2—|z+2<2
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. Prove de Moivre’s formula and investigate whether it can be extended to

rational exponents.

. Show that the sum of all roots of the equation z" = 1 vanishes. Prove that

these roots are the corners of a regular n-polygon.

. Calculate the roots of the equation 3225 = (z + 1)°.

With the help of complex numbers show

sin (n +1/2)0
2sin 0/2

sin (n+ 1)6/2
sin 6/2

1
a) 2+cos€—|—00529+~-~+cosn9:

b) sin 6 + sin 20 + - - - 4 sin nf = sin (n#)/2).

. Prove that the pairwise distinct points z1, 22, 23 all lie on a same straight

line, if and only if the expression (z3 — 21)/(z2 — 21) is real.

The mapping 2z’ = f(z) is called reflection about the unit circle, when both
z and 2’ lie on the same ray emanating from the origin and |z||z’| = 1. Find
f(2) explicitly and determine z’ geometrically.
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2 Quaternions

2.1 The history of their discovery

It is often the case that mathematical results appear at first as the work of several
people in obscurity and then in a very short time are suddenly formulated by
several scientists. It is difficult to determine who precisely had the decisive idea
and should therefore be named the discoverer. Often the opinions on that clearly
diverge. Thus W. Blaschke, celebrating the 250th birth anniversary of Euler in
his conference talk entitled “Euler und die Geometrie (Euler and the geometry)”,
(Berlin, 23.03.1957), stated that Euler had been the first one to define quaternions
(see [12]). In a letter to Christian Goldbach of May 4th, 1748 in the framework
of his researches on parametric representations of movements in Euclidean space,
Euler defined quaternions, without explicitly naming them.

It seems however that Euler did not recog-
nize the fundamental character of this struc-
ture. He employed only “vectorial quaternions”
in his kinematic researches, without studying
in depth this new type of numbers. This idea
was forgotten for a long time. Almost 100 years
later the French mathematician and philosopher
OLINDE RODRIGUES began to use numbers sim-
ilar to quaternions to describe rotations in 3-
dimensional space. Also GAUSS worked already
with quaternionic formulae, that he used in an
1819 note which then was not published.

Leonhard Euler (1707-1783)

The discoverer of quaternions is one of the most fascinating scientists of the nine-
teenth century, SIR WILLIAM ROWAN HAMILTON. Already in the early thirties
he was involved in investigating algebraic questions. Thus in 1833 he was able to
show that complex numbers build an algebra, in case the unities 1 and ¢ are used
with 12 = 1 and i = —1. All the elements of his algebra have then the form x +iy,
where x,y denote real numbers.

He tried for more than ten years to extend this result to the so-called triples, i.e.,
the real unit 1 would be studied together with two other “imaginary” units ¢ and
j. In later papers he named these triples of numbers vectors. He was able to figure
out how these vectors are to be added and multiplied, but he did not succeed in
finding a suitable division — he was very unhappy about that. In view of his so
far brilliant scientific performance the inability to solve this problem was for him
a situation to which he was really unaccustomed. Only after introducing a further
imaginary unit and dropping commutativity was he able to divide vectors. About
the discovery of quaternions the following anecdote is told:
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It was Monday, October 16th, 1843 in the morning, Hamilton had to chair a
meeting of the Royal Irish Academy. His wife walked with him along the Royal
Canals in Dublin. At that moment he got the decisive idea for the solution of
his ten years old problem. With his pocketknife he wrote in the stones of the
Broome bridge the famous formula

iZ=j2=k®>=ijk=—1.

In a letter to his eldest son just shortly before his death, he indicated the above
bridge erroneously as the Brougham bridge, as it is named also today.

From then on Hamilton called the new numbers
g=a+bi+c+dk (a,b,c,deR)

quaternions. The first paper about quaternions appeared on November 14th, 1843,
in the Council Books of the Royal Academy at the “First General Meeting of the
Session” (see [6]). Concerning the naming, P.G. TAIT, the only pupil of Hamilton,
expresses himself as follows:

Quaternion in Latin means “set of four”, the Greek translation of this word is
“Tetractys” . Hamilton who knew the Greek language in depth and revered the
pythagorical school, shows to have built a bridge between his structure and the
pythagorical Tetractys, which was considered as the source of all things.

Further interesting interpretations of the origin of the notation “Quaternion”, can
be found in S.L. ALTMAN’s book [6].

2.2 Definition and properties

We want now to begin with a systematic exposition of the real quaternions. As in
C we need to define a set with corresponding connections:

Definition 2.1. Let H := {z : z = (zg, z1, 22, 23), 2 € R,k =0,1,2,3} be the set
of the ordered quadruples of real numbers. The numbers xg, 21, x2, z3 are called
the coordinates of x. Two quadruples x = (x¢,z1,22,23) and y = (Yo, y1,Y2,Y3)
are then equal, when the single coordinates are equal: =z = yi, kK = 0,1,2,3.
Addition is defined coordinatewise:

r+y = (o + Yo, 1 + Y1, T2 + Y2, T3 + Y3),
and similarly multiplication with a real number X:
Az = (Axo, Ax1, AT, A\x3).

Multiplication is introduced as linear continuation of the multiplication of the basis
elements of the standard basis of R, namely ey := (1,0,0,0), e; := (0,1,0,0),
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es :=(0,0,1,0), e3 := (0,0,0,1). eg should be the unit element of multiplication,
the other three basis elements satisfy the relations

eej +eje; = 725”‘, i, =1,2,3,
with the Kronecker symbol §;; and the relation
€1€2 = €3.

The properties that we have learnt in C and H have the following general structure
which is called a vector space. R™ for n = 1, 2, 3,4 becomes in our situation a special
case of this structure.

Definition 2.2. A set V' with the following properties is called an R-vector space
or real vector space if:

(i) on V an addition is defined and V' with respect to this addition is a commu-
tative group,

(ii) a multiplication of numbers from R and vectors of V' is defined, which satisfies
the following rules: for a,b € R, v,w € V and 1 denoting the unit element of
R (thus the real number 1) we have

a(v+w)=av+aw, (a+bv=av+bv (distributivity),
(ab)v = a(bv) (associativity),

1v=v (existence of the unit element).

The vector space is called real, since for multiplication only real numbers are
allowed, but of course other noncommutative fields could be employed, as for
instance C.

Vector spaces will be necessary in many places. As observed earlier, in this way
the usual vector space structure can be introduced in R* and the canonical repre-
sentation of the real quaternions is made possible

3
T = Xxpey + Tr1€1 + Toeo + T3ze3 = E TkCk-
k=0

Often e as unit element is not even written.

For clarity’s sake the above multiplication rule can also be written as
e?=e
The last relation can be written cyclically:

€it1€it2 = €43, 1 =0,1,2 (mod 3).
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In general HAMILTON has denoted the basis elements by i := e1, j := €2, k := e3,
so that the relationship with C, or better the extension of complex numbers, is
even clearer. Since 2 = j2 = k? = —1 the basis elements can also be denoted as
imaginary units. We can immediately see that multiplication is not commutative,
thus quaternions do not build a field, rather a noncommutative or skew field. The
continuation of multiplication on general quaternions is obtained through formal
expansion:

ry = (xo+x1e1 + o€z + w3€3) (Yo + y1€1 + y2e2 + yze€3)
(Toyo — w1y1 — T2y2 — T3Y3)

+(zoy1 + z1y0 + T2y3 — T3Y2)er

+(xoy2 — T1Y3 + T2yo + T3y1)e2

+(woys + T1y2 — T2y1 + T3Yo)es.

ARTHUR CAYLEY, an English mathematician (1821-1895), who wrote the first
papers with quaternions after HAMILTON , developed a simple scheme to describe
this multiplication, which today is known as the Cayley table:

€1 () €3
1 1 €1 €9 €3
€1 €1 -1 €3 —e9
€9 €9 —e3 -1 €1
€3 €3 €9 —€1 -1

Also the following diagram is often very useful:

i
/ N

k — J

The Irish political figure and patriot EAMON DE VALERA (1882-1975), who
was three times prime minister and from 1959 to 1973 was president of the Irish
republic, should have been executed in Dublin on Monday April 24th, 1916,
for high treason against the British crown. Because of lucky circumstances his
death sentence was commuted to a long jail detention. Valera, who had been a
mathematics teacher, full of national pride engraved the defining equations of
quaternions on the walls of his cell.

The quadruple (0,0,0,0) is clearly the neutral element of addition and the proof
that addition and multiplication are associative and distributive is an even more
tiring task to show than in C: the addition is naturally commutative, the multipli-
cation is not as just remarked. The inverse element of = with respect to addition is
clearly —z, the one with respect to multiplication will shortly be simply described,
so that the real quaternions build a noncommutative field, the noncommutative
field of the real quaternions H.
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If we identify the quaternions of the form xy 4+ ejx; with the complex numbers
o +1ir1, then we can convince ourselves easily that multiplication in H is mapped
into complex multiplication, hence C is a subfield of H.

Clearly the quaternions x can be uniquely associated to vectors (zg,z1,xa,x3) "
in R, (transposition indicates that vectors should in general be written as column
vectors). But as in C the structure of quaternions is richer than the one of vector
space.

Definition 2.3. For a quaternion x = zg + x1e1 + x2e2 + z3e3 the real number
xo is called the scalar part Sc(z) of the quaternion. The quaternion x := x1e1 +
Zoeg + x3eg is called the vector part Vec(x) of the quaternion, so that we can write
r = xg + x. The quaternion x := zy — x associated with z is called the conjugate
quaternion of z. The expression |z| := /2% + 22 + 23 + 23 is then indicated as
the modulus or absolute value of the quaternion. For the set of all vectors we write
VecH, for the set of all scalars Sc H.

It is then clear that the vector part of a quaternion contains the basis elements and
therefore is not a real number, as it happens with the imaginary part of complex
numbers. The modulus of a quaternion is also here equal to the modulus of the
corresponding vector in R*. VecH and ScH are real linear subspaces of H, but
unfortunately VecH is not closed with respect to quaternion multiplication. Sc H
can clearly be identified with R and Vec H with R3.

Since a physical meaning could always be assigned to the vector part of a quater-
nion, W.R. HAMILTON introduced in 1846 the concept of vector. Even nowadays
in engineering lectures Hamilton’s notation i, j and k for the basis elements in
R3 is often used. Thus a vector in the sense of Hamilton is representable in the
form

X = x1i+ x2j + x3k.

Corresponding rules of complex numbers hold:

Proposition 2.4. Let us take x,y € H, then the following relations are verified.

(i) Se(@) =37, (i) Vec(r) = “;7,
(ili) zx =2z = |2|?, (iv) z7t= aj2r T 70,
(V) z+y=z+y, (vi) 2y =vyux,
(vii) z=u, (viil)  [zy| = [=[|y],
(ix) |z[=]-zl=lz, (x) (zy)t=y '™l ay#0.

Property (iv) indicates that H is in fact a noncommutative field, since here the
inverse element for multiplication is given; (x) follows from the noncommutativity
and must be considered with particular attention since it is unusual.
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Proof. The relations (i)—(vii) and (ix) require only simple calculations. For (viii) we write
lzy|? = zyry = xyy x = |y|*|z|*. (x) The associativity gives
@Yy e ) =2y Dz =2 =1 O
Remark 2.5. It should be noted that in a similar way as for C in H the fourfold
quadratic sum
T2+ 22 4+ 22 + 23 = (z0 + T1e1 + Toeo + x363)(T0 — T1€1 — Toes — T3€3)

can be represented as a product of two linear expressions, as in C this is not
evident. Also the four squares theorem holds

(@5 + =3 + 25 + 23) (W5 + v7 + 3 +43)
= (zoYo — T1Y1 — Tay2 — 1‘3193)2 + (zoy1 + 1Yo + x2y3 — x3y2)2
+(zoy2 — x1y3 + T2yo + w3y1)” + (Toys + T1y2 — Tay1 + T3Y0)?,

which says that a product of two fourfold quadratic sums can be written again as
a quadratic sum (see [66]).

Propositions on the modulus of quaternions correspond to the complex case:
Proposition 2.6. Let x and y be quaternions, then for the modulus we have
(i) ISc(@)| < |z, [Vec(x)| < [x],
(i) |z +y| < |z + |y (triangular inequality),
(iii) 2] — |yl < |z —yl.
Proof. The proof mimicks the one for C. g

H becomes a metric space with the introduction of the FEuclidean distance |z — yl.
These propositions correspond to those for complex numbers, which will be treated
in Section 4.1. We now investigate specific properties of quaternions:

The multiplication of two quaternions gives

zy = (ro +x)(yo +¥) = Zoyo + oY + YoX + Xy.
We want to consider more closely the last product xy:
xy = —(x1y1 + 22y2 + T3Y3)
+(z2ys — w3y2)er + (z3y1 — v1y3)ez + (v1y2 — T2y1)es
= X' y+XXYy,

with the scalar product x -y and the wvector or cross product x x y of the two
vectors x and y. Historically these products were introduced in this way and then
later were “emancipated” from the theory of quaternions. But observe that

ey ez eg
Xy =1y +Taye +23y3s and XXy:=|1T1 T2 I3
Yr Y2 Y3
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We remark also that

lz]? =22 —x®? =22+ x-x.

A scalar product does not exist only for vectors, but also for quaternions. Only
the analogous operation to the vector product is not explained so easily:

Definition 2.7 (Scalar product). Let z,y € H. The product

vy = ey ye) = Se(ey) = Selya)

ToYo + T1Y1 + T2Y2 + T3Y3

is called the scalar product of the quaternions x and y. For z -y = 0,  and y are
orthogonal to each other.

Proposition 2.8. Let x,y, z be arbitrary elements in H. Then
(i) Sc (zyz) = Sc(yzx) = Sc(zxy),

(ii) Sc(zyz) = x - (yz) is a real number, which is also called a scalar mixed (or
triple) product of the quaternions x,y, z (in this order).

Proof. The proof is left to the reader (see Exercise 2.6.1). O

Remark 2.9. So far we have worked with R, C and H, sets that have both a vector
space structure and a field structure. They are called algebras. Since all elements
different from zero have a multiplicative inverse, we speak of division algebras. The
next theorem shows that no other division algebra over the field of real numbers
exists:

Theorem 2.10 (Frobenius theorem). The only finite-dimensional associative divi-
sion algebras over the field of real numbers R are R, C and H.

Proof. We refer to the book [72]. O

The solution behavior of quadratic equations manifest themselves in a completely
different way than for complex numbers. We formulate this in the next proposition:

Proposition 2.11. (i) The reciprocally conjugate quaternions x = x9 + X and
T = x9 — X satisfy the quadratic equation with real coefficients

€2 — 2x0& + |z = 0.

(i) A quaternion is a vector different from zero if and only if x* is real and
negative.

(iii) A quaternion different from zero is real if and only if x* is real and positive.

(iv) The solution set of a quadratic equation in H with real coefficients consists
either of one element, two elements or a two-dimensional sphere.
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Proof. (i) Substitution into the given equation delivers
(z0 £ %x)° — 2xo(zo £X) + 25 — x> =0

and therefore the desired result. (ii) For an arbitrary = € H it follows that

x> = (zo + x)(z0 + x) = g — |x|> + 2z0x.

At first let us consider x = x # 0, then 2 = —|x|*> < 0. Conversely if we assume
R > 22 < 0 we then find 2zox = 2% — 22 + \x\2 € R . It thus follows that o = 0 or x = 0.
In case xp = 0, we are done. For x = 0, we would then have 22 = 3 > 0, a contradiction
with the assumption. Thus the second case cannot arise. (iii) The proof is completely
analogous to the proof of (ii).

(iv) With completion of the square from the equation

2%+ 2ax +b=0, (a,b €eR)
we find as usual
(x+a)* =d® —b.

If the right-hand side is non-negative, then by means of (iii) we find the well-known real
roots of the quadratic equation. If the right-hand side is negative, then from (ii) = + a
must be a vector, whose modulus is v/b — a2. But this is a sphere in R® with precisely
this radius. g

In the following proposition we want to list a number of important properties:

Proposition 2.12. Let x and y be two quaternions, correspondingly x and'y two
vectors. Then the relations hold:

(i) x-y = —Sc(xy) = =} (xy + yx).

(ii) x x y = Vec(xy) = %(xy - yX).

(iii) From x? = y? it does not necessarily follow that x = £ y.

(iv) A quaternion x is real if and only if for every other quaternion y we have
yr = xy.

Proof. The properties (i) and (ii) follow immediately from the definition. For (iii) we
should observe that, from the previous proposition for 22 = y? real and negative, it
follows only that x, correspondingly y, lie on a sphere in R® and therefore in no way must
be equal apart from the sign. (iv) Real numbers commute naturally with an arbitrary
quaternion. Moreover yz = zy for all y € H. Then in particular for y = e; it follows that

xre; = —T1 + xToe1 — x2e3 + Trzex = —x1 + Top€1 + T2e3 — Tzex = €1,

from which 0 = z2es3 — x3ez. Thus z2 = 3 = 0 must be true. In the same way we also
obtain that z; = 0. O

A proposition on the relationship between quaternions and vectors follows:

Proposition 2.13. (i) Let « be a quaternion. Then there exists a vector a # 0,
so that x a is again a vector.
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(ii) An arbitrary quaternion x is representable as product of two vectors.

(iii) From each quaternion a we can calculate at least a root in H, i.e., there is
an x € H with 2% = a.

(iv) Ewery quaternion e with |e| =1 can be represented in the form

e= ny_ly_l.

Proof. (i) For x = zo + x and x = 0 we can choose a arbitrarily. For x # 0 let a # 0 be
a vector orthogonal to x. Then in view of x - a = 0 we have

ra=mxz0a+xxa € VecH.
(ii) Let a be chosen as in (i), then we have
za=Dhb, thusz =ba *,

and the inverse of a vector is again a vector. The proof of the points (iii) and (iv) is left
to the reader (compare Exercises 2.6.2, 2.6.3). O

The real quaternions show remarkable analogies with complex numbers besides
these elementary properties, provided naturally that commutativity is ignored.

Theorem 2.14. Every quaternion x € H with x # 0 satisfies the trigonometric
representation
x = |x|(cos p + w(x)sinp).

Since 23 + |x|? = |z|? we find the relationships

X X
s =" sinp=" w =X es (cr<p<m),
|z |z x|
where S? denotes the unit sphere in R3.
Proof. We have clearly
a::a:o+x=\a:|(x0 + X ‘X‘) = |z|(cos ¢ + w(x)sin ¢). O
| x| |l

Example 2.15. Let 2 = 142e; +2e2+e3, it follows then that ¢ = arccos (1/+/10) =
arcsin (3/1/10). With this we obtain the representation

1 (261 + 2eq + 63) 3 :|
x =10 +
{\/10 3 V10

and see also that a calculation does not represent a problem.

Corollary 2.16 (de Moivre’s formula). Let x = 2o +x € H,  # 0, n € Z be given;
we then have
(cos p + w(x)sin )™ = cos ny + w(x)sin ny.
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Proof. We observe at first that contrary to the complex case we must replace here the
imaginary unit ¢ by an element of the two-dimensional unit sphere. But we nevertheless

have
W) = (|§|)2 -t

For positive n the proof follows then by mathematical induction. The case n = 0 gives 1
on both sides, and for negative n we have

(cos ¢+ w(x)sin ) " = (cos p + w(x)sin )" = cos ny — w(x)sin nep. O

2.3 Mappings and representations

Up to now we have considered mainly the structural side of the real quaternions.
We will now pay attention to the study of algebraic automorphisms, correspond-
ingly antiautomorphisms of H, which are specific mappings within the quaternionic
algebra closely connected with rotations and reflections in R* as well as in R3. In
this context the automorphism h has to satisfy among other properties the mul-
tiplicative property h(zy) = h(x)h(y), x,y € H, while an antiautomorphism k
should verify the relation k(zy) = k(y)k(x), z,y € H. Our presentation relies
in part on results which are contained in the monographs [119] and [6]. Finally
we will investigate representations of the quaternionic algebra in the matrix ring

R4X4.
2.3.1 Basic maps

We observe at first that we do not need to distinguish between the Euclidean space
R? and the R-linear subspace Vec H of H. As real vector spaces H and R?* are also
naturally isomorphic.

In comparison with C in H there are more possibilities to define an involution. We
thus distinguish different involutions:

Definition 2.17. (i) Let = € H be given. The mapping x — = with
x = Sc(z) — Vec(z) e H

is called conjugation in H. As we already know, the corresponding element x is
then the conjugate quaternion of x. Moreover xy = y x, so that we have an
antiautomorphism.

(ii) The mapping x — &,
Zi=eomes € H,

is called the principal involution in H. The element Z is called the involute of the
quaternion x.
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(iii) Finally the composition of conjugation and principal involution

F=zx=47
is called the reversion in H. The element T is the reverse of the quaternion x.

Remark 2.18. We can consider geometrically x — & as a reflection about the plane
{A+ pes : A\, u € R}. Quaternions are then reflected about the plane spanned by
eo and es, the vectors in R? are reflected about the eq-axis and moreover zy = & 4.
The principal involution is thus an automorphism.

We also see that by using reversion the order of the factors in the quaternionic
product is reversed, thus it is in fact an antiautomorphism. It is exactly this last
property that justifies the name reversion.

We would like now to characterize the automorphisms of H:

Theorem 2.19 (Rodrigues, Porteous). An arbitrary automorphism or antiauto-
morphism m of the algebra H has always the representation

m(z) := Sc (z) + h(Vec (z)), z€H,

with an orthogonal automorphism h of R3.

Proof. Let m(1) = yo +y with yo € R, y € R3. Then since m(1) = m(1?) = m?(1) we
have
Yo — IyI* + 2y0y = yo +.
For y # 0 we would have 2y —1 = 0, which cannot hold in view of yo —y3 = 1/4 = —|y|*.
Thus it must be that y = 0,y = 1 and m(zo) = xo for a real z¢. For arbitrary © = zo+x
it then follows that
m(z) = zo + m(x).

If it were now m(x) = yo + y, then we would have
m(x*) = —m(|x[*) = =|x|* = y5 — [y|* + 2yoy-

Here we must have yoy = 0, since y = 0 is excluded in view of f|x|2 = y2, then we find
only yo = 0 and m(x) € R®. Then the imbedding m/|gs =: h is an automorphism of R,
and in view of m(|x|?) = |x|? it is norm preserving and therefore orthogonal. O

A very important automorphism of H is defined by

py(z) == yzy™t, yeH,

clearly with y # 0. The mapping thus introduced will now be investigated in view
of its algebraic and topological properties.

Theorem 2.20. For z,z’ € H and A\, \" € R the mapping p, possesses the following
properties:

(i) py( Az + Na') = Apy(x) + XNpy(2')  (R-linearity).



26 Chapter I. Numbers

(i) py(za’) = py(a)py(a’) (multiplicativity).
(ili) py is an isometric automorphism on H.

iv) The canonical scalar product in R* is invariant under the mapping p,, i.e.,
Py

py(x) - py(a’) =z - a'.

(v) We have pypy = pyy.

Proof. Since the relations (i) and (ii) are very easy to show, we only prove the last three
properties. We first show that p;l :x € H— y~'ay is the inverse of py, then p;l = py-1-
Thus py is an automorphism. Moreover

oy ()] = lyzy ™| = ||,
so that (iii) is proven. In order to obtain (iv), we calculate as follows:
po@) o) = [oula)ou(@) + py()py(a)]
= ; [yw’yflyxy‘l + ywy*lyw’y‘l}
= ; [yw’yfly‘lx y+yzy lyta y}

1., 1 /
= y(z'z + za')y =z-z.
2 e
Finally the last relation follows from the associativity:
pupy (@) = y('zy' Ny = yy'z(yy) ! = pyy (@) O

Since p,, is independent of |y| we can consider only those y with |y| = 1, i.e., the
elements of the unit sphere S3 in R*, so that

S3={yecH:|y =1}
Let z,y € S? be given, then since |zy| = |z||y] it follows that also ry € S®. Further
we find 1 € S and y = y~! € S3. Thus we have shown the

Proposition 2.21. S3 is a subgroup of H and the mapping y — py 5 a homomor-
phism of H onto S°.

We want now to study the properties of the automorphism p, in R? from which
we will gather insights into the behavior in H.

2.3.2 Rotations in R3

We begin by considering p, in R3. In this case as well as in higher dimensions a
rotation is a mapping
x' = Ax
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with an orthogonal matrix A, i.e., A~ = AT and det A = 1. These matrices build
the group SO(3). Here det A = 1 means that the orientation is maintained, for
det A = —1 we obtain instead a reflection. At first we can state that in view of the
theorem of Rodrigues—Porteous 2.19 p, (x) is again a vector, so that a scalar part
of x does not exist. Thus p, (we use the same notation also for the imbedding
onto R?) is also an automorphism of R® with the properties listed in Theorem
2.20. Moreover p, in R3 is exchangeable with the vector product, so that

1
py(x) X py(x') = 5 [py (%) py(x") — py (%) py(x)]
1 _ _ _ _
=, [yxy ' yx'y™" —yx"y T yxy ]
1 _
= b —x'x]yTh = py(x x X).

We can thus summarize as follows:

The mapping p, is an automorphism of R® which leaves the canonical scalar prod-
uct invariant. It is homomorphic with respect to the vector product, as it follows
immediately from the above calculation.

In view of the last property, p, leaves also the orientation invariant, thus it is a
rotation, a result we will see also in the next proposition.

The consideration of rotations was originally not connected with the use of
quaternions. Already LEONHARD EULER in 1775 tried to describe the prob-
lem of the composition of two affine transformations. After elimination of three
parameters the remaining ones appeared as rotation axes and corresponding
rotation angles. He reduced the statement of the task to a pure algebraic prob-
lem. But he could not find closed form algebraic expressions. BENJAMIN OLINDE
RODRIGUES (1794-1851), the son of a banker in Bordeaux, was instead more
successful. He considered rotations as general movements on a sphere and in
1840 solved Euler’s problem of the composition of two rotations in a construc-
tive way.

With the help of quaternion theory we compute in a simpler way the mapping x’
of a vector x under the mapping p,:
Let y € S2 be given. As we already know this can be put in the form y = yo+y =
Yo + w|y| with 92 + |y|?> = 1 and w? = —1 by means of Theorem 2.14. As usual
we set yg =: cos ¢ and |y| =: sin . At first we have

py(@) = (Yo +wlyDw(yo —wly|) = (5 + [y )w = w.
We have thus shown that the vector w is invariant under the map p,. It follows
that

py(x) = yoxyo — yox|ylw + [ylwxyo — [y wxw

Yox + yoly|(wx — xw) — |y[*wxw

= xcos’ g+ (w X X)sin2p — wxwsin? .
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In view of
WXW = WXW + XWw — Xww = X + (WX + xw)w = x — 2(w - X)w
we obtain the following important result:

Proposition 2.22. a) Euler-Rodrigues formula. Let the point x € R® be mapped
by means of p, into a point x'. Then withy = yo+y = yo+wly| and w? = —1,
Yo = cos @, |y| = sin ¢ we have

x' = py(x) = xc082¢ + (w X x)sin 2¢p + (1 — cos2¢)(w - X)w.

b) Each map py is a rotation about the axis w and the angle 2. Conversely each
rotation in R® can be represented by an automorphism of the form p, = yzy~!
with y € H.

Remark 2.23. The rotations in R? can be more advantageously described with
the help of quaternionic exponential functions, which will be introduced later in
Section 11.2. The rotation axis of consecutive rotations can then be calculated in
an elegant way, see also [55].

Proof. Part a) was proven before the formulation of the proposition, we have only to
show part b). Since in fact we have a rotation about the axis w, we can best proceed
by decomposing the vectors x and x’ in the components parallel to w and those perpen-
dicular to it. We can easily convince ourselves that this decomposition can be written
as
x=z+(w -x)w, x =72+ (w x)w.

In view of the invariance of the scalar product according to Theorem 2.20 (iv) and
py(w) = w it follows that w - x = w - x’. Substitution into the Euler-Rodrigues formula
2.22 a) yields

7 = ¥ —(w-x)w

X ¢0s 2¢ + (w X x) sin 2¢ — (w - X)w cos 2¢p

= zcos 2¢ + (w X z)sin 2¢p.

The last equation says that z gets rotated by the angle 2¢ in the plane through the
origin orthogonal to w since in this plane z and w x z build an orthogonal coordinate
system. The component of x in the direction w, i.e., the distance to the plane, remains
unchanged. This then describes the rotation of R® about the axis w of the angle 2.
We here have described a rotation; that this also agrees with the definition given at the
beginning of this subsection follows from what we mentioned above.

We have still to show the converse, that each rotation can be represented by a p,: in
order to do that the rotation axis w and the rotation angle 2¢ must be given; from these
yo and |y| can be determined immediately, and therefore also y and y. O

If we consider py with a vector y, then yo = 0 and therefore ¢ = /2. This means a
rotation of an angle 7 about the y-axis. This can also be interpreted as a reflection
about the y-axis. Since according to Proposition 2.13 (ii) every quaternion can be
represented as the product of two vectors, we can state the
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Corollary 2.24. Every rotation in R® can be represented as the product of two
reflections about straight lines through the origin with associated vectors a and b,

Py = pa(pb) = pab-

We stress however that these are reflections about straight lines in R? and not
about planes.

Reflections about a plane (through the origin) with the normal n, |n| = 1, can
easily be described by splitting x in a component parallel to the plane and another
one in the direction n,

x=z+ (n-x)n,

and the reflection means that the part in the direction n gets the minus sign, so
that for the reflection point x’ we have

xX'=z—(n-x)n=x—2(n-x)n.

Now the successive reflections about two mutually perpendicular planes give ex-
actly the reflection about the straight line which is the intersection of the two
planes, and this can also be calculated. Since n - n’ = 0 on the one hand we have

X// — X/ o 2(n/ . X/)n/
= x—2(n-x)n—2(n" x)n’,
while on the other hand the Euler-Rodrigues formula with w :=n x n’ yields

X" = —x+ 2w x)w.

Equating the two formulae we finally find
x=(m-x)n+ (0 -x)n + (w-x)w,

which is true since it is the representation of x in the coordinate system given by
n,n’ and w. We have thus shown the

Corollary 2.25. Every rotation in R can at most be composed by four reflections
about planes.

Finally we still show a proposition for the more precise determination of the rela-
tionship between S? and SO(3).

Proposition 2.26 (Porteous). The map
p:S*—80(3) with ply) = py

is a surjective group homomorphism with ker p = {—1,1}.



30 Chapter I. Numbers

Proof. The last propositions say, among other things, that every rotation in R®, and
thus every element of SO(3) appears as an image, so that we have a surjective map.
From Theorem 2.20 (v) we conclude that yy’ is mapped into p,,s so that we have a
homomorphism. If y € ker p, then p, must be the identity rotation, which leaves all
vectors invariant. We have then

py(x) =yxy 'l =x (x €R?),
from which it follows that yx = xy for all x. Clearly we can add to x an arbitrary scalar

part, so that also yz = xy holds for all quaternions z. From Proposition 2.12 (iv) y must
then be real. Since however |y| = 1 it follows that y = +1. O

2.3.3 Rotations of R*

Finally we consider also the rotations in R*. As we remarked above, these are
introduced through orthogonal matrices, which leave distances invariant and whose
determinant have the value 1. This matrix group is denoted by SO(4). Since the
mappings p, leave always invariant a straight line in the direction w, and moreover
the real axis in H, a 2-dimensional plane F; in H remains invariant under their
action. In the two-dimensional plane Es, which has only the origin in common
with E; (in R* our imagination ability fails!) it will then be rotated about an
angle of 2¢. A vector y will be reflected through p, about the plane spanned by
y and ep. Hence we cannot describe by means of p, all the movements of H.

An orthogonal matrix of fourth order can in general have as first case 4 real eigen-
values, which must all equal 1 in view of the length invariance; thus we obtain
the identity. As second case two real eigenvalues can arise, and two complex con-
jugate ones. The former must once again equal 1, the corresponding eigenvectors
determine an invariant plane, and those corresponding to the complex eigenvalues
determine also a plane, in which one turns by a suitable angle. In general this is
the case previously examined. As third and last possibility, the rotation matrix
can have two pairs of complex conjugate eigenvalues; in the mutually orthogonal
planes spanned by the corresponding eigenvectors, one rotates through a suitable
angle. This case has not been previously discussed. Since every rotation can be
decomposed as a product of reflections, this property continues to hold also for
rotations in R*.

The fundamental theorem on rotations in R?* is however the following

Theorem 2.27 (Cayley’s theorem). The rotations of H are exactly those mappings

x — 2’ = azb
with |a| = |b| =1 and a,b € H.
Proof. At first we observe that it is an orthogonal mapping, since

1
oy = 2("IC’z,l’er’flc/)

= ;a(azbby + ybbr)a = x - y.
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In order to show that ax, correspondingly xb, define rotations, we have to find the value
1 for the determinant of the corresponding matrix. In view of the multiplication rule for
ax the matrix reads

aop —ay —a2 —as

al aop —as a2
A=

a2 as ao —ai

as —a2 al ao

with det A = |a|* = 1; in a similar way we obtain the result for xb. Since SO(4) is a
group, the composition of two rotations gives again a rotation, so that =’ = axb defines
indeed a rotation.

Conversely, if the rotation T is given, then let T(eo) =: a. It follows that a™'T is also
a rotation 71 with Ti(eo) = eo. In this way the real numbers remain invariant under
Ty, Ty is therefore a rotation in R®, which in view of the previous subsection has the
form Ti(x) = bab~'. Thus T(z) = abxb™ ', and this completes the second part of the
claim. g

2.3.4 Representations

As known, all real correspondingly complex (n X n)-matrices constitute a ring, the
so-called complete matrixz ring R™*"™, correspondingly C™*". Often it is useful to
look at how algebraic structures to be studied represent themselves as isomorphic
images in the matrix ring, therefore as automorphisms of R* or also of C2. Our
goal is to find suitable subfields of the skew field of the real quaternions in R***
as well as in C?*2, which appear as isomorphic images.

Let two arbitrary quaternions be given with x = x¢ + x1€1 + T2e2 + x3e3 and
Yy = Yo + y1e1 + y2e2 + yses. By long multiplication of the quaternions zy we
obtain

Ty = (Toyo — w1y1 — T2Yy2 — T3Y3)
+(zoy1 + z1y0 + T2y3 — T3Y2)e1
+(xoy2 — T1Y3 + T2yo + T3y1)e2
+(woys + T1y2 — T2y1 + T3Yo)es.

By means of the usual isomorphy this quaternion will be associated with the R*-
vector

ToYo — T1Y1 — T2Y2 — T3Y3
T1Yo + ToYy1 — T3Y2 + T2Y3
T2Yo + T3Y1 + ToY2 — T1Y3
T3Yo — T2y1 + T1Y2 + Toys
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This vector is nothing else than the result of a left multiplication by the matrix

rg —T1 —T2 —I3
o €ro —I3 €r2
T2 €3 ro —I1
r3 —I2 A Zo

Ly :=

on the R*-vector y = (yo,y1,¥2,¥y3) ', i.e., we have

ToYo — T1Y1 — T2Y2 — T3Y3
T1Yo + ToY1 — T3Y2 + T2Y3
T2Yo + T3Y1 + ToY2 — T1Y3
T3Yo — T2y1 + T1Y2 + Toys

= L.,y.

In this way the matrix L, will be associated in a natural way to the quaternion x,
r— L, with zy=L,y

for all y € H, so that L, will be called a left-representation of the quaternion x
in R**4. Tt is not difficult to prove the properties

i) Li1=E,
(i) Lo =L,
(i)  Lsz = LaLs,
(iv) det L, = |z|*,
where E denotes the unit matrix in R**#. We finally consider the decomposition
L,=20F+ X
with X T = —X.

In a completely analogous way also a right-representation

To —T1 —T2 T3

T Zo T3 —I2
R, =

€To —XI3 i) X1

I3 X9 —I7 )

of the quaternion z in R**4 can be obtained, where yz = R,y. The properties (i),
(ii) and (iv) continue to hold, while (iii) gets replaced by

R,z = Rz R,.

Other matrix representations in R**# are possible, but will not be discussed here.
Following the presentation of [95], we can show that

LeLe,Le, =—E, Re Re,Re, = E.

Both sets {L, € R***: 2 € H} and {R, € R***: x € H} build for H isomorphic
subalgebras of R**4.
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Remark 2.28. Quaternions can also be represented by means of matrices in C2*2.
An association close to physics is the following one:

o — i.’bg 7’@1’1 — X2 )

Toeog + e1x1 + e2x2 + e3xr3 — . .
0€0 121 222 323 —ixy + g Lo + iz3

This association appears naturally, if the orthogonal unit vectors eg, e1, e, e3 are
mapped on variants of the so-called Pauli matrices , i.e., one sets as Pauli matrix

/10 (01 (0 —i (1 0
0= o1 )" \10 )27 0) T 0 41

and identifies the e; successively with oo, —io1, —i02, —to3 = 01 02. We thus obtain
a subalgebra, of C2*2,

Remark 2.29. In analogy to the non-commutative quaternions CLYDE DAVENPORT
published a monograph with the title “A commutative hypercomplex calculus with
applications to special relativity” [30]. In place of the Pauli matrices he used the
so-called Davenport numbers, which are

0 —1 0 -1 1 0
(U ) (0 ) e ((00),

We can show that after introduction of the usual addition and of a suitable mul-
tiplication the totality of all Davenport numbers becomes a commutative algebra,
which is also called D-space algebra. Such algebras have been closely investigated
in particular by B. PEIRCE (1881) [113] and E. STUDY (1889) [149]. Similar to the
Study numbers in the plane the mathematical abundance of the Davenport num-
bers is not given, and therefore these are introduced only for very special tasks.
Further information on these structures can be found in [30].

2.4 Vectors and geometrical aspects

In July 1846 a paper on quaternions by W.R. Hamilton appeared in Philosoph-
ical Magazine of the Royal Irish Academy, in which among other things for the
first time he introduced the words wvector and scalar as parts of a quaternion. He
considered a quaternion with the notation

q=w+ iz + jy + k=z.
He considers (]29], S. 31):

The algebraically real part may receive ... all values contained on the one
scale of progression of number from negative to positive infinity; we shall call
it therefore the scalar part, or simply the scalar of the quaternion,... On the
other hand the algebraically imaginary part, being geometrically constructed
by a straight line or radius vector, which has in general for each determined
quaternion, a determined length and determined direction in space, may be
called vector part, or simply the vector of a quaternion.
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He introduced for the scalar part of the quaternion g the notation “S.q” resp.
“Scal.q”. The vector part of the upper quaternion was abbreviated to “V.q” corresp.
“Vect.q”. W.R. Hamilton created these symbols only in order to quickly separate
the real and imaginary parts of a quaternion. By considering the two vectors

v=ir+jy+kz and o =iz’ +jy + ko

and calculating their quaternion product, Hamilton obtained the suitable defini-
tions of scalar and cross product. The latter appeared as

Saov’ = —(zz' +yy' + 22'),
Vo' =i(yz’ — 2¢)) +j(za’ — 22") + k(zy' — y2').

Nowadays the scalar product is usually introduced as —S.vv’, while the defini-
tion for the cross product remains unchanged. Thus Hamilton can absolutely be
regarded as the founder of vector calculus, the later competitor of quaternion cal-
culus. The vector calculus in particular developed by the American JOosiaH W.
G1BBs (1839-1903) and the English OLIVER HEAVISIDE (1850-1925) has eman-
cipated as easier to learn from the mother, the quaternions and has become an
independent field.

However a large number of physical quantities like mass, charge, time, temperature
are defined just by giving a single number, a scalar. But in several situations also
the direction of the physical effects and of the flows is of interest. Quantities of this
sort are for instance path, force, velocity, and electrical field and are described by
means of vectors. The character of the quantities of this sort can be very different,
depending on the type of applications. We want to provide a few examples.

Example 2.30 (Locally applied vectors). Particles of a flowing fluid medium possess
individual velocities, which are different in module and direction. We describe the
velocities of the single particle by vectors, which are linked to the actual position;
we speak of locally applied vectors. The description of the whole current is obtained
through a wvelocity field. Such wvector fields arise frequently in describing natural
phenomena.

Example 2.31 (Line vector). Force vectors can be displaced along their line of
action, without affecting the physical situation and are therefore called line vectors.

Since line vectors are meaningful only in special physical applications, in the fol-
lowing we want only to consider locally applied vectors and free vectors in R3. To
this end we endow the surrounding space with an orthonormal coordinate system,
so that every point can be described by its three coordinates: A = (a1, a2, as).
To each pair of points A, B we can attach the locally applied vector AB in
A, to which a vector in VecH or in R? can be assigned with no problems by
B—-A= (bl —a1,b2 —ag,bg —ag).

The vectors locally applied into the origin are called in a special way, the position
vectors, since they describe the positions in space. The set of all applied vectors
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at point A is called tangential space T4(R?) of R? at the point A. The totality of
the position vectors corresponds then to the tangential space Tp(R?). We describe
now the so-called free vectors.

Example 2.32. In the set of all locally applied vectors AB we introduce an equiv-
alence relation

— —
AB~CD ifandonlyif B—A=D—-C.

We can easily convince ourselves that the latter is really an equivalence relation,
since it is symmetric, transitive and reflexive; the corresponding equivalence classes
[E] are called free vectors. These classes contain all the locally applied vectors,
which possess the same coordinate differences, and are then assigned to the same
element of R3. Each class contains as representative exactly one position vector.
In this way we can carry properties of the vectors in R? over to the geometry of
our surrounding space, an action that we will demonstrate in what follows.

Since the quantities just considered depend only on the coordinate differences
of two points A and B, they are well defined for the free vectors and represent
corresponding geometrical objects. Among these is the Euclidean distance d(A, A”)

—
of two points A and A’, given by the norm of the associated vector |AA’|. For
— —
|AA’| = 1, the applied vector in A as well as the free vector [AA’] are called unit
vectors. In general we abbreviate the unit vectors as a lowercase boldface e, as well
—
as position vectors OX with a lower case boldface x.

We can reconsider the geometrical meaning of the already known vector opera-
tions: the addition of two position vectors 0—1)4 and O—B) can be illustrated by the
parallelogram that both vectors span, the sum being represented by the diagonal
of the parallelogram originating in O. If we add two free vectors [0—1)4] and [O—B)],
we can select also from the second class a representative which is locally applied
at A whose endpoint is then the sum of both vectors. Clearly the commutativity
and associativity of addition are easily proven. The null vector 0 corresponds to
a vector of zero length, [ﬂ], which must absolutely be distinguished from the
origin O. Since this addition corresponds also for instance to addition of forces in
physics, vectors are an important tool for describing forces.

If we multiply a vector with a real number r > 0, we do not change its direction,
but only its length by a factor r. In case the factor is r < 0, in particular r = —1,
- . . e o . - et .
then —[AB] is the opposite vector [BA], the addition of [AB] and [BA] gives
then the null vector. All the remaining computational rules of the vector space
are transferred naturally to position vectors or to free vectors. In the future we
will not particularly mention the geometrical interpretation but will assume the
concept is understood.

We want to mention another important concept of vector space theory:

Definition 2.33 (Linear dependence). The vectors a;,as, ..., a, are called linearly
dependent, if there are real numbers 71,79, ..., 7, for which r§ +73 +--- 4+ 72 #0,
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so that ra; + -+ rpa, = 0. In case such numbers cannot be found, the vectors
aj,as,...,a, are called linearly independent.

Remark 2.34. For n = 2 the concept of linear dependence is indicated as collinear-
ity. In case of linear dependence for three vectors we say that they are coplanars.

The following remark is fundamental for this concept. If two vectors are collinear,
then one is a real multiple of the other one. We could describe this with the vector
product introduced in Section 2.2, since the latter vanishes if and only if both
vectors are parallel or collinear.

For the description of the coplanarity we need a threefold product, which we will
learn only later.

We add a remark from mechanics:

Example 2.35 (Center of mass). The center of gravity (or of mass) s of several
point masses my, located at the points xj, is calculated by the formula

_ DXy
> Mk
For any two distinct points the center of gravity bisects the segment joining the
points in the proportion m; : mo, since
ma

S12 — X1 = (X2 - Xl), S12 — X2 =
m1 + ma my + me

m
! (Xl —X2).

The segment lengths stand in the proportion my : ms.

If we add another point mass at x3 with mass mg, for the center of mass it follows
that
S _mixy + MmoXo + MsXs sy 4 ms (x s )
12 my +ma +ms P my mg 0 R

From (my + mao + m3)s123 = masxs + (m1 + ma)si2 it follows that the segment
X3512 is divided in the proportion (mj + ms) : mg by Si23. A corresponding fact
holds also for the lines through the other vertices. It then follows that the center
of gravity or center of mass of three point masses concentrated at the corners of a
triangle is the intersection of the line joining the vertex with the center of mass or
of gravity of the opposite side. Here S;; cuts the segment X; X; in the proportion
m; :my for i, =1,2,3, i # j. It follows immediately that

mo M3 My

=1.
mp m2 Mg

Thus we have shown the well-known theorem of GIOVANNI CEVA (1648 to 1734):

Theorem 2.36 (Ceva’s Theorem). If the three lines through the three vertices of a
triangle cut each other all at the same point, then the product of the proportions
of their side subdivisions is equal to one.
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Corollary 2.37. If my = ms = m3 = 1 holds, then s123 cuts any one of the three
medians, i.e., the segments joining a vertexr with the center of the opposite side,
in the proportion 2 : 1.

2.4.1 Bilinear products

In Section 2.2 we encountered the vector products introduced by Hamilton, which
later have become independent with vector calculus. We want to prove properties
of these products as well as investigate more closely their geometrical meaning.
We will always move in the space Vec H or also in H, and dealing with geometrical
questions we interchange freely point and free vectors. The products allow us to
comprehend more situations in the applications.

We recall that for the two vectors x = r1e1+x2e2+x3e3 andy = y1e1+yse2+yses
in Section 2.2 we have defined both the following products,

the scalar product

1
X-y=—Scxy = —Q(Xy +yx) = r1y1 + T2y2 + T3Y3,

and the wvector product

1 e ey e3
xxy:Vecxy:Q(xyfyx): Ty To X3
Yyi Y2 Y3

Here the determinant is formally defined and is to be developed along the first
row. We determine at first the algebraic properties of both products and interpret
their geometrical meaning. The vector product was adopted in the vector calculus
in a work by Gibbs in 1901.

Proposition 2.38. Let x,y € Vec H.

(i) The scalar and vector products are both homogeneous, i.e., for a real number
r we have

r(x-y)=0x)-y=x-(ry) aswell as r(x X y) = (rx) x y = x x (ry).

(ii) The scalar and vector products are both left and right distributive, i.e.,

x-(y+z)=x-y+x-zand (x+y) z=x-z2+Yy 3,
xX(y+z)=xxy+xxzand (x+y)Xz=xXz+yXz.

(iii) The scalar product is commutative, the vector product is anticommutative,
1.€.,
X-y=y-Xxund XXy =-y XX.
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Proof. (i) The proofs for scalar and vector product are completely parallel. Since real
numbers can be exchanged with quaternions, from
o
2
it follows immediately that » can be pulled inside the product near x as well as near y.
(ii) Again the proof can be done in parallel for the scalar and vector products. Let us
choose one of the four equations. From the distributivity of the quaternion multiplication
it follows that

r(x-y)=—_(xy +yx)

1
xx (y+z)=,(xy+z) - +2)x)
= ;(nyrxzfyxfzx):xnyrxxz.

(iii) The commutavity of the scalar product and the anticommutativity of the vector
product are an easy consequence of the definition. O

We examine now the geometrical meaning of the products, at first for the scalar
product. In view of x = —x we have

X X =—x? =xx = [x|%
the scalar product of a vector by itself is then the square of its length. Thus
x-yP=x-x+y-y-2x-y,
and from the cosine theorem of planar geometry we have finally

x -y = [x||y| cos a,

where a denotes the angle of both vectors x and y.

Figure 2.1
From the picture we infer that |y|cos « is the length of the projection p of y upon
x, which corresponds to a theorem in geometry. Moreover we state

The scalar product of two vectors vanishes if and only if the two vectors are or-
thogonal to each other, x L y.

In addition we have shown:
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Corollary 2.39. Since | cos(x,y)| <1 we have

x -yl < |xllyl;
which is the well-known Schwarz’s inequality

HERMANN A. SCHWARZ (1843-1921), German mathematician, active in Halle,
Ziirich, Gottingen and Berlin. He worked in analysis and published important
papers in function theory.

We now turn to the simple geometric figures in R3, straight lines, planes and
spheres. If we solve an equation of the form n - x = d for x we find

Proposition 2.40 (Equation of a plane). Let n # 0 be a given vector and d a real
number. Then the general solution of the equation

n-x=d
s given by
n
= d 2.1

where'y represents an arbitrary vector, orthogonal to n. The equation (2.1) defines
the plane through the point nd/|n|? orthogonal to n. Thus n-x = d is an equation
of a plane in R3, and if the vector n is a unit vector, we speak of the Hesse normal
form of the plane equation, n represents then the normal of the plane.

|

Figure 2.2

Proof. Clearly xo := nd/|n|? is a solution of the equation. To it we can add all the vectors
y, for which n -y = 0, thus obtaining the above expression for the general solution.
Geometrically a vector n applied at a point x¢ in R® determines a plane orthogonal to
n, which is indeed specified by our equation. O

Thus we have described one of the first geometrical figures, the plane.
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Example 2.41 (Sphere). a) Let X be a point on the sphere with center M and
radius r. Clearly we have | X M|? = r?, so that

(x—m)~(x—m):|x—m\2:r2.

For m = 0 it follows that |x| = 7. In a similar way as in C the tangent plane at
the point x( is the plane which is orthogonal to the radius vector xg — m at the
point xXq. Its equation is then

X (xp —m) = Xg - (Xo — m).

b) As a further example let us counsider the parametric representation of a plane:
if a and b denote two vectors in the considered plane through the point xg which
are not collinear, then one can reach every point of the plane by adding to xg
arbitrary real multiples of a and b giving the equation

X =Xg+sa+th, s,teR.

Before we make geometrical remarks on the vector product, we want to prove a
proposition due to Lagrange:

JosepPH L. LAGRANGE (1736-1813) was born of French parents in Turin in
Italy and educated there. He worked in Turin, was president of the Prussian
Academy in Berlin, and later was made president of the committee for reforming
the standards of weights and measures in Paris. He was one of the greatest
mathematicians of his century, his fields were mainly mechanics and analysis.

Proposition 2.42 (Lagrange identity). Let x,y be given vectors. Then
xPlyl* =[x y[® + x x y]*
Proof. Following Hamilton we had the relationship
Xy =-X'y+xXXy,
from which taking moduli it follows that
xyl* =[x y|* + x <y,
i.e., the statement. O
We now consider geometrical properties of the vector product. The equation
4x - (x X y) = —x(Xy — yx) — (Xy — yX)x = —x?y + XyX — xyx + yx> =0

(in view of the real x?) gives immediately that x x y is orthogonal to x. In a
similar way this holds also for y, so that in summary we can state that

the vector x X'y is orthogonal to X and y.
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From the Lagrange identity it follows that
x x y[* = [x[ly]* = [x-y|* = [x[*|y[*sin* a

with the angle o = Z(x,y). Thus the modulus of the vector product represents
the surface area of the parallelogram spanned by x and y. Also the vector x X y
admits the representation

x xy = [x[ly|(sina) exxy,

which is also called oriented surface area, since exyy is a unit vector orthogonal
to x and y. This follows from the special case e1, es, e3 and

1
e X ey = 2(e1e2 —ege;) = eg

which satisfy the right-hand rule, i.e., if the thumb of the right hand points to the
direction of x and the index finger to the direction of y, then the middle finger
indicates the direction x X y, in the natural assumption that our coordinate frame
of reference also satisfies this right-hand rule. We clearly have

€(—x)xy = €xx(—y) = “€xxy-

In a way similar to that for the scalar product we can solve the vector equation
a x x = b with the following result:

Proposition 2.43 (Pliicker’s equation of the line). Let a and b be given vectors
with a # 0 and a L b. Then the general solution of the equation

axx=Db
s given by
bxa
X = + ta,
|af?

where t represents an arbitrary real number. This is a straight line through the point
b x a/|a|? in the direction a; the last equation is also called Pliicker’s equation of
the line.

The German mathematician JULIUS PLUCKER (1801-1868) worked in several
universities and finally for over 30 years as professor of mathematics and physics
at the University of Bonn. His important mathematical works concern analytic
geometry.

Proof. The necessary solvability condition b L a follows from the direction of the cross
product orthogonal to a. The solution itself can only be sought in the direction orthogonal
to b, i.e., we can make the attempt with xo = b x a; in view of a- (b x a) = 0 we have

ax(bxa) = albxa)t+a-(bxa)= ;a(bafab)

1 1 1
= 2(a-a)bf 2(a-b)aJr 2(a><b) X a
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and therefore

ax(bxa)=(a-a)b—(a-b)a.
Thus xo = (b x a)/|a|? is indeed a solution of our equation to which all vectors collinear
with a can be added, since their vector product with a vanishes. This is the given solution.
Clearly the latter describes a straight line in view of the free parameter. Our starting
equation goes back to Pliicker who has provided in such a way a compact description of
a straight line in R3, resp. in Vec H. g

Pliicker straight line

Figure 2.3

To characterize the geometrical position by algebraic means we can use special
properties of the quaternion product of two vectors x and y:

Proposition 2.44. Let x,y be vectors. We then have
(i) xy =yx if and only if x and y are collinear and
(ii) xy = —y x if and only if x is orthogonal to'y.
Proof. (i) and (ii) follow immediately from the relations

0=xy—-yx=2(xxy) and 0=xy+yx=-2x-y. a

2.4.2 Multilinear products

A multiplication combination of more than two vectors in scalar or vector product
form entails some detours. While the vector product is nonassociative, i.e., in
general the vectors (x X y) X z and x x (y X z) are different from each other, the
scalar product is mainly defined only for two vectors. An alternating application
of both products is possible only with limitations, since in any case the vector
product has to be calculated first. Here we can remark that multiple products are
always to be expected with very specific properties. Instead the use of quaternion
multiplication is completely without problems. The latter is computable without
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problems and in addition associative, a fact that in the investigation of multiple
products will play an important role.

Let x,y,z be vectors. In view of quaternion calculus we have (xy)z = x(y z).
However we cannot guarantee anymore that the quaternion product of two vectors
is again a vector. We already know that

Xy=-X-y+xxy,
so that we have
(xy)z=—-(xy)z—(xxy) z+(xxy)xz .
On the other hand we have the identity
x(yz)=—x(y-z)—x-(yxz)+xx(y xz) .

Two quaternions are equal when their scalar and vector parts coincide.
By comparison of the scalar and vector parts we have

i)  x-(yxz)=(xxy)-z
(i) xx(yxz)+zx-y)=xxy) xz+x(y-z) .

W

The interpretation of (i) gives that the signs “-” and “x” in the double product are
interchangeable. From this we can obtain a new notation which no longer contains
explicitly the multiplication sign. We define:

Definition 2.45 (Mixed product). For three vectors x,y,z the product

(x,y,2z) :=x-(y x 2)

is called their mized product.

Figure 2.4
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We summarize a few properties of the mixed product:

Proposition 2.46. (i) The mized product defines a trilinear vector form, i.e., in
each component it is R-homogeneous and distributive, for instance

(x,sy +ty',z) = s(x,y,z) + t(x,y',2), s,teR.

(ii) By cyclically interchanging the vectors in the mized product the sign does not
change, while by an anticyclical interchange it does change, so that

(X7Y7Z) = (Y7Zax) = (Z’X7Y) = —(y,X,Z) = _(sz’Y) = _(Z7Y7X)'

(iii) The mized product corresponds to the oriented volume of the parallelepiped
spanned by the three vectors. Using the definitions of scalar and vector product
we have then

(x,y,2) = [x||y||z|sin £(x,y) cos £(x X y, ).

Then the mixed product vanishes if and only if the three vectors are coplanar.

(iv) We have the determinant representation

xr1 T2 X3

(x%,y,2)=| y1 Y2 U3
Z1 Z9 Z3

Proof. (i) This property holds simply because it is satisfied by the scalar and vector
products.

(ii) The statement follows from the interchangeability of “-” and “x”, as shown above,
and from the commutativity of the scalar product as well as the anticommutativity of
the vector product.

(iii) The proof follows immediately from the geometrical meaning of scalar and vector
product. Only when the volume of such a solid figure vanishes are the three vectors
coplanar. We thus have obtained a formula for the computation of coplanarity.

(iv) We obtain immediately

(x,y,2) = (xXy)-z
ToX 3T 1T
( >s e1 + ‘ . ez + ‘ 1 es) : (2’161 + zo€2 + Zsﬁs)

Y2Yy3 Y3y1 Y1y2
ToX

_ 23 + oz T3T1 + 23 T1T2
Y2y3 Ysyi Y1Yy2

and from this the statement. O

The following discussion is devoted to the double vector product.
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Proposition 2.47 (Development formula). Let x,y,z be vectors. We then have

xx(yxz)=(x-2)y - (x-y)z

Proof. Using 2(x - z)y = (x-2z)y + y(x - z) for each term from the definition of scalar
and vector product it follows that

A(x - z)y — (x - y)z]

= —(xz+ 2x)y — y(xa+2x) + (xy + yx)z + 2(xy + yX)

=x(yz—1zy) — (yz —zy)x = 4x x (y X z). O
As immediate consequence we find

Corollary 2.48 (Identity sum of the double vector product). Let x,y,z be vectors.
Then

xxX(yxz)+yx(zxx)+zx(xxy)=0.

Proof. 1f we apply the development theorem subsequently to each of the three products,
we obtain

xX(yxz)+yx(zxx)+zX (xxXy)

=y(x-z)—z(xy)+zy x)-x(y-2z)+x(z-y) —y(z-x)=0. 0

The development theorem for the double vector product allows the inclusion of
other vectors, which leads to a vector form of the Lagrange identity:

Proposition 2.49 (Lagrange identity). Let w be a further vector. For the scalar
product of two vector products we have

X-Z X-W

(xxy) (zxw)= vz y-w

Proof. We have
(xxy)-(zxw)=[(xxy) x2] - w
=lyx-z)—x(y-z)]-w=(y -w)(x2z)—-(x-w)(y 2z).
From this the determinant representation follows immediately. 0

If we now consider the factor z x w substituting z in the double vector product,
the fourfold vector product can be calculated as follows:

(xxy)x(zxw)=yx-(z2xw)=x(y-(zxw))=y(x2w) -x(y,2zw)

In particular the following relation is proven by substituting z by y and w by z:

Proposition 2.50 (Double factor rule). Let x,y,z be given vectors. Then

(xxy)x(yxz)=ykx,y,z) .
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2.5 Applications
2.5.1 Visualization of the sphere 53

To an arbitrary quaternion x = xg + x1i + x2j + xsk let us associate the complex
numbers 21 := xg + ir; and 29 := 29 + irs. These allow the representation x =
21 + 22j. A quaternion x € S3 corresponds then to a pair of complex numbers
(21,22) € C x C = C? with |z|?> = |21|> + |22/? = 1. In a natural way we find now
a mapping m, which associates to x a unitary 2 x 2 matrix with complex entries.
We define:

—22 Z1

m(z) = ( L= ) € <2,

All unitary matrices with det m(x) = 1 make the unitary group SU(2). Moreover

we have mT = m~1.

Proposition 2.51. The mapping m : S* — SU(2) with * — m(z) is an isomor-
phism.
Proof. The identity m(zz") = m(z)m(x’) needs to be shown. In fact let 2’ = 2] + 23] be
a further quaternion with 27, 25 € C. We then have

(21 + 22)) (21 + 23) = (2121 — 222) + (2122 + 2221)].

The corresponding matrix multiplication reads

/ /
( 21 2 ) ( 2 2 ) B 2121 — z22h 2125 + 222
_ o / = , ,
Z2  Z1 Zy 2 —(z12h + 2227)  z12) — 2224
which then proves our relationship. 0

The identification of S% and SU(2) allows us to describe with a formal algebraic
calculation poles, meridians and parallels. To this end, we consider first the char-
acteristic polynomial of the matrix m(z) = m(z1, z2) € SU(2), which is given by
the equation

det (m(z1,22) — AE) = (21 — A)(21 — ) + |22\2 =N — (2 + z1)A+ 1.

The value zp = Rez; € [—1,1] is exactly half the trace of the matrix m(z) or the
scalar part of the quaternion z. This can be used to describe parallels on S in
a completely analogous way as for R3. Unfortunately we only have an analogy to
express this similarity. A “parallel” on S® can be described by the formula

2, .2 2 2
] +x5 +x3 =1—x5.

These are two-dimensional spheres, for zo = 0 we get the “equator”. For o = £1 it
follows that x1 = o = x3 = 0, and these would then be the poles. In an analogous
way the parallels in R® would be described by 2% + 23 = 1 — x3. The parameter
value zg = 0 corresponds to the equator and zo = +1 with 1 = x2 = 0 to the
poles.
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Remark 2.52. The parallels are associated to a whole class M,, of unitary matri-
ces, since all matrices

M = {m'mm’~' - m/ € SU(2)}
possess the same trace xg. Conversely each such similarity class is uniquely tied
with a parallel on S3.

A more refined geometrical visualization of the sphere S® can be illustrated by
means of the function v : §3 — [—1,1] with 9(z1, 22) = |21]? — |22]2. We consider
the following levels:

Ny, = {(21,22) € S* : (21, 22) = o, o € [-1,1]}.
Since |21]? + |22/> = 1 we have
1+ 1 =1
2 2

It is immediately clear that N7 and N_; correspond indeed to the unit circles in
the first, resp. second factor of C2. Finally we obtain that Ny, with —1 < ¢y < 1
is the characteristic product of both circles, i.e., through

1+ g 2 1 —1)g
i 2]” =
2 2

|21]? = and |z|? =

Ny, = {(21,22) eC?: \zl|2 =

a torus is obtained. We also say that the tori (with ¢y € (—1,1)), which are called
Clifford-Tori, are slices of the sphere S3.

2.5.2 Elements of spherical trigonometry

Multiple products can be applied in a particularly comfortable way to found the
elementary relationships of spherical trigonometry. Spherical trigonometry is im-
portant in particular directions of the engineering sciences, in particular mining
and topography. It is not our goal to completely treat spherical trigonometry, but
we present only some chosen examples to show the usefulness of the quaternionic
calculus.

A spherical triangle is obtained when we cut out of the unit sphere a tetrahedron
with a vertex in the center of the sphere, which serves as origin and therefore is
denoted by O. The vertices of the spherical triangle A, B, C correspond to the
position vectors a, b, c. The angles between the edge vectors will be consecutively
denoted by Z(a,b) = v, Z(b,c) = «a, Z(c,a) = . The angles between the side
surfaces of the tetrahedron are seen as angles in the spherical triangle.

These angles in the points A, B, C' are denoted by o/, 3’,~'. From the picture it
follows that for o’ = Z(c x a,a x b) we have o/ = 7 — o/. We should observe
that the twice appearing vectors in this angle description stand inwards. It then
follows trivially that cosa” = —cosd/, sina’ = sina/. In an analogous way a
similar relation holds also for the remaining angles.
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Figure 2.5

Proposition 2.53 (Spherical cosine theorem). We have
cos 3 = cosycosa + sin~ysin o cos 3.
Proof. Let a, b, ¢ be vectors with |a| = |b| = |c| = 1. The Lagrange identity delivers

(axb)-(bxc)= f:

a-b a =(a-b)(b-c)—a-c=cosycosa—cosf.
b-b b-

For the left side we obtain
(axb)-(bxc)=sinysinacos3’ = —sinysinacos
from which the desired relation follows. O

Proposition 2.54 (Spherical sine-cosine theorem). With the already introduced no-
tation we have the following relationship:

sin acosy’ = cos~ysin 3 — cos Bsiny cosa’.

Proof. We start from the obvious identity

a-a a-b a-c
a-a a-b a-c| =0 (first row = second row!)
c-a ¢c-b c-c
and develop along the first row, to get
a-b a-c a-c a-a a-a a-b
(a-a) c-b c-c +(a-b) c-c c-a t(a-c) c-a C~b'_0'

The application of the Lagrange identity gives
(a-a)[(axc)-(bxc)+(a-b)[(axc) (cxa)+(a-c)[(axc) - (axb)]=0,

so that
(axc)-(bxc)—(a-b)laxcl’—(a-c)[(cxa) - (axb)]=0
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and therefore
. . " .2 . . 1"
—sinBsinacos”y’ — cos7ysin® # — cos fsin Bsinycosa’ =0 .

The division by sin 3 and the equation cosvy” = —cosy’ resp. cosa’”” = —cosa’ prove
our assertion. O

Proposition 2.55 (Spherical sine theorem). We have
sinf’  siny’  sind’
sin 3 - sin y ~ sina’
Proof. From the double factor rule on the edge vector b it follows that
|a x b||b X c|sin(a x b,b x c¢) =V|b| , where V :=|(a,b,c)| .
Since |a] = |b| = |c| = 1 we obtain
sinysinasing’ =V .
Since a corresponding formula holds also on the edge vectors a and ¢ we find
V = sin asin Bsiny’ = sin @sinysin a’ = sinysin asin 3’

and therefore the assertion. O

2.6 Exercises

1. Let x,y, z be arbitrary elements in H. Prove Proposition 2.8:
(a) Sc(xyz) = Sc(yzx) = Sc(zay).
(b) Sc(zyz) =z - (yz) is a real number.

2. Show that from every quaternion a in H at least one root can be calculated,
i.e., there is at least one € H with z° = a.

3. Prove Proposition 2.13 (iv): every quaternion e with |e| = 1 can be repre-
sented in the form

e zxyxflyfl.

4. We consider a tetrahedron spanned by x,y, z; the remaining edges are then
suitable differences of these three vectors. Show that the sum of the so-called
oriented surface area of all side surfaces (all surfaces at the same time oriented

toward the interior or toward the exterior !) equals zero. Can this result be
extended to an arbitrary polyhedron?
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3 Clifford numbers

3.1 History of the discovery

While observation is a general foundation of mathematical knowledge up to di-
mension three, in higher dimensional spaces we have to free ourselves from any
spatial imagination. Thus H. GRASSMANN writes in 1844 in his nowadays famous
book Die lineale Ausdehnungslehre (The linear extension theory):

Since long time it has become clear to
me that geometry is to be regarded as
a branch of mathematics in no way
similar to arithmetic or combinatorics,
but rather geometry refers to something
already given by nature (indeed the
space) and that therefore there should
be a branch of mathematics which in
a purely abstract way produces similar
laws as they appear linked to space in
geometry.

Hermann G. Grassmann (1809-1877)

This point of view set forth by H. Gralmann, led D. HILBERT in his paper of 1899
to completely strike out from geometry the concept of visualization. Grafmann’s
work remained in his time widely unnoticed and poorly understood, probably be-
cause the most part of his colleagues thought in the framework of three-dimensional
space.

Only 18 years later in 1862 appeared the methodically strongly improved second
edition of his earlier book. The latter, particularly popularized by H. HANKEL’s
book (1867) Theory of the complex number systems, in particular of the common
imaginary numbers and of the Hamiltonian quaternions with their geometrical rep-
resentation lastingly influenced the development of several fundamental theories
like tensor calculus, vector analysis or also Clifford analysis. The algebraic fun-
damental terms of the extension theory were denoted as extensive quantities or
elementary quantities, which can be combined through two product constructions,
the inner and the outer product. The latter leads to k-vectors and finally to the
antisymmetric tensors. In modern notation Grafimann required his elementary
quantities ey, ..., e, to satisfy the following algebraic properties:

(i) eiej+eje; =0, er=0 (i,j=1,2,...,n),
(i) ei(e; + ex) = e;ej + ejex.

The basic relations of the algebra that bears his name, Graffmann algebra are thus
defined.
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HERMANN GUNTER GRASSMANN (1809-1877) was born in 1809 as the third
of 12 children. In 1827 he began to study theology and philology at the Berlin
University. After his return to Stettin he continued to study mathematics and
physics on his own while teaching. In 1834 he took a position at the Berlin
Industry Institute (later Berlin Institute of Technology), but returned already
in 1835 to Stettin. Around 1840 he wrote a book on the theory of tides and
flows as dissertation. He applied several times for a university position, sadly
without success. So he remained for his whole life as professor at the Stettin high
school (Gymnasium). He married in 1849 and got 11 children in the following
years. He was not only an excellent mathematician, but also a worldwide known
linguist. He created in 1875 the dictionary to Rig-Veda. The Veda is the step
before Sanscrit, the Rig-Veda is the foundation of Hinduismus. Graffmann was
interested in particular in special affinities between the Latin and the Greek
languages. In addition he busied himself with Gothic, old Prussian, Russian,
old Persian, Lithuanian and slavic languages. In linguistics there is even the
“Grassmannian aspiration law”. In 1876 he got the honorary doctoral degree of
the University of Tiibingen. He passed away a year later of a kidney disease.

The genial combination of Graffmann’s ex-
tension theory and Hamilton’s quaternions
led W.K. CLIFFORD in 1876-1878 to
a structure of a geometrical algebra, as
Clifford called it. In his famous work,
published in 1878, Applications of Grass-
mann’s Extensive Algebra he built a new al-
gebra, made of scalars, vectors and in gen-
eral of k-vectors (1 < k < n), the elements
of which are today called Clifford num-
bers. The k-vectors were built by means of
Grafsmann’s outer product. Every real lin-
ear combination of k-vectors and scalars is
thus a Clifford number.

William K. Clifford (1845-1879)

The English philosopher and geometer WILLIAM KINGDON CLIFFORD (1845-
1879) was appointed professor of applied mathematics at the London University
College. He shortly thereafter became Fellow of the Royal Society. He was only
35 years old when he died of tuberculosis in Madeira.

Complex numbers and real quaternions are simple examples of Clifford num-
bers. In M. CHISHOLM’s book Such Silver Currents, Clifford’s relation with J.
C. MAXWELL, who was one of the referees of his call, is described in this way:
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After 1874 Clifford and Maxwell often met as Fellows of the Royal Society. They
shared a mutual belief in the importance of Hamilton’s “quaternion methods”,
and used them in their teachings and writings. Later religious differences would
complicate this relationship and their attitudes to fundamental research.

Another significant mathematician of his time was the German RUDOLF Lip-
SCHITZ (1832-1903), who discovered again the geometric algebra in 1880 [93] while
studying sums of squares. He was also the first one to formulate geometric applica-
tions in higher dimensional spaces. K. THEODOR VAHLEN (1869-1945) introduced
in 1902 [156] a multiplication rule between two basis elements of a Clifford alge-
bra. Only in 1986 was this rule generalized in a paper by P.E. HAGMARK and P.
LOUNESTO by using the Walsh functions. A significant progress was achieved in
1908 by E. Cartan, who discovered relationships between general Clifford algebras
and matrix algebras and showed the periodicity theorem.

3.2 Definition and properties
3.2.1 Definition of the Clifford algebra

W.K. CLIFFORD has extended Hamilton’s idea of quaternions to R™; in order to
do that he had to define the multiplication in R™ which he did in a way completely
analogous to that of Hamilton:

Definition 3.1. Let the space R"™! be given, with the basis {eg,e1,...,e,}. For
the multiplication let the following rules hold: Let us consider p € {0,...,n},
q :=n — p; we define

epe; = €eeg=¢€g, t=1,...,n,

€i€j; = —€;€4, i#j,i,j:l,...n,

2_ 2 _ _ 2 _ 2 — 2 _
egg=e1=-=¢e, =L e 1 ="-=€,,=—1

Thus we obtain a basis of an algebra A =: C/, 4:
€0;€1,--.,€n;€1€2,...,6p_1€n;€1€2€3,...;€1€2...€Ep

with eg as unit element. The addition and the multiplication with a real number
are defined coordinatewise. Further, let the condition hold

eres...e, #x1 if p—q=1(mod4).

The algebra found in this way is called (universal) Clifford algebra Ctp, .
A list of remarks follows:

Remark 3.2. a) It is easy to see that C¥,, is a real vector space and it is also
easy to show that there are exactly 2" given basis elements, since squares of the
e; are reduced in view of the assumptions. The further rules of an algebra are
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satisfied without problems; commutativity clearly does not hold (in case n > 1),
associativity is contained in the definition, since we give the basis elements without
brackets. Distributivity is easily calculated, if in the bracket there are two basis
elements of the same degree, otherwise it is defined by means of linear continuation.
There are other generalizations of this type to R**! | among which some of the
basis elements have the square 0.

b) The basis elements can also be given in the more easily understandable form
eiliQHAZ‘p = eil 61‘2 . eip.

The latter can be abbreviated even more, since as indices of the basis elements we
can use the elements A of the set P,, containing the subsets of {1,...,n} where
in these subsets the numbers are naturally ordered according to their size. Here
the empty set corresponds to the index 0; thus we describe the elements of C'/,, 4
in the form

Such a number is called a Clifford number. We generally use |A| to denote the
cardinality of A. There are also other notations for C¥,, 4, for instance the notation
R, introduced by F. Sommen, which has its own advantages.

c¢) The signature (p,q) remains invariant by a change of basis, according to the
theorem of Sylvester in linear algebra, so that the above definition makes sense. We
will mainly consider the algebra C'¢y ,, and for it we introduce a special notation:

Clo.n = Cl(n).

d) The Clifford algebra of an arbitrary (real) vector space V' can also be introduced
by means of a quadratic form @Q(x) over V. Then the product is reduced by the
condition

a? = Q();
in our case above we would choose
2 2 2 2 2
Q) =ai a3+ +a, —a,, — - —2,, (P+g=n).
For i = 1,...,p after substitution of e;,
€ = Q(el) =1,
and correspondingly for the remaining e; we obtain the equation e = —1. If we

insert the vector e; +e; into 2 = Q(x) we obtain the exchange rule e;e;+eje; = 0.
Such a pair (V, Q) thus actually defines a Clifford algebra.
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Example 3.3. a) (Algebra of the real numbers.) The index n = 0 is allowed. In this
case we obtain the real numbers R as a Clifford algebra.

b) (Algebra of the complex numbers.) Let n = 1 and p = 0 be given. Then C¥ ; is
the vector space spanned by 1 and e; with e? = —1. Thus it is the set of complex
numbers C, where naturally 1 and e; = i are to be taken as basis vectors in our
sense.

c) (Algebra of the dual numbers.) Let n = 1 and p = 1 be given. Then C?; g is the
algebra of the dual numbers, spanned by the elements 1 and e; with e? = 1. The
big disadvantage against the complex numbers is the appearance of zero divisors,
since

(1 + 61)(1 — 61) =0,
although the factors are not zero.

d) (Algebra of the real quaternions.) Here we take n = 2 and p = 0. Then we have
as basis the elements 1, eq, eo, €15, which correspond exactly to the basis elements
of HI, also with respect to the calculation rules. The isomorphy C/ 2 = H follows,
where as in H the basis elements are to be understood as vectors in R*.

e) (Algebra Cly3.) Let us now take n = 3 and p = 0. Then C¥y 3 becomes a
Clifford algebra, which is generated by the anti-euclidean space with e? = e3 =
e3 = —1. The basis consists of the vectors ey, ea, e3, the bivectors (or 2-vectors)
e12, €23, €13 and the 3-vector ejo3. On the basis of the algebraic relation

2
a3 =1
we speak of e123 as a pseudoscalar. 1t is easy to show that
€123€; = €;€123

holds, i.e., ej23 also belongs to the center of the algebra. We can also connect
this algebra with the Pauli matrices introduced in Remark 2.28. This will be done
below in Example 3.21 (7). Here an element

Xr = Xoeg + xr1€1 + Toes + x3e3 + Trgee1€9 + T5e2e3 + Tgeze1 + Trejeses
of the algebra is rewritten in the following way:

xr = (.Z‘o + l‘1€1) + (1‘4 — x2€1)€1€2 + (.1‘5 + .1‘761)6263 + (.1‘6 + 1‘361)6361.
f) (Spacetime algebra). Here we choose n =4 and p = 1. Then the algebra C; 3
is spanned by 1,e1,e2,€3,€e4,€19,...,€1234; the generating vector space has the
signature (1,3) and is called the Minkowski space. Let us remark that H as 4-

dimensional space has also the signature (1,3), and we can imbed the Minkowski
space into an algebra in different ways.
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3.2.2 Structures and automorphisms
The R-linear hull
span{ey : |A| =k}

generates the R-linear subspace of the so-called k-vectors, which we will from

now on denote by CZ’;ﬁq. Clearly in this space there are (Z) basis elements. It

follows then that the vector space dimension of the (universal) algebra C?, ; can
be calculated by

dimpC?)p 4 = (73) + (T) +-+ (Z) =2".

Let [-] : Clyq — CLE , be a linear projection with

Thus an arbitrary element x € C'¢,, 4 can be written in the form
z = [zlo + [a]i + -+ [2]n

The elements of the form z = [z]y are called scalars, the elements of the form
x = [z]; are called vectors, and finally the elements of the form = = [z]p + [z]; are
called paravectors; they are the sum of a scalar and a vector. Moreover let

+ _ 20 - _ 2041
cer,= P ¢, and cr,,= P ol
2<20<n 1<20+1<n
The dimensions of these subspaces are both exactly 27!, as it is easy to see.

The subspace with the even degrees is even a subalgebra, since an even number of
factors is again obtained by multiplication of the corresponding basis elements.

We want to state an algebraic property of C¢(n) where the center consists of the
elements of the algebra, which are exchangeable with all other elements. The proof
is skipped here, (cf. Exercise 3.5.3).

Proposition 3.4. The center of the algebra Cl(n) for even n consists of the real
numbers R; for odd n it is generated from ey and the pseudoscalar ejes .. .e,.

We are now in place to describe important automorphisms with certain known
invariant properties. We define next the principal involution (Inv M), the conju-
gation (Inv C') and the reversion (Inv R):

Definition 3.5. In case the identities
(i) Inv M (zy) = Inv M (z)Inv M (y),
(ii) InvM(e;))=—e; (i=1,...,n)

are satisfied for arbitrary elements z,y € C¥,,, Inv M is called the principal
involution or inversion. We write generally Inv M (z) =: Z.
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The following proposition shows that really such an involution exists:

Proposition 3.6. Let z € C¥, , be given, then
Tnv M(2) = & = [alo — [a] + [a]2 — [e]s + -+ ,
i.e., Cé;q and Cl, , are eigenspaces of the operator Inv M.

Proof. The proof is an easy consequence of the definition. O

In general for a k-vector z we have & := (—1)¥z. For arbitrary Clifford numbers
we have ry = 7 7.

Definition 3.7. In case the arbitrary elements x,y € C?, , satisfy the relations

(i) Inv C(zy) = Inv C(y)Inv C(x),
(ii) InvC(e) =—e; (i=1,2,...,n),

then Inv C' is called the Clifford conjugation, for which we write
InvC(x) =: z.

In case of no confusion we can speak of the conjugation which naturally corresponds
to conjugations in H and C. Here also we need to discuss the existence of such an
involution:

Proposition 3.8. For an arbitrary x € C,, , we have
InvC(z) =z = [z]o — [z]1 — [z]2 + [2]s + [2]a — -+,
i.e., for x € CZ’;,q we have
r=ux, for k=0,3 (mod4),
x = —ux, for k=1,2 (mod4).
Proof. The proof follows again immediately from the definition. a

For a k-vector 2 we have the formula

k(k+1)
2

InvC(x) =2z =(-1)

z,

and for arbitrary z,y it follows that xy = y x, we have thus an antiautomorphism.
Finally we want to define the reversion, which is the subsequent composition of
conjugation and principal involution.

Definition 3.9. In case for arbitrary x,y € C/, , the relations
(1) Inv R(zy) = Inv R(y)Inv R(z),
(i) InvR(e;) =e; (1=1,2,...n)

are satisfied, then Inv R is called reversion. We write then Inv R(x) =: .
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As before we provide an existence proposition for such an involution:
Proposition 3.10. For arbitrary x € Cly, 4 we have

InvR=2&=[z]p+ [z]1 — [z]e — [x]s + [z]sa + -,

i.e., for x € C@’; q we have:

T=ux, for kE=0,1(mod4),
=-x, for k=2,3(mod4).
Proof. The proof is left as an exercise to the reader (cf. Exercise 3.5.4). O

For an arbitrary k-vector z we have

k(k—1)
2

Inv R(z) =& = (1)

It then follows for instance Inv R(e; €4, ...€;,) = €€, _, --.-€i,, and therefore
Ty = T, so that this is an antiautomorphism. Finally let us indicate the following
relationships:

f=%=2z and ¥ =1 = 7.

We want now to establish a connection with the already known vector products.
Let z,y be vectors in C’Z;)’q C CY4, 4. These have the representation

n n
T = g rie; and y= E Yi€i-
i=1 i=1

We define the inner product or scalar product of x and y by means of

P n
Ty = _inyi + Z ZilYi
i=1

i=p+1
which corresponds to the one of vector calculus. In the case p = 0 this can be

written also in the form

xrY + yx
€Ty = — ,

2

using the multiplication in C?), ;. From this it follows that

eiej +eje;

9 =0 (i#J)

€; - ej =
So the basis elements are orthogonal and we have

eire;=—e; =1, 1=1,...,n.
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For © = y precisely the quadratic form mentioned in the previous subsection arises,
= —z-1=Q().

From the definition follows the commutativity of the inner product. Thus it rep-
resents the symmetric part of the Clifford product of two vectors. The Clifford
product itself splits into a sum of this symmetric part and an antisymmetric part:

(wy+y0) (g —yo)
2 2

The antisymmetric part will be called the outer product or the Graffimann product

(cf. Appendix 1, Example A.1.7 ¢). The scalar product defines the bilinear form

Q(z,y) := —x -y on our vector space for which clearly Q(z,z) = @Q(x) holds.

Besides we can obtain Q(x,y) from Q(z) by means of the equation

Q) = A+ = )= Q)

It may be mentioned here that for paravectors z and y we have for their scalar
product in R®™! the expression

Ty =

1
Ty = 2($y+yx)~

We should mention also that there are more possibilities to introduce inner prod-
ucts. F.R. HARVEY classifies in [60] eight types of inner product spaces. C. PER-
WASS introduces in his thesis [114] the commutator product AxB = 1 (AB — BA)
and the anti-commutator product AxB = . (AB + BA) of two elements of a geo-
metric algebra. By means of these products it becomes possible to consider several
products including the scalar product and write them using its algebraic structure.

3.2.3 Modulus

For an element x € C¥¢, ;, we denote as usual the modulus or absolute value by

o= (X 4) -

A€Py

Then we can regard the Clifford algebra as a Euclidean space of dimension 2" with
Euclidean metric. We list at first the well-known rules for conjugation and for the
modulus, inasmuch as here they are needed

Proposition 3.11. The following relations hold, where Sc(x) = [x]g = xo represents
the scalar part of the Clifford number x and X € R:
(i) in case x is a paravector: Scx ="t (i) z+y=z+y,
) x =z, (iv) zy=yu,
)zl =1—=] =z, (vi) [Az| = [A[|z],
)



3. Clifford numbers 59

The proofs are very simple and analogous to those in C and H.

So far so good, but in C and H we had further rules, which unfortunately give
difficulties here. Among the latter the existence of the inverse of the multiplication,
which in C¥¢,, 4 is not always given:

Proposition 3.12. (i) Forp >0 or for p=0 and ¢ =n > 3, Cl, 4 contains zero
divisors.

(ii) For p = 0 and for all n the paravectors, which are different from zero and

consist only of scalars and vectors, possess the known inverse

x
rt= " x#£0.
T

(i) The positive and negative basis elements {ea : A € P,} constitute a group.
Proof. (i) For p > 0 we just gave above the zero divisors:
(1+e)(l—e1)=0.
For p =0 and n = ¢ > 3 there is the zero divisor
(14 e123)(1 —e123) =0,

since we have e?o5 = 1.

(ii) For the paravectors we have

n n
xr = xo+ E Ti€i, T =T — E Tie;
i=1 i=1

and therefore

n
= 2h+ D al+ ) wiwk(eier +epei) = o,

i=1 i<k

so that x/|z|? is the multiplicative inverse of .

(iii) Independently of the sign, the product of two basis elements is again such an element.
eo is naturally the unit element and the inverse of +e4 is e4 or —ea, respectively. O

The usual equation zz = |z|> just proven for paravectors is unfortunately not
right for all Clifford numbers. In C/¢,, we get

Proposition 3.13. (i) For arbitrary Clifford numbers we have:
Sc(zy) =Sc(zy) =z -y

with the scalar product taken as the one for vectors x and y in R?".
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(ii) In particular we have Sc(xz) = |z|* and
TT = Z (- (rea))ea, xa = Z (z-(eax))ea.

2 _ 2 _
ej=1 e5 =1

From (ii) we see that  x begins indeed with x - x = |z|? but as a rule in the sum
with e4 # eg further terms follow.

Proof. (i) We have

zy = ZxAyBeAeB:Z Z +xayB | ec
A,B C epep=tec
= Z +xays + Z Z tzays | ec,
eaep=xteq C#{0} \eaep#=*ec

where eaep = tep can hold only for A = B and because p = 0 with +e¢ in view of the
group property. We also have

zy) = TAya ==y
A

The statement for xy follows in a similar way.

(i) In view of epea = teq for arbitrary y we have

c(yea) = Sc < yBeBeA> = yAe2A

and

— Y Selyen

A
only in case B = A. In particular for y = z z it follows that

Z Sc(xzea)ea
A

xrx

I
]
8
—
8
)
hS
=
=
3
hS
I
—
8
—
8
3
hS
=
=
3
hS

The last equality follows from the relation

z - (zea) = (zea) -z =0

for all z and the A with e4 = —e4. This is obtained as follows:
z-(xea) = Sc(zzea)= Sc(zzea) = Sc(zzea)
= z-(zea) = —x-(zea),

so that it is indeed x - (zea) = 0. O
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For the modulus of a product we prove now the following theorem, which does not
give the best constant, but rather a usable estimate.

Theorem 3.14. (i) For every n there is a constant K, so that for all x,y we
have
|zy| < Knlz[lyl.

In any case we have
K, <2"/2

(ii) If y satisfies the relation yy = |y|?, then it possesses an inverse, and we have

lwy| = [yx| = |2|ly.

In C and H we have K1 = K5 = 1. The estimate given in the theorem is therefore
not sharp.
Proof. (i) From xy =}~ , ®yaea, using the triangular inequality, it follows that
lwyl < layaeal =Y |yallzeal.
A A

In

reap = E IBEBEA
B

both B and egea run through all the subsets C' C Py, so that
weal> = |opl* = |2f®
B

and with Schwarz’s inequality we find

jey|” < (; 1//1|f13|>2 < laf® <ZA: 1) (%: IyA|2> = 2" [z |y/*.

(i) |zy|? = Sc(zyzy) = Sc(zyyx) = Sc(zz|y|?) = |y|> Sc(zx) = |y|*|=|*>. For the case
lyz|? the proof is similar. O

3.3 Geometric applications

3.3.1 Spin groups

In these considerations for simplicity’s sake we assume the real Clifford algebra
Cly,n, = Cl(n). We consider 1-vectors in C'¢(n), thus vectors in R”. In C (Section
1.3) in R? (Section 2.3) and in H we have already considered rotations. Here too
we understand as rotation in R™ a linear transformation of the form

n
v=(v1,...,0,) = T(v) = Z Aiju; |,
ij=1
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which preserves the scalar product of vectors and the orientation. The group of
such transformations is called the special orthogonal group and is denoted by
SO(n). The matrices A € R"™ ™ are orthogonal matrices with A=! = AT. In
view of the preservation of orientation we must have det A = +1.

We want first to address reflections in R™ from which we can construct rotations.
A reflection about a plane x - v = 0 determined by taking the unit vector u as
normal vector is clearly a mapping by which the component of x orthogonal to u
remains unchanged, while the one parallel to u gets a minus sign. In formula we
split = accordingly,

x =2y + (u-2)u,

where x, is orthogonal to u so that the reflected point z’ is given by
2= Ry(z) =2y — (u-2)u =2 — 2(u - x)u.
Since u? = u - u = —1 it follows further that

R, (z) = = + (ux + zu)u = uzu.

This map is isometric, since

R, (z) - Ryu(y) (uzu) - (uyu) = — ; [uzuuyu + uyuuru]

1
= yuleytyau=z-y.

As matrix multiplication the corresponding matrix map is
A=FE—2uu'

with the identity matrix F and
ATl =A=A"",

the latter equality following since the inverse mapping is equal to the original.
However det A = —1 must hold, since the orientation is not preserved (a fact that
can be calculated). If we finally carry out two reflections one after the other, we
obtain a mapping with orthogonal matrices, but the determinant is +1, thus it is
a rotation. In summary:

Proposition 3.15. A reflection about an (n—1)-dimensional (hyper-) plane u-z =0
i R™ with a unit vector u is described by

R.(z) =z — 2(u - x)u = uzu.
The composition of two reflections gives a rotation

T(x) = uguiruius.
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As already Hamilton determined, we can in fact obtain every rotation as compo-
sition of an even number of reflections. We now want to investigate this problem.
To this end we first define

Definition 3.16. The Spin group Spin(n) is the totality of all products of an even
number of unit vectors from R™ = C¢*(n).

Here the empty product is allowed, it is equal to the unit element e of the Clifford
algebra. We can show that in fact it is a group, since at most pairs of such vectors
vanish, so that the even number of factors remains unchanged. For a product

S=UuUiuz...Uuk
the inverse is given by
S = U2k ... U2 U = UL ... UUT.

If we define now a map h : Spin(n) — SO(n) by h(s)(z) := sz s, we can then ask
what such map looks like. We will prove in the next subsection that it is surjective.
It is however not injective: let h(s) be equal to the identity map, then

h(s)(z) =sxs==x

for all z € R™, so that s commutes with all the basis elements e; and thus belongs
to the center of the algebra C?¢(n). The spin group is the subset of the even
subalgebra C'¢(n)™, whose elements are not exchangeable with all e;, for instance
(eiej)e; = —ei # ej(e;ej) = e; for i # j. Thus s must be real, and this holds only
for the identity apart from the sign. Therefore we have shown:

Theorem 3.17. The map h : Spin(n) — SO(n) is a twofold covering, i.e., the
complete preimage of a given element from SO(n) consists exactly of two elements.

3.3.2 Construction of rotations of R"

We want to treat the problem of the construction of rotations of R™ by means
of Clifford algebraic concepts. Our presentation follows a work of H. KRUGER
(Kaiserslautern), which was kindly made available to us for our book project.

A general linear isometry or orthogonal map 7" will also be indicated from the fact

that it maps an orthonormal basis {ei,...,e,} of R™ into another orthonormal
basis {g1,...,¢gn} thanks to the prescription
gk = T(ex).

Clearly we can express the gi by means of the ej. The coefficients are then exactly
the elements of the corresponding rotation matrix, if the orientation coincides,
otherwise the matrix has the determinant —1. But we want to work here within
the Clifford algebra. From the definition it follows directly that

gj cJr = T(ej) ~T(ek) = ej s e = 5jk:~
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The linearity of T' gives immediately the property for arbitrary x,y € R™,
T(x)-T(y)=x-y.

The goal of our observations is constructing reflections R, which transfer the or-
thonormal basis {eq,...,e,} successively into the orthonormal basis {g1, ..., gn}.

At first we observe that for two unit vectors z,y € R™ with  # y there is
always a unit vector u for which R, (x) = y holds. In fact we need only to choose

u= (z —y)/|x — y| since in view of 22 = y? = —1 we have
1 2% — 2%y —yx? + yay
R e —_ — e
y(d—z-y) _
1l—z-y

This important mapping will be essential in the following.

Let now {e1,...,en} and {g1,...,gn} be orthonormal bases, which we would like
to send into each other. If e; = g1, in the first step there is nothing to do, otherwise
we define uq := (e1 — g1)/|er — ¢1]- Then R,, takes the basis vector e; into the
new basis vector g;. But R, applies also to the other basis vectors. We set

eg) := Ry, (er) (2<k<n).
From the properties of R,, we have

e§1) . eg) —ej-ep = (2 <j,k<n).

For k = 2 with z = 6(21) and y = g2 the consideration is repeated unless it happens

that we have eél) = go9. For eél) # g9 let
eél) — g2
U ‘= (1) .
&3 — g2

R,, maps as desired eél) into gs. Luckily g1 remains invariant under this reflection:
at first it follows that

R, (91) = u2giuz = ua(gruz + uzg1) — Uggl = —2us(g1 - u2) + g1-
We then have still to study the following scalar product:
1 1
g1 - uz = (1) g1 (eé ) 792)
les” — gaf
We find ¢; - g2 = 0 from the assumption and

g1 ~eé1) =Ry, (e1)  Ry,(e2) =e1-e2=0.
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Thus ¢ remains in fact invariant under R,,,.

We now use an induction argument on k. Let us construct

€1 — g1
9 Ry, (e1), w lex — g’
( )
g2 = Ruy(ed)), up= 92
“32 _92|
k—2 e )_gk—l
gk—1 = Ry, 1(62 1)), Up_y = 1

e — gia

where eventually R, is the identity, if e(J D= = g;- Then the R, leave the g; with
1 < j invariant. Flnally for the 1nduct10n step from k — 1 to k We define again

(k-1) _

As before we set
(kffl)
— 9k

gk\

Uk = |e(k 1)

and it then follows that
Ruk (e’(:ﬁ 1)) = Gk-

We should consider whether the previous g; remain invariant with this procedure.
In any case for j < k we obtain that

Ru, (95) = ugjur = —uigj + uk(urgj + gjur) = g; — 2ur(ug - g;)-
It remains to show the vanishing of the scalar product

(k1)
(e

U - g5 = (k—1) - gk?) * 95

lej. — 9|
From the assumption we have g, - g; = 0. For the rest we can again write

(k-2) (k-2)

k7
€I(C Y "9 = Ruk 1(€k: ) . Ruk—l(gj) = ¢ " 9i

which is zero by inductive hypothesis.

Besides both e,, and g, are determined by the other basis elements and the ori-
entation. In case both orthonormal systems are oriented in the same way we can
skip the last step.

Thus we have obtained the following theorem:
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Theorem 3.18. Every isometry of R™, in particular every rotation is the product
of at most n — 1 reflections about the planes uy -x =0, k=1,...,n—1, defined
by the vectors uy. Thus the basis {e1,ea,...,e,} is transformed into the basis
{91, 92, - .- gn} with g, = T'(ex), where we have

T'=Ry, 0 0Ry,0Ry,.
In particular every rotation is a composition of an even number of reflections.
Remark 3.19. In case u - v = 0 the product R, o R, is commutative, i.e.,

(Ryo Ry)(z) = (Ry 0 Ry)(x),

1
2

(Ry o Ry)(x) = wvavu = vuzuv = (R, o Ry)(z).

since we have 0 = v - v = — (uv + vu), and therefore uv = —vu so that

In particular all compositions R.; o Re, are commutative.

3.3.3 Rotations of R"*!

The rotations of R™*! distinguish themselves from those of R™ in the following
way:

Theorem 3.20. The Clifford group Ty, 11 is the set of all finite products of nonzero
paravectors. Rotations of R" ™1 have always the form

¥ =uzrt=uzi
where the u € T'y 1 represent finite products of unit paravectors. Moreover 4 de-
notes the inversion and U the reversion.

Proof. As described above the reflection about a plane with the unit paravector u as
normal is given by

=z -2u-z)u=2— (ur+rU)u = —UT U

A second reflection with v = 1, 2” = —a’, which is exchangeable with the first one
leads to " = wzu. This is thus a rotation. The composition of more rotations leads to
expressions of the form

{E/ =Ug...-ULXZUL ... Uk.

With w := ug ... u1 we have ui ...up = 4, since 4; = u;. In view of
da=at=|u®=ul* . . |ul’ =1

the rotation can be written also in the form

¢ =uzdt =uzd.
Conversely from Theorem 3.18 every rotation 7" is the composition of an even number of
reflections R.,, so that

T = Ru,, 00 Ry,.
If we now premultiply by 2k reflections R;(x) = —x on one side, then the latter together
give the identity since they are even. On the other side they can be interchanged with
the R,, and then give as above the desired form. 0
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3.4 Representations

As in C and H we should investigate whether an isomorphic matrix algebra can
be associated to every Clifford algebra. To this end we need to prove some funda-
mental results. At first we want to investigate the lower dimensional cases. Here
it is useful to use the Pauli matrices already used in Section 2.3 in Remark 2.28

(1 0 (01 (0 = (1 0
gy = 0 1 , 01 1= 1 0 , 02 1= i 0 , 03 1= 0 —1 .

We see easily that 0,% = 09 for k = 1,2, 3. Further the Pauli matrices satisfy the
anticommutator relations:

ojor+oro; =0 (j#k; j,k=1,2,3).

With A9%? we denote the ring of all (d x d) matrices over the algebra A. Up to
now we can establish in detail the following representations:

Example 3.21. a) CY;o: an element x € Cly ¢ has the form = = xgep with zp € R,
thus Clgo = R =2 RYXL,

b) Clty,: for the algebra of the dual numbers we have the basis {(1,0), (0,1)}.
The R%?*? matrices oo and o1 constitute moreover an isomorphic basis. We can
assign to an element of the algebra r = x¢ 4+ x1e; the matrix xgo, + 101 and
have as representation the matrix

o T1
T x0 )

We can also write Cl; g = R& R.

c) Clp1: This algebra is exactly equal to C and its basis can be constructed
from the matrices o, —ioy. For a complex number x = xg + iz; we obtain the

representation
ZTo —T1
v wo )’

which we already encountered in Proposition 1.13.

d) CYyp: the basis e, e1, ea, e1e2 with e% = e% =1 can be given by the matrices
09,01,03,0103, so that for an element © = xgeq + x161 + T2e2 + T3€1€2 We obtain

the representation
To+ T2 T1— X3
r1ta3 wo— T2 )

This delivers the whole matrix algebra R2*2,
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e) CYy1: the basis elements are again eg, e1, €2, ez with e% = fe% = 1, which
can be given by the matrices 0g, 01,102, 01i02. An arbitrary element = = zgeq +
r1e1 + Toes + x3eres has then the representation

To— T3 T1+ T2
T1—Ty To+wx3 )
This is again the whole matrix algebra R2*2,

) Clo 2: here we have the quaternions for whose usual basis the matrices og, —ioy,
—i0g,0102(= —io3) can be used. An arbitrary element of H can be represented in

the form
= Tro — il‘g —T — i.Tl
- To — 1T Ty + 173 ’
which we have calculated in Section 2.3 in Remark 2.28, and we find that it is not
C?*2, rather it is C ¢ C.

g) CYsp: the basis of this algebra can be given by the Pauli matrices. In view
of o109 = 103, 0203 = 101 and o301 = i09 as well as 010903 = i0y an arbitrary
element of the algebra

Xr = Xoeg + xr1€1 + Toes + x3e3 + Trg4e1€9 + T5e2e3 + Tgeze1 + Trejeses
gets the complex representation

< (1‘0 + i$7) + (.1‘3 + i$4) (1‘1 =+ il‘5) + (1‘6 — i.Tz) >
(w1 +izs5) + (w6 +ix2) (v +iw7) — (x5 +iz4) )’

i.e., Cl3 o= C**2. We can also construct the isomorphy with the complex quater-
nions, for which we need only to rewrite x in another way:

T = (.’[() —+ ’i$7)0’0 —+ (x4 —+ i$3)0'102 —+ ($5 —+ ’i$1)020’3 —+ (xe —+ ’i$2)0’103.

From this example it is clear that representations are in no way unique. The fact
that the last representation is isomorphic to the complex quaternions is recog-
nized by observing that the basis elements now correspond to those of the real
quaternions.

We want now to show that all other Clifford algebras are tensor products of the
ones given here. The next representation stems from results of F. Sommen in a
joint work with the third author.

Theorem 3.22 (Dimension reduction). The algebras Clpi1 441 and Cly, ; @ Cly 4
are isomorphic to each other.
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Proof. The basis of the algebra C?p11 441 can be given in the form

€l,...,€p4+1,€1,...,€Eq+1,
with €2 = 1, e = —1. Let us now set e := egs1, € := &pt1. We easily see that the
bivector e¢ commutes with all elements é1,...,€,,e1,..,e4 and possesses the square 1.

From this the elements

H
ac

p€€,

El = éleé, E
, By

(‘B( (‘B(

E1 = 6165, = €4€

generate also the algebra CZP ¢, and thus Clp41 441 is isomorphic to the one constructed

from the elements El, .. Ep, Ei,...,Eq e é. Further we can write the elements of
Clpii,q+1 in the form zg + x1e + xzé + x3eé with z; € C¥lp, 4. It follows then that
(044 p+1,g+1 = Cgpq®C€11 O

Since from the previous considerations C'¢1; is isomorphic to the whole matrix
algebra R2*2 we have a reduction of p and ¢ by passing to the corresponding
matrices.

Corollary 3.23. The following relationships hold:

Clpi1,g1 2 CEX2 Clyig gy = CEXE

p,q p,q

and therefore

q q
Clypg = CEZN for p>g,

Clpq = Ceszzp for q>p.

0,q—p

We have still to investigate the algebras C¢p o and Cly, = C¥¢(q). We consider
first two useful examples:

Example 3.24. We have (see Exercise 3.5.6):
a) Clyg = Cly; @ Clyq =R
b) Cl1 2= Cly1 ®@Cly1 2 C®Clq = C*2
Theorem 3.25 (Exchange property). We have Clpy1,4 = Clyi1p.
Proof. Let the canonical basis of C¥lpy1,4 be
€1,...,Ept1,€1,...,Eq.

We set € := €,41. An isomorphic algebra can be constructed from the elements

S|
)

|

®
A
0

S

=)

I
Y
=]
B
=
=)
+

—
™c

which however are clearly the generators of an algebra Clg41,p. g
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For p > 1 in view of Theorems 3.22 and 3.25 as well as from Corollary 3.23 it
follows that

Clypo = Clyp1 = Cly o ®Clyy = CLETY .
In summary we have

Proposition 3.26. For the first eight algebras C¥, o it follows that

Clop = R,

Clipo=ReR,

Clyo =2 R?*2

05370 o (C2><2 o R4X4,

Clyo = Clyp ® Clyy = H?*?

Cls o= Clys®Clyy = (He C)?*?,
Cleo = CU,

Clro = CLP2.

Only the Clifford algebras Cy, = C¢(p) remain. In view of the last two rows
which are not satisfactory, we still need a modification of the principle of dimension
reduction. More precisely: we need a property which relates the algebra C/¢ , again
with CZp,O-

Theorem 3.27. The following isomorphism holds:

Cgp’q+2 = ng’p & Cg(),g = ng’p ® H.

Proof. In a similar way as in the proof of the last theorems, by a given basis we determine
a new basis

éh (RN ém €1,...,€q,€q+1,€q42
by means of
By = eregr1€q+2,. .., Bg = eqeqri1eq42,
Ey = éieqrieqra, ... Ep = €peqrieqia, Epp1 = g1, Epya = €q1a.
These elements produce also C¥;, 442, while the elements F1, ..., E, generate exactly the
algebra C'¢, ,. We can thus take again eq41, eq+2 and eq1e442 as bases with coeflicients
from C4g,,. But that is the stated isomorphism. O

With these considerations we obtain the following representation, where for in-
stance according to Theorem 3.27,

HeoHClo@HClyy =R,

is used according to Example 3.24 a).
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Corollary 3.28. Thus we have obtained:

Cly =C,

Clo,2 = H,

Clos =2 ClhoRH=HOH,

Clyg =2 Clao @ H = H2*?

Clos = Cls o @ H = R @ H = H**4,
Cloe = Clyo @ H = H>*? @ H = R¥*S,
Clo7 2 Clso@H~ (He C)**? @ H.

As completion of the previous construction it follows that
Cls = C@g?f = H4X4,
C£7,0 = CfgjéQ o~ [8*8,

The remaining Clifford algebras can be calculated with the help of Bott’s period-
icity law:

Theorem 3.29 (Bott’s periodicity law). We have
Clpis,q = Clypgis =0l ® RIO6 = Cézl)?qu'

Proof. From the previous theorems we obtain

Clptag = Clogyiprs = Clpprg1 O H
& Clpy ®Cly @HCL, , @ H2X?,

from which it follows that

Clprsg = Clpysg®H2 200, , @ H2X2 @ H2X?
& Ol ® X4 o Clyq @ R,

3.5 Exercises

1. Prove that the set of all products of nonvanishing paravectors C¢(n) con-
stitutes a group, the group I',,41. For a,b € C¢(n) and a from the Clifford
group I',, 41 the following relationship holds:

|ab] = [a][b].

2. Let = be a paravector. Show the identity:

n
Zeixei =—(n—1)a.
i=0
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3. Prove Proposition 3.4: the center of the algebra C¢(n) for even n consists

only of the real numbers R and for odd n it can be obtained from 1 and
€1€2...€n.

. Prove Proposition 3.10: For an arbitrary « € C,, , we have

InvR=2=[z|o+ [z]1 — [z]s — [z]s + [x]a + -,

ie., for x € Cé’;’q we have:

=
Il

z, for k=0,1(mod4),
—x, for k=2,3(mod4).

z

. Prove the relationships (i) Cly 2 = Cly 1 @ Cly 1 =2 R4,

(11) 05172 = Cé071 & Cé171 ~2C® Cé171 >~ (C2x2,
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4 Topological aspects

4.1 Topology and continuity

We know already distances in C,H, and C?¢(n). They all have the following prop-
erties and define therefore a metric in the respective sets: We have for a distance
d(z1, z2) for all 21, 29, 23:

d(z1,22) > 0, d(z1,22) > 0 & 21 # zo (positivity),
d(z2,21) (symmetry),

=
=
I
&
0
n
N
Il

d(z1,22) < d(z1,23) + d(z3,22) (triangle inequality).

This has been shown in the preceding sections.

The topological fundamentals, as, e.g., convergence, will now be defined as usual
in metric spaces (always of finite dimension). We start with a real vector space X
with a given metric d without any further specification and remark that subsets
of X are also metric spaces with the induced metric. Therefore subsets of C, H, or
Cl(n) are always included.

Definition 4.1 (Sequence and limit). Let X be a vector space with metric d. A
function from N into X, written (z,)nen or shortly (z,), is called a sequence in
X. A sequence (z,) has the limit a € X or it converges to a, if for all € > 0 an
N = N(e) exists such that d(z,,a) < ¢ for all n > N(g). This is written shortly

Zn — Q.

We know this definition from the reals, examples are not necessary. But we use
the notion of Cauchy sequence as in the real numbers, and the Cauchy criterion
is applicable also here. A sequence may start with an index other than 1.

Proposition 4.2. A sequence (x,,) in C,H, or Cl(n) converges if and only if the
real sequences given by the components converge.

The proof is recommended as an exercise (see Exercise 4.4.1). Now we define
further fundamental topological notions as in metric spaces:

Definition 4.3 (Topology). Let X be a vector space with metric d and M C X.

(1) A ball Be(20) :={z € X : d(z,20) < e} is called an e-neighborhood of zy, a
set U D Be(zp) is called a neighborhood of the point zg.

(ii) A point a is called an accumulation point of the set M, if there exists a
sequence of points in M, different from a, which converges to a. The set of
all accumulation points of M is denoted by M’.

(iii) A set is called closed, if it contains all its accumulation points, i.e., M’ C M.
The set M := M U M’ is called the closure of M.

(iv) The set CM = X\M is called the complement of M relative to X, and
OM = M NCM is the boundary of M.
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(v) For a subset N of M all these notions may be understood relative to M; we
then have a topology relative to M. So N is a relative neighborhood of z, if
there exists a neighborhood U = U(z) with N = M NU. The set N is called
relatively closed, if N = M N A for a closed set A.

Further definitions are necessary:
Definition 4.4 (Domain). Let X be a vector space and M C X.

(i) A set M is called open, if M contains an e-neighborhood of z for every point
z € M. Aset N C M is called relatively open with respect to M, if N contains
for every z € N a relative neighborhood of z .

(ii) A set M is called connected, if it is not possible to find two open sets M; and
Ms, such that

M C My U Mo, MOMZ#Q(Z:].,Q), Mn M, NMy,=0.

If M is open, the definition simplifies to: There do not exist two open non-
empty sets G and Gy such that M = Gy UG, G1 NGy = 0.

(iii) A set M is called polygonally connected, if every two points in M may be
connected by a polygon in M.

(iv) An open and connected set is called a domain.

In general we shall deal with domains and their boundaries. We need the following
simple topological propositions; for the proofs we refer to real analysis:

Proposition 4.5. (i) For an open set M the complement CM is closed; vice
versa, C'M is open if M is closed.

(ii) The intersection of finitely or infinitely many closed sets is closed; the union
of finitely or infinitely many open sets is open.

(iii) The union of finitely many closed sets is closed; the intersection of finitely
many open sets is open.

We shall prove the following proposition as an exercise; it is useful for working
with domains:

Proposition 4.6. An open set in a vector space is connected if and only if it is
polygonally connected.

Proof. If in the open connected set M two points z1 and z2 exist that cannot be connected
by a polygon, we divide M into two subsets M; and Ms := M\M,. Here M, contains
all points from M that can be connected with z1 by a polygon. From our assumption
it follows that M; and Ms are nonempty and disjoint. They are moreover open: For
zo € M; an e-neighborhood of zp exists in M, all of whose points can be connected with
zo by a straight line, therefore they can be connected with z; by a polygon. So, the whole
e-neighborhood is contained in M; and M; is open. We may prove similarly that M, is
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open. In such a way we have divided M into two open, disjoint and nonempty subsets;
that is a contradiction to our definition of a connected set.

Now the other way around: If M is polygonally connected and not connected, we have
by definition a dissection of M into two open and disjoint sets M; and Ms. We choose
zi € M;, ©=1,2. These two points can by assumption be connected by a polygon P in
M. This polygon may be given by the straight lines Py P, ..., Pn—1P,, where the points
P; (j=0,...,n) are given by the vectors a;.

Figure 4.1

Then we have:
P;_1P;: Z(t): (ajfajfl)(tfj+1)+aj,1, 1—1<t<y (jzl,...,n),

in particular z(0) = ag = 21 and 2(n) = an = z2. The variable ¢t runs in the interval
[0,n]. We define now Q; := PN M;, i = 1,2; Q1 contains at least z1. Let

t* :=sup{t € [0,n] : 2(t) € Q:1}.

If we have z(t*) in @1, then it also belongs to M;. It would follow that a neighborhood
of z(t*) is contained in M; and therefore all points z(t) with t* — & < t < t* + 0 for a
sufficiently small § are contained in M;. That would contradict the definition of ¢t* as
supremum. So, we have z(t*) in Q2 and in M>. As M, is open, we have a neighborhood
of z(t"), which is contained in M. But, this contradicts also the definition of t*, which
says that there are points from Q1 C M, as near as we wish to z(t"). So, we have a final
contradiction and M has to be connected. g

Our introductory topological definitions end with the notion of a compact set:

Definition 4.7 (Compactness). (i) An arbitrary system of open sets is called a
covering of a set M, if every point of M is contained in at least one of these
open sets.

(ii) A set K is called compact, if an arbitrary covering of K can always be reduced
to a finite covering.

Part (i) of the theorem below is named after H. E. HEINE (1821-1881) and E.
BOREL (1871-1956) ; it is important for dealing with compact sets. The proof may
be found, e.g., in [§8], vol. I, Chapter IIL.3.
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Theorem 4.8. (i) A set K is compact if and only if it is closed and bounded.

(ii) A set K possesses a compact closure if and only if every sequence from K
contains a convergent subsequence.

Now, we define some notions connected with continuity of functions. Therefore
let X and Y be vector spaces with metrics dx, resp. dy. We deal with functions
f+ M — N for sets M C X, N C Y. The variable in the domain of definition
(which may not be a domain in the sense of Definition 4.4) is called z, the variable
in the range w = f(2); here w is called the image of z and z is a pre-image of w.
Similarly f~1(w) := {z € M : f(2) = w} denotes the set of pre-images of the
point w in the domain of definition and f(M) := {w : 3z € M, f(z) = w} the
image set of a set M.

Definition 4.9 (Continuity). (i) A function f is said to have the limit wo at a
point zo € M, if for all e > 0 a § = (e, 2o) exists such that dy (f(z),wo) < €
for all z with dx(z, z0) < d(¢) and z € M, z # 2.

(ii) A function f is said to be continuous at zg € M, if it has the limit wo = f(20)
at z9. A function is said to be continuous on a set if it is continuous at all
points of M. The function is said to be uniformly continuous on a set M if
the § from (i) may be chosen independently of zy € M.

(iii) A function that is bijective and continuous together with its inverse is called
a homeomorphism.

(iv) A sequence of functions (f,) defined on M is called convergent to a limit
function f, if for all e > 0 and for all z € M an N(e,z) exists such that
dy (fn(2), f(2)) < e for n > N(e, z). It is called uniformly convergent, it N
may be chosen independently of z.

We have the usual theorems on continuity also for functions between vector spaces:

Theorem 4.10. (i) A function f is continuous at zo € M if for every neighbor-
hood V' of the image point wy = f(20) a relative neighborhood U of zy exists
such that f(UNM) CV.

(ii) A function f is continuous on M if and only if the pre-images of open sets
are open.

(iii) A function f is continuous on M if and only if the pre-images of closed sets
are closed.

(iv) For a continuous function f the images of compact sets in M are compact.
(v) For a continuous function f the images of connected sets in M are connected.

(vi) The limit function of a uniformly convergent sequence of continuous functions
15 continuous.
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Proof. (i) Firstly we prove continuity: V is a neighborhood of wo and contains an e-
neighborhood V. of wg. We assumed a neighborhood Us of zo with f(Us N M) C V:
exists and that was just our definition of continuity. If continuity is given, then for a
neighborhood V% in the range of f, a neighborhood Us exists such that f(Us N M) C V..
That is the assertion of the other direction of our proof.

— f

Figure 4.2

(ii) Let f : M — N be continuous on M, let G be a relative open set in N, and
z € f7Y(G). Then w = f(z) is contained in G and G is a neighborhood of w. Then it
follows from (i) that a neighborhood U of z exists with f(UNM) C G, UNM C f~*(G),
ie., f71(Q) is relatively open. If for the other direction of our proof the pre-images
of open sets are relatively open, then an open e-neighborhood of w exists which has a
relatively open pre-image. Therefore this pre-image contains a relative §-neighborhood
of all of its points, i.e., continuity.

(iii) The proof is analogous to (ii).

To prove (iv) we take an open covering of the set f(K) by sets Go. From (ii) it follows

that all sets f~!(Go) are relatively open, and they form a covering of the compact set
K. The definition gives us a finite covering, i.e.,

K Cf HGay)U U f (Gap).

From f(f~'(E)) = E for an arbitrary subset E C f(X) it follows that f(K) C Ga, U
---U Ga,,, i.e., the assertion.

To prove (v) we assume f(M) not to be connected. Then there exist open sets G1 and G2
in Y which have a non-empty intersection with f(M); these intersections are disjoint and
their union contains f(M). The pre-images f~'(G;) (i = 1,2) are also relatively open
in M and disjoint. Then we should have M C f~*(G1) U f~*(G2), i.e., a contradiction
with the connectivity of M.

We have to prove (vi): For all n > N(g/3) independently of x € M we have dy (f(z), fn(z))
< €/3; now let n > N(g/3) be fixed. For these n and ¢, a §(z) > 0 exists such that for
every dx(z,y) < §(x) we have always dy (fn(z), fn(y)) < /3. It follows that

dy (f(z), f(y)) < dv (f(2), fa()) + dy (fa (@), fa(y)) + dv (fa (), f(y)) <e. 0
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4.2 Series

We shall define series in a vector space with Euclidean metric:

Definition 4.11 (Series). A pair of sequences ((ay), (sn)) with s, = Z?Zl a; is
called a series; shortly written also > a,. The s, are called partial sums of the
series. The series Y a,, is convergent to s, or we say it has the sum s if s, — s.
This is written

[eS)
s = E Ay .
n=1

The series Y a, is called absolutely convergent, if > |a,| is convergent.

A series may start with other indices, often with 0. We remark explicitly that
> an stands for the series and > ° | a, for the sum of the series, the latter if the
sum exists.

We will now ask whether a series in our algebras C,H and C¢(n) has special
properties. In view of the triangle inequality, absolute convergence implies always
convergence. Similarly the Cauchy criterion is unchanged, this follows simply from
the Cauchy criterion for sequences. The comparison test brings no problems as it
is based also on the triangle inequality. The ratio and the root test are not so clear
as the multiplicativity of the absolute value may be important, a fact which is not
given in C¥¢(n). We deal firstly with the root test:

Proposition 4.12 (Root test). Let > ay be a series from C,H or Cl(n) and let
limsup 4/|ax| = R be given. Then we have:

k—oco

(i) For R < 1 the series converges absolutely.

(ii) For R > 1 the series diverges.

Proof. To prove (i) we take a real number r with R < r < 1. Then a natural number N
exists such that
’\‘/|ak| <r

for k > N. So these elements of our series Y |ax| are bounded from above by the elements
of the real geometric series > r*, and our series converges absolutely. If we have in (ii)
R > 1, then we have infinitely many indices k with {/|ax| > 1 resp. |ax| > 1 implying
divergence of the series. g

As we see, the root test is not influenced by our algebras. Now we shall consider
the ratio test:

Proposition 4.13 (Ratio test). Let Y ay be a series from C,H or Cl(n) and let

lim sup |tk41] = Q.

k—o0 |ak|
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For the R from the root test we have R < @, thus the series converges absolutely
for Q < 1. If instead
lim k1] =

k—o0 ‘ak‘
with Q > 1, then the series diverges.
Proof. For Q < 1let Q < g < 1; then it follows for £ > N with a suitable IV that

lar| < glan—1| < ¢Plax—z| < -+ < ¢" Van|

and
anN : k| |GN
|ak|< k |qN‘ as well as V‘ k|§q\/| N|.

From the second inequality it follows that R < @ and from the first we see that up to
a factor our series is bounded above by ¢*, so we have convergence. For the second
part of the proof let Q > ¢ > 1, then we have for all sufficiently large k the inequality
|ak+1| > glax| > |ak|. Therefore the absolute values of the generic terms of our series do
not converge to zero and the series diverges. O

In the above proposition in C¢(n) it is important to have the quotients of the
absolute values and not the absolute value of the quotients. Due to the inequality
|ab| < Kla||b| from Theorem 3.14 the following remark is needed:

Remark 4.14. If in C¥(n) instead of |axy1|/|ak| we take the quotient |agt1/axl,
the a; must not be zero divisors as otherwise the quotient may not be defined.
Moreover we have to take into account the just cited multiplicativity inequality
for the absolute value in C¢(n) and Q < ¢ < 1:

ak

Qaf ap  Qp— an
ag| = aN’ SK(IN|’ = Klan]| Lo
an an k-1 Qg—2 AN
_ ag an _
< K" Vay| AT < (Ko)k (K q) 7N faw].
Af—1 anN

Up to a factor we get that our series is bounded above by >~ (K ¢)*, hence we have
to assume @ < 1/K for convergence.

The problems from the above remark in C¢(n) can be seen in a relatively simple
example:
Example 4.15. For the geometric series Y x* we have always
1— k
sp=1+z+2?4+ - fa2F 1= .
1—=x

The well-known sum

> 1
k _
kzzox_lfx
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follows as usual for % — 0 if & — oco. In C and H this holds with |z| < 1 due
to |2F| = |z|*. In Cl(n) we can derive convergence only for |x| < 1/K since
|z¥| < K*=1z|k. But convergence follows in C¢(n) also for || < 1 if we deal with
paravectors only.

Now we shall consider series of functions Y ux(z) in our algebras:

Proposition 4.16 (Weierstral). Suppose the functions uy(z) : G — Cl(n) are given
in a domain G C Cl(n) where they are bounded by

lug ()] < bg.

If the real series Y by converges, then the series of functions converges in G ab-
solutely and uniformly to a limit function

s(z) = Z ug(x).

Proof. Due to the triangle inequality

Z ug(x)
k=N

and, taking into account the convergence of 3 by, the Cauchy criterion for the series of
functions is fulfilled at every point, independently of the points of G. So the series of
functions converges absolutely and uniformly in G. g

M M
<D (@) < Y b
k=N k=N

According to Theorem 4.10 (vi) the limit function of a uniformly convergent series
of continuous functions is itself continuous. An example is given by power series;
in the following form they are important mainly in C.

Definition 4.17 (Power series). A power series is a series > apa”® where the a;, for
k > 0 and z are elements of one of our algebras. If one uses powers of z — xy one
speaks of a power series with center xg.

The important theorem is::

Theorem 4.18. Every power series Y axz® possesses a circle of convergence {|z| <
p/K} for C, resp. a ball of convergence for H or Cl(n), such that the series
converges absolutely in the interior to a continuous function

f(z)= Z apa®.
k=0

Here K is the factor in |zy| < Klz||y|, i.e., K =1 in C, H or if x is a paravector
in Cl(n). In C and H the series diverges if |x| > p; if |x| = p the convergence is
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not determined and may differ from point to point. The number p # 0 is called
radius of convergence and is given by:

= limsup |az|*/*.

k—oo
In case this limit is zero we define p := oco. If this limit equals infinity we define
p:= 0. The power series converges uniformly in every smaller circle or ball {|z| <
ro—c}.
K

Proof. The sum function f is continuous by the uniform convergence. To prove the latter
we assume firstly 0 < p < oo, then from the above definition of p it follows that

1
> |ax V"
p—¢

for all € > 0 with & > N(e). For these k we have

k
K
laxz"] < K|ag]lz]* < ( "'”‘) ;
p—¢€

the right-hand side shows a convergent series for |z| < (p —2¢)/K. So by comparison we
have uniform convergence of our power series for |z| < (p —2¢)/K. As e > 0 is arbitrary
we have convergence for |z| < p/K.

To prove divergence for |z| > p in C or H we remark that, for infinitely many k € N,

< ax|"",
pte

k
X

|ak|\x|kz( 2 ) .
p+e

As we find for every |z| > p an e such that |z|/(p + ) > 1, the power series diverges for
all = with |z| > p. In C¥(n) the situation is more difficult and we skip it here. But, if we
deal only with paravectors the assertion is also correct.

so it follows that

In case of p =0 in C or H we can conclude just as before and the series diverges for all
x # 0. Finally we have for p = oo in all three algebras

lim |ax|"* = 0;
k— o0
it follows for all € > 0 and sufficiently large k that the inequality |arz®| < K*|ax||z|® <

(eK|z])*. On the right-hand side we have for eK|z| < 1 a convergent comparison series
that holds for all |z| with sufficiently small . O

Example 4.19. a) Later we shall use also power series with negative powers of x:

E a_kx_k.
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These series converge in C, H, and for paravectors in C'¢(n) in the exterior of a
circle, resp. ball, {|z] < p} with

1
= limsup |a_g|'/*.

k—o0

b) a) gives us in C, H, and for paravectors a second power series for 1/(1 — x):

1 11 =~ _i
e P L

x k=1

this series converges for |x| > 1 and complements the geometric series in the
exterior of the unit circle, resp. ball.

c) If the limit

i o]
1m
ko0 |ak41]

exists it equals the radius of convergence of the power series Y azz®. The reader
may prove this and may calculate the radius of convergence for the power series
Sk /k! (see Exercise 4.4.5).

d) In H and C?(n) one could investigate series of the form

Z akoxaklxakgx...ak(k_l)xakk
due to the noncommutativity. With the estimate
larozagi . . . age| < K*|ago|lap] .. . |aws||z|

this may be reduced to the above cases. We do not carry this out here in detail, as
we shall define later on different and in some sense more convenient power series
in H and C?¢(n).

4.3 Riemann spheres
4.3.1 Complex case

BERNHARD RIEMANN introduced a completion of the complex numbers, which
closes or compactifies the complex plane C by a point z = co. This is called one
point compactification of the complex plane or closed complexr plane and will be
denoted by C := C U {o0}. Relative to the notion compact we refer to Subsection
4.1 above. The point z = oo is at first to be seen as an ideal element which is not
a point of the complex plane C. We deal here only with the plane case, as we can
illustrate this in R3; the generalizations to H and C¢(n) will follow.

The ideal point z = co can be illustrated by the Riemann sphere in the following
manner: We put a ball of radius 1/2 on the complex plane, such that it touches
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the plane at the origin. This point is called the south pole of the Riemann sphere,
the diametral point is called the north pole N.

BERNHARD RIEMANN (1826-1866) studied at the uni-
versities of Berlin and Gottingen and became Pri-
vatdozent in Gottingen. After the death of JOHANN
PETER GUSTAV LEJEUNE DIRICHLET he inherited
the chair of GAUSS. Riemann investigated already in
his doctoral thesis the foundations of function theory
which are still in use today. We shall meet his name
very often. RIEMANN made important contributions to
many fields in mathematics. He died of tuberculosis
when he was 39 years old during a stay in Italy.

Beard ieman

In space we introduce a coordinate system (£, 7, (), the &-axis and the z-axis coin-
ciding as well as the n-axis and the y-axis. Then the north pole has the coordinates
(0,0,1). Now every point z € C will be connected with N by a straight line. The
point where this line cuts the sphere is the image point of z on the sphere. As all
these lines start at one point N, this mapping is called stereographic projection.
Every point in C has an image on the sphere, every point on the sphere has a
pre-image except N. This motivates us to define z = co as the image of N. So we
have found a concrete illustration of C.

This mapping transforms the southern half-sphere onto the interior of the unit
circle, while the northern half-sphere is mapped onto the exterior of this circle.
The Riemann sphere is given by the equation

s 1\? 1
§ +n+(€2) =4

or by
40’ +¢*—(=0.

Figure 4.3 shows a view into the Riemann sphere, here r is the absolute value of
z and p that of £ + in.

As the occuring triangles are similar and the arguments of z and £ + i are equal
we have

r_lx_f_n
p - T T1-¢0 Y T 1-¢

In view of the above equation of the sphere it follows

_ E+in I ¢

T-0 T -2 T 1-¢
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and
oz oy _ 2z
E1—1—2'2’771gzz’C 14 zz2
N
1-¢
vvvvv P
\ ,,/ ) 1y Im
¢ n
z z
C
Re‘/5
Figure 4.3

We are now able to introduce the Euclidean distance in R? on the Riemann sphere
as a new distance of two complex numbers called chordal distance. We get by some
tedious calculations

— _ )2 — )2 — ()2 = 21 = 2|
den(21,22) == V(&1 = &)% + (m — m2)* + (C1 — G2) VI 2121+ |22

This distance may be used especially for z = oo. Indeed, if |22| goes to co we get
for z1 = z,

1
VAR

We remark that C is not compact either in the Euclidean or the chordal metric, but
C is compact in the chordal metric. For example we have C = C in the Euclidean
metric, but C = C in the chordal metric.

dep(z,00)

Now we shall look at the images of lines and circles under the stereographic map. A
straight line in C is mapped onto the sphere by the lines which connect the points
of the given line with IV; these lines span a plane. This plane cuts the sphere in
a circle such that the straight lines in C are mapped onto circles on the sphere
going through N. If we now look at a circle in C given by the equation

22 — 220 — 220 + 2020 = R?
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and map it by the above equations to the Riemann sphere, we get with 7 := £+1n,

1-¢ (1-¢) 2 2
_ + = R*(1— .
T (TT0+TTO)1—C0 Co 1-¢ (1-0)
If we substitute here 77 using the equation of the ball 77 = —(2 + ¢, we may

divide the result by 1 — ¢ (N is not on the circle) and we get a linear equation in
57 ,'77 C? 1
2
¢ (TT0+TTQ)1_CO + 1—C0(1 ¢)=R*(1-).
That means the images of our plane circle in C lie on a plane in space, the latter
cuts the Riemann sphere in a circle and this circle is the image of our circle in C.
So we have proved (Figure 4.4):

yn

Figure 4.4

Proposition 4.20. Circular and straight lines in C correspond to circles on the
Riemann sphere. Circles in C correspond to circles not through N, straight lines
correspond to circles through N.

One sees that parallels on the sphere correspond to circles with center at the origin
in the plane, the meridians to the straight lines through the origin. It does also
not constitute a problem to find the plane circles which correspond to great circles
on the sphere, i.e., the shortest lines. For these great circles the defining plane has
to go through the center of the Riemann sphere (0,0, }). If we put this into the
equation for the plane it follows that

Co

= R?
1-2¢o

1+

or
1+ |Z0|2 =R?:



4. Topological aspects 87

a circle in the complex plane with center zy and this Radius R corresponds to a
great circle on the Riemann sphere.

4.3.2 Higher dimensions

We start with the generalization of the Riemann sphere to the case of real quater-
nions. Let {eg = 1,...,e4} be an orthonormal coordinate system in R® and we

4
identify R®> with H x R. The points in R are given by £ = > &je;; we identify
§j=0

. 3
&= > &e; with z € H. The generalized Riemann sphere is now defined by the
i=0

J
sphere

grergrgr(a-1) 2!
0 1 2 3 4 2 _4

or
G+8+E8+G+&aE-1)=0.

The point N = (0,0,0,0,1) is called the north pole, the origin is the south pole.
Every point z € H can be connected with N by a straight line which meets the
sphere at the image point £. Adding an ideal point x = oo we get the one point
compactification H=HU {o0} of H, completely analogous to C. This point & = oo
will be appointed to the north pole which has no pre-image in H. So H becomes a
compact set which we can equip with a chordal metric.

The relations between £ on the sphere and = € H are similar to the complex case.
From the theorem of intersecting lines we get, with p = |¢],

ro x1  wy xy x| 1
S & &L & p 1-&7
it follows that

£

xTr = .
1—=&

The reverse direction is a bit more difficult. From x = £/(1 — &) it follows by the
sphere equation that

2 (-G _ &
(1—¢&)? (1—¢&)? 1—¢&

rx = |z|? =

or

|z|? 2 z
d = .
and ¢ 1+ |2
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As for C we define now the chordal distance
dch(x,x/) = |£ - €/|
to be the Euclidean distance on the sphere. Calculating as in C (we have to

substitute only iy by x) we get

-
dch(l‘,l‘/) _ ‘ |

OV 21 a2
This metric allows us to include the point at oco:
!

V1 Jaf?

Naturally the topological properties in H and C are the same.

den (z, 00)

It is not necessary to do this again in C'¢(n). One has to take an analogous ball of
diameter 1 in R"*2. The point (0,...,0,1) defines the north pole and corresponds
to the ideal point z = oo which is added to R**!. The same formulas as in H hold
in this case too, and the corresponding chordal distance allows us to include the
ideal point = = occ.

4.4 Exercises

1. Let (x,) be a sequence in C, H or C¢(n). Prove:
a) (z,) converges if and only if the real sequences of the components of x,,
converge.
b) If x,, are complex numbers the sequence (x,,) converges if and only if the
sequences of the absolute values and arguments converge. Are there excep-
tions?

2. Describe geometrically those sets which have the following definition in the
plane: a) [z| <1, b) Imz < 0.

3. Do both series > —2~* and 3 z* have the same values on the unit circle of
C, resp. the unit ball of H ?

4. Find examples of convergent power series with radius of convergence p = 0
and p = oo.

5. a) Prove that if the limit

y |a|
1m
k=00 [ap 1]

exists it equals the radius of convergence for the power series Y apz*.
b) Calculate the radius of convergence for the power series > % /k!.
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6. Calculate the chordal distance dep(x,2’) on the Riemann sphere in H and
Cl(n).

7. Study the images of spheres and planes in H on the 4-dimensional Riemann
sphere under the stereographic map.
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5 Holomorphic functions

5.1 Differentiation in C

We now look at functions

f(2) = u(z) +iv(z) = u(z,y) + iv(z,y),

u = Ref, v=1Imf,
in a domain G C C with values also in C. We know the notion of partial differentia-
tion of the real functions u and v from analysis, which functions depend on the two
real variables z and y. We assume u and v to be once continuously differentiable to
simplify the proceeding. There exists extensive research related to weaker assump-
tions for holomorphic functions which is known under the names of H. LOOMAN
and D. MENCHOV. Generally the set of k-times continuously differentiable real
functions is denoted by C*(G). The set C°(G) contains the continuous functions
in G. For complex functions, f € C*(G) means that the components of f are in
Ck(G). With the assumption f € C1(G) we are allowed to work with differentials
(for differentials see Appendix 1):

df = du+idv = (ug + ivg)dr + (uy + tvy)dy.
We denote by 0,, 0, the partial derivatives to  and y and we define further:

1 1
0 1= (0, —i0,), 0 = (D: +1d,).

Moreover we have for z = x + iy,
de = Ldztdz), dy= " (dz—dz)
T = 9 2z z), dy = 9 z z).
Besides this we introduce the notation
0:=20,, 0:=20,

to hint already of higher dimensions. So, we are able to express df as follows:

df

1 1
5 (ug + vy +i(vy —uy))dz+ 5 (ug — vy + (Vg +uy)) dz

= (O.u+1i0.v)dz+ (O,u+i0,v)dz

and

df = (9.f)dz + (0. f)d=.

This rearrangement shows more explicitly the dependence of f on z and z, a fact
which we soon shall need. Sometimes also the short notation

fz = azf, fz = azf



5. Holomorphic functions 91

is used. We shall introduce now the notion of holomorphic function; for this purpose
we use approximation by linear functions following the real case. This may be used
also with success in higher dimensions and in function spaces. A linear function
or linear form in C has the form

L(z) =ax + by
with a,b € C. This may be written also as
L(z)=Az+ Bz (A,BeC).
Firstly this is an R-linear function; we have with real «, o/,
L(az +d'2') = aL(z) + o' L(Z).

Stressing the complex variable z requires a C-linear function L which has to fulfil
for complex X\, \’ the relation

LAz + XNz2') = AL(2) + N L(2").
Obviously this is possible only for an L(z) given by
L(z)=Az, Ae€C,

otherwise we have BAz = BAz for all z and A thus implying B = 0. Now we are
able to define:

Definition 5.1 (Holomorphic function). A function f € C*(G) in a domain G C C
is called holomorphic, if for each point z € G a complex number f’(z) exists, such
that for h — 0,

f(z+h)=f(z)+ f'(z)h+o(h).

The number f’(z) is called the (complex) differential quotient or the (complex)
derivative of f in z.

The difference f(z+ h)— f(z) is approximated in h by the linear function f/(z)h.
The literature often uses the notion regular instead of holomorphic, or also mono-
genic. For consistency we shall use only the word “holomorphic”. For the Bach-
mann—Landau symbol o(h) see Definition A.1.11 in Appendix 1.

We have reached an important point: function theory deals mainly with holomor-
phic functions. We have chosen for the definition the linear approximation since
this is possible also in higher dimensions. In the sequel we shall get to know further
equivalent properties of holomorphic functions which are sometimes easier to show
than the definition. We remark explicitly that a holomorphic function is defined
in a domain. The approximation itself is defined pointwise.

We know from the reals that a function can be approximated by a linear function
if and only if it possesses a limit of the difference quotient. Unfortunately this does
not hold in higher dimensions, but in the plane we have:
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Definition 5.2 (Complex differentiability). A function f € C*(G) in a domain
G C C is called complex differentiable, if the limit

i FE R = 2)

h—0 h

with A € C exists for all z € G. This limit is called the complex derivative if it
exists and is denoted by f/(z).

A complex differentiable function is obviously continuous. We prove:

Proposition 5.3. A complex function f in a domain G is complex differentiable if
and only if it is holomorphic in G.

Proof. 1t is easy to convert the linear approximation
fz+h) = £(2) + F(2)h +o(h)
into the difference quotient and vice versa:

fz+h) = f(2)

) = £'(2) +o(1).

For h — 0, f'(2) is also the limit of the difference quotient. a

Complex differentiability is a stronger assumption for complex functions than is
real differentiability. The reason is that A may tend to zero from all directions in
the plane while on the real axis only the two directions on the real axis are taken
into account. Therefore we assumed for the definition of a holomorphic function
the approximation by a complez linear function. We shall show now a second
equivalent property for a function to be holomorphic, one that will fulfil a system
of partial differential equations. And this is possible also in higher dimensions:

Theorem 5.4 (Cauchy—Riemann differential equations). A function f € C1(G) in
a domain G C C is holomorphic in G if and only if one has

Of =20,f =uy —vy +i(uy +vy) =0.
The equations
of =20,f=0

or
Uy —Vy =0, uy+v,=0

are called Cauchy-Riemann differential equations (CRD) and 0, is called the
Cauchy—Riemann operator.

Before we start with the proof we give some remarks about CAUCHY; the reader
may find remarks about RIEMANN in Subsection 4.3.
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Augustin-Louis Cauchy (1789-1857)
was after 1822 one of the most eminent
mathematicians of his time. He was
professor at the Ecole Polytechnique
in Paris and member of the French
Academy of Science. His textbooks have
been standard literature in different
languages and for several decades. His
enormous productivity is mirrored in
his extensive collected works. He laid
important foundations in several fields
of mathematics.

A.-L. Cauchy (1789-1867)

Proof. From the existence of real derivatives of the functions v and v with h =: hy +iha,
it follows that

’LL(ZE + hlay + h’2) - U(ﬁ,y) = UT(xvy)hl + uy(xvy)h2 + O(h)v
v(z 4 h1,y+ he) — v(z,y) = ve(z,y)h1 + vy(z,y)h2 + o(h).

We define u(z,y) =: u(z) and v(z,y) =: v(z). Both equations for u and v, because of
hi = (h+h)/2 and he = (h — h)/2i, are contained in the following:

Feth) = f2) = (ualz) +iva(2))h + (uy (=) + vy (2))hz + o(h)
= (a(2) + 0y () F 0 (2) — wy ()

) (a(2) —~ vy(2) + i(0a(2) + 1y (2))) -+ ofh)
= O fh+DfDh o) ().
If f fulfils the CRD we have just the complex approximation of f,
Flz+h) = £(2) = (@=£)()h + o(h),

which means f'(2) = (8. f)(z) and this is one direction of our proof.

For the other direction of proof if f is holomorphic, we have
fz+h) = f(2) = f'(2)h + o(h),

and together with (*) it follows that

7'(2) = 0:4(2) + 0.5(2) ) +o(1).

The last term on the right-hand side vanishes for h = |h|(cos ¢ +isin ¢) — 0; the central
term has the factor (cos ¢ —isin )? which may take all values on the unit circle. As the
other terms do not depend on h our equation holds only for (9, f)(z) = 0, i.e., the CRD
are fulfilled. d
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Proposition 5.5 (Differentiation rules). The differentiation rules are the same as
in the real case:

(f+9)(z
(f9)'(=

)
)
Yo _ P -
(o) ©
(@) )

Also the rule for the inverse function is true:.

|
<
—
N
~—
N
=

But in this case some assumptions have to be made, in particular the function f’
must not vanish in a neighborhood of the point of differentiation.

Proof. We shall prove only two of the rules, firstly the product rule:
flz+h)g(z+h) = (f(z)+ f'(2)h+o(h))(g(2) + g'(2)h + o(h))
= f(2)9(2) + (f'(2)9(2) + f(2)d'(2))h + o(h),

as the product of a bounded function with a o(1) is again a o(1); secondly the chain rule:

Flglz+ 1) = flg(2)+ [ (9(2)lg(z + 1) = g(2)] + o(h)
= fl9(2)) + ['(9(2))g'(2) + o(h),
as the sum of the different remainders is a o(h). O

Example 5.6. a) As an example we differentiate f(z) = 2", n € N:
fz+h)—f(z) = (z4+h)"—=2"=nz""th+o(h)

for h — 0, as in the binomial formula all terms but the first one contain a higher
power of h. Rational functions, i.e., quotients of polynomials, require the use of
the quotient rule. So we have, e.g.,
dz=" 0—nz"! o1
b = 2n =—nz "%, z#£0;
the differentiation rule for positive exponents holds analogously also for negative
ones.

This direct reference to known derivatives makes it sometimes easier to use differ-
entiation than to use the CRD.

b) As an example for a non-holomorphic function we look at f(z) = z:

h

f(ZﬂLh)*f(Z):erhfz:h

h,
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and the quotient h/h has no limit for h — 0.

¢) A non-constant real function f(x,y) is not complex differentiable, as f = u
reduces the CRD to

thus f has to be constant.

d) As we may differentiate with a real h we get for a holomorphic function

f'(2) = fa(2),

and similarly with an imaginary h,

J'(2) = =ify (2).

Remark 5.7. At the beginning of this section we had written a differentiable complex
function in the form

f(z+h) = f(2) + (9:£)(2)h + (=) (2)h + o(h).
If h varies on a small circle around 0 we have, with h = |h|(cos ¢ + isin p),
f(z 4 h) = f(2) = h[(8:1)(2) + (9:f)(2)(cos 2¢ — isin 2¢)] + o(h).

If f is holomorphic then f(z + h) — f(z) behaves like h up to a factor, if we abandon
the inessential remainder term. One says that w = f(z) maps infinitesimal circles into
infinitesimal circles. The dilation of f(z+h)— f(2) by |f'(2)| is in all directions the same,
therefore this behavior has been called monogenic.

But if we have (9. f)(z) = 0 and (9. f)(z) # 0, one speaks of an antiholomorphic function.
The infinitesimal behavior is similar to the holomorphic case, however the image circles
are crossed in the opposite direction relative to the pre-image circles. These are the
functions depending on z, e.g., f(z) = z. This function gives the reflection about the real
axis, as for all z the imaginary part is multiplied by —1. This reflection generates the
inversion of the crossing direction through the infinitesimal circles.

If finally both derivatives do not vanish, i.e., 9. f(z) # 0 and 9. f(z) # 0, then f(z+h) —
f(2) runs through an infinitesimal ellipse if h runs through an infinitesimal circle. In this
case the dilation of f(z+h)— f(z) varies from one direction of A to another one. Therefore
such functions have been called polygenic. Also these functions contain interesting classes,
but this is not the place to deal with them. One may study the behavior of f at every
single point, but for holomorphic functions we assume always the same behavior in a
domain G.

5.2 Differentiation in H

As has been shown in Section 2, the algebra of quaternions is a division algebra
just as C and R. Therefore one may introduce differentiation also for functions
f = f(z), = € H, with values in H via a difference quotient

[f(@+h) = fl@)]h™" or h7'f(z+h)— f(2))
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with h € H and to define all functions which have such a limit for A — 0 as H-
differentiable. We have already mentioned that h varies for real functions f at a
point = only from two directions, while i in C may vary from all plane directions
to zero, and this causes severe restrictions for the existence of the limit, namely
the complex functions must satisfy the Cauchy—Riemann differential equations.
The higher dimension in H brings still more freedom for h, so we have to expect a
more restrictive system of differential equations for the existence of a differential
quotient.

For this reason we have already used in C the linear approximation for the defini-
tion of a holomorphic function. We shall carry out this idea also in H, but some
further problems have to be solved here. From the historical point of view the
understanding of this situation is very recent. Twenty years ago the existence of a
useful notion of differentiation in the quaternions was thought to be impossible.
We shall show first that the classical notion of differentiability via the difference
quotient is possible only for trivial cases.

5.2.1 Mejlikhzhon’s result

Already in 1947 N.M. KryrLov [87] and his pupil A.S. MEJLIKHZHON [107]
could prove the following theorem which makes impossible the definition of an
H-holomorphic function via the existence of the limit of the difference quotient:

Theorem 5.8 (Krylov, Mejlikhzhon). Let f € C1(G) be a function given in a
domain G C H with values in H. If for all points in G the limit

lim B4+ b) — f@) = ()
exists, then in G the function f has the form

flz)=a+xb (a,b € H).

We have an analogous result if the difference quotient with =1 on its right-hand
side possesses a limit. We see also that the approximation of a function f by
f(xo) + ab, resp. by f(zg) + azx, is too strong an assumption for the function f.
We have to think of this fact while defining an H-holomorphic function.

Proof. (Following [152].) We choose for h the special values ho, hie1, heez, hses with
real h;, i =0,1,2,3. Using 9; = 9/9z; for i = 0,1,2,3 we get for the different h; — 0 in x
the identities

"f=00f = —e101f = —ea0af = —e303f . (%)
Now we identify e; with the complex unit ¢, and we split also the function f by F} :=
fo+ifi, Fo:= fa —ifs in the following way:

f(x) = Fi(z) + eaFa ().

It then follows from () that

Oo(I1 + ealh) = —i01 (F1 + e2Fa) = —e202(F1 + eaFa) = —e303(F1 + eaF2).
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As 1 and es are complex linearly independent, the complex parts and those with the
factor ey are separately equal:

aoFl == _ialFI = 82F2 == 183F2,

80F2 = i@ng = —82F1 = iagFl.
By convenient summation it follows that

(0o + i01)F1 = (02 — i03)F2 = 0,

(0o — i01)F> = (02 +i03)F1 = 0.

That means that Fi is a holomorphic function of the complex variables z1 := xo + ix1
and z2 := w2 +1ixs3, while this is correct for F> relative to the conjugate complex variables
z1 and zg. Therefore all functions are differentiable infinitely often relative to the real
variables xp and x1, resp. x2 and x3. We see further that

(60 — i@l)Fl = 2101 F = 20:F5 = (82 + i83)F2,
(62 — ’i83)F1 = —2i83F1 = —2i01 Fs = —(80 + ial)Fz.

In addition we can conclude that (9y — i01)F1 is also holomorphic relative to z2, so
that the mixed derivative 0., 0-, F1 also exists and is continuous. From the theorem of
Schwarz it follows that we can change the order of differentiation and so

(0o — i81)2F1 = (0o — 101) (02 4+ i03) F2 = (02 + 193) (0o — 101) F2 = 0,
(02 — i83)2F1 = —(02 — 103)(0o 4+ 101) F2 = — (Do + 101) (D2 — i03) F> = 0.

The last two equations show that F; depends only linearly on the two complex variables
as the mixed derivative vanishes also:

(0o — i01)(02 — i03)F1 = —(8o — 101) (00 + 101) Fa = —(0o + 101) (00 — i01) F> = 0.

Quite analogously the same follows for F, so f depends only linearly on the variables:

3
flx)=a+ Z brTk
k=0

with quaternions a and b. From the equation (%) it follows finally that
bo = 7Z'b1 = 7621)2 = 7631)3

or
3

flx)=a+ (Z ekazk> bo = a + xbg. O

k=0

5.2.2 H-holomorphic functions

One can proceed in analogy to the complex case also for a continuously differ-
entiable function f(x) in a domain G C H with values in H, but the calculation
of the quaternionic form of the total differential depending on x and = is more
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difficult. The differentials dx; commute with quaternions, but one should observe
that quaternionic expressions such as df or dx do not commute with quaternions.
Regarding differentials we refer to Appendix 1. Let us define 0y, := 9/0x},, we then
have

3 3
df = 0of dwo + Y Onf dag = dwodof + ) dagdyf.

k=1 k=1
From
3 3
dr = dxg + Zekdmk and dz = dzg — Zekdmk
k=1 k=1

and an appropriate multiplication with the e; from the left and the right the simple
formulas

1 1
dxg = 2(d:v+dx) as well as dx; = 2(ejdx7d:rej), j=1,2,3,

follow, and by substituting this into df we get

3
1 1
df = ,00f (dx + dx) + 2;8kf(ekdx—dxek)

3 3
1 1
—2<E 0kfek>dx+2<0ofdx—g 0kfdxek>.
k=0 k=1

A comparison with the formula for df in C shows that here also the differential
of the conjugate variable dx has been isolated with a differential operator of the
form

a-—a+ae+ae+ae
T 81‘0 81‘1 ! 8$2 2 81‘3 3

as a foregoing factor. One sees easily that %8 is a generalization of the complex
differential operator

1
0, = 2(@0 +10y).
One can further see that the differential operator ;0 with

0 0 0 0

0= 8x0 B 8x1 “a- 8:@62 B

€3

corresponding to

1 .
0. = (0, —i0,)
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occurs only entangled with the differentials. That corresponds to the above remark
that az or zb are not the correct approximations for a function f.

Before proceeding we remark that the operators 0 and O are often used in the
literature with interchanged meaning. We have decided to use the above notation
in agreement with the operator d,. The operator 0 is also in H and C¢(n), just as
in C, the central operator for the whole theory.

The variable x is not appropriate for the approximation and it also does not
satisfy the equation 0x = 0, which happens in C. This may advise us to look for
linear expressions which satisfy the equation f0 = 0 or 0f = 0. So, the following
expressions satisfying the condition we wanted — also called Fueter variables —
are helpful:
2 = f;(ekx + xer) = xp — xoek, (k=1,2,3).

It is also important that all calculations have to take care of the fact that the
differential operators may act upon f from the left, resp. from the right. Normally
we shall work with operators acting from the left, a fact which moreover is the
common writing style for operators. But for all statements we have a corresponding

one from the right.
>‘

—Zo€2

—Xpé1

=

Figure 5.1

The new variables z; satisfy both the conditions z;x0 = 0, resp. dzx = 0. If we
substitute them into the formula for df, because of dzy = dzp + drger we have
easily

3 3

df = (f0)dwo + Y _(Okf)dzx = (0f)dzo + > dzi(Onf).

k=1 k=1
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If we now assume f0 = 0, resp. df = 0, this corresponds to the linear approxima-
tion by

3 3
L) = Zakzk, resp. {(z) = Z 2k
k=1 k=1

As Malonek [100] showed this leads successfully to

Definition 5.9 (H-holomorphic function). Let the function f € C'(G) be given in
the domain G C H with values in H. Then f is called right-H-holomorphic in G,
if for every point x € G and for appropriate quaternions ay depending on z,
3
fle+h)=f(z)+ Zak(hk — hoeg) + o(h)
k=1
holds for h — 0, resp. left-H-holomorphic, if

3
fl+h) = f(z)+ Y (b — hoex)ax + o(h).
k=1

Here the hj, are the coordinates of h.
If no confusion is possible we shall speak simply of holomorphic functions or a bit

more precisely of right- resp. left-holomorphic functions. Without difficulties we
can prove the equivalence of our definition with one given via differential equations:

Theorem 5.10 (CRD in H). A function f € CY(G) in a domain G C H and with
values in H is there right- resp. left-H-holomorphic if and only if

fO0=0, resp. df =0.

We call these differential equations also Cauchy—Riemann differential equations
(CRD) (in H).

These Cauchy-Riemann differential equations are sometimes called generalized
Cauchy—Riemann differential equations, resp. Cauchy—Fueter differential equations.

Proof. We restrict ourselves to left-holomorphic functions. Following A.1.14 and the
above considerations we get

f@+h) = f(z) = df[h] + o(h) = (f)ho + D _ (hx — hoer)(Of) + o(h).

k=1

For 0f = 0 we have explicitly the desired linear approximation. If vice versa the linear
approximation is given we see firstly ar, = Ok f, as for hg = 0 the hj, are independent vari-
ables with uniquely determined coefficients. If we compare this with the second formula
in Definition 5.9 we get

0= (8f)ho + o(h),
and that is possible only for 0f = 0. d
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5.2.3 Holomorphic functions and differential forms

It is possible to express the H-holomorphy very shortly by differential forms, a
fact that will be useful later for the integral theorems.

Theorem 5.11. A function f € CY(G) in a domain G C H with values in H is
left-H-holomorphic if and only if
d(dz*f) =0,
analogously it is right-H-holomorphic if and only if
d(fdx*) = 0.
For the Hodge operator * and dz* see Definition A.1.15 in Appendix 1.

Proof. We prove only the statement for left-H-holomorphic functions, the proof for right-
H-holomorphic functions is completely analogous. Together with do := dzo A dx1 Adza A
dx3 we have
3
d(de*f) = (=1)%da” Adf == ejda} A (O f)dax

J k=0

e;(0; f)dxj A da;

Il

|
oL
i Mw
o

¢;(9;f)do = (0f)do,

I
.M“

0

J

as the wedge product vanishes if two dz;, dzj are equal. Therefore d(dz* f) = 0 if and
only if 9f = 0, i.e., the statement. d

We remark that this theorem is also correct in C since there we have dz* =
dy,dy* = —dx and dz* = dy — ide = —idz, and it follows that

d(dz"f) = —(dy —idx) A (Onf dz + 0y f dy) = 2(0, f)dz A dy,
i.e., the same formula as in H from which we concluded that d(dz*f) and 9, f
vanish simultaneously.

Moreover we are able to characterize H-holomorphic functions by differential forms
having a smaller degree, see A. SUDBERY [152].
Theorem 5.12. A function f € C*(G) in a domain G C H is left-H-holomorphic
in G if and only if
1
2d(dac Ndxf) = dxz*(Df)
where D denotes the so-called DIRAC operator

3
D= Z ekak.
k=1
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Analogously a function is right—H—holomorphic if and only if

Jd(fdz A dr) = (FD)da

The Dirac operator acts only upon the three variables x1, x2, x3; it has important
applications in physics and is named after the English physicist PAUL A.M. DIRAC
(1902-1984). For our basic operator d we have obviously

0=0y+ D.
Proof. We shall firstly convert dz A dx in a form convenient for higher dimensions:
1 13 3
9 de Ndx = 9 Z eiejdr; Ndx; = . Z eiejdr; A dx;
©,7=0 1<jii,J=1

= e1eadr) ANdxs + eresdry A dxs + esesdrs A dxs

= Z(—l)i_leidi‘o,i =:dr.

i=1
Here the two subscripts at dZ mean that the two corresponding differentials have to be
cancelled. For this dr it follows (z = ¢ + x) that

3
dzo Adr = Z(fl Y leidi; = Z eidr; = —dx* + dxy = —dx”.

i=1

Now keeping in mind that dp = 0 — D it can easily be seen that

;d(da: ANdzf) = d(drf)=(=1)%dr Adf

3
= dr Adwodof + Y (—1)" teiddo, A dxi O f
=1
3
= (—da” +dx)(0f — Df)+ Y _ digedif

=1
= (=daz” +dxg)(0f — Df) +dxs Df
= —dx"0f +da" Df.
So, 0f = 0 is equivalent to the theorem’s assertion. a

We shall present now three other attempts to approach differentiation in the
quaternions to show that, over the years, quite different research has been done in
this direction.

Remark 5.13. In applications, maps from R3 into R* are often used. If we identify
R3 with VecH and R* with H (regarding them as vector spaces) we can call a
function f : VecH — H holomorphic if Df = 0. Then it follows that

d(dx* f) = —(Df)dxy A dxa A dxs.
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We may hint of another possibility, sometimes necessary, to identify R with the
space R-span{eg, e1, €2}, which means with the paravectors in C¢(2).

Remark 5.14. Using the notation (z)! := —ejze;, | = 1,2,3, V. Soucek found in 1983
[143] another form for the total differential df. The operator ()" is the principal involu-
tion introduced in Definition 2.17 (ii).

One can easily calculate the formulas

(x)l(y)l = (371/)[, Z(IE)Z =220+ = 4x0 — .

=1
Then following Souc¢ek the decomposition

3
dzd+ Y (dzd) = 4(dxd)o = 4d

=1

is given for the total differential operator d. If one calls the first term in this decomposition
D, then Df = 0 is equivalent to df = 0 or to H-holomorphy.

Soucek calls the second part in this decomposition D and shows that D f = 01is equivalent
to the existence of the limit of the difference quotient, using however h instead of h. So,
Df =0 is equivalent to the linearity of f.

Following the definition, 23f = 0 is equivalent to 4df = dx Jf. As one may put dz; = d;i
this is equivalent to the four equations

400f = Of, 401 f = —e10f, 402f = —e20f, 403f = —e30f

or
1
80f = elalf = egazf = 6363f = 48f

Following Theorem 5.8 this is equivalent to the existence of the limit
lim b~ [f( + ) = f()]

and therefore to f(x) = a + xb. It is interesting that one here has a decomposition of df
in part related to holomorphy and in part related to classical differentiation.

Remark 5.15. M.S. Marinov [106] introduced a quite differently structured notion of a
so-called S-differentiability. Firstly a new multiplication is defined in H:

zxy = (21 + z2e2) * (w1 + wae2) 1= (z1w1 — z2w2) + (z1w2 + z2w1)ez,
which differs only slightly from the usual Hamilton multiplication
zy = (21 + z2€2) (w1 + wae2) 1= (z1w1 — z2w2) + (z1w2 + z2wi )es.
But this multiplication is commutative, so a new algebra is defined which contains zero

divisors due to the Theorem of Frobenius 2.10. Marinov puts h = h1 + hee2 and h* =
h1 — haoes and defines then:
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Let G C H be a domain and f : G — H. The function f is called S-differentiable in
z € G if the limit
. W (f(z+h) = f(h)) 2 2
}lll—>rnO h%-’-h% ’ h1+h2#05
exists.

For this version of differentiability it is remarkable that f * g is again S-differentiable,
moreover the classical Leibniz rule holds due to commutativity. Marinov is able to prove
that this S-differentiability is equivalent to CRD of the form

Owx [ =0, Os:=0: + 0, e2.
We shall not go into details here.

Remark 5.16. In [130] M.V. Shapiro and N.I. Vasilevski introduced the notion of a
1-hyperholomorphic function. Corresponding differential operators of Cauchy—Riemann

type

3
YDy = Z wkﬁku,

k=4—m

3
DYy = Z akwku

k=4—m

have been studied where v € H™, m = 1,2,3,4. Necessary and sufficient conditions
are formulated such that the m-dimensional Laplace operator can be split up into the
composition of two operators of type ¥ D, resp. D¥ . Further facts are to be found in the
article cited above.

5.3 Differentiation in C'?¢(n)

For the n-dimensional case the same difficulties come up as in the quaternions, so
we may proceed analogously. We deal with functions f € C*(G) in a domain G C
R™*1, the variable = will be identified with the paravector z = xo+z1e1+- - -+Tnen.
The values of f are in C¢(n). Again we have to observe the non-commutativity in
Cl(n); we always have a left and a right version of the definitions and theorems.
From

df = Zakfd$k = Zdl‘kakf
k=0 k=0
with

1
dxo = _(dx +dz) as well as dxy = 2(ekdx7d:rek), k=1,...,n,

1
2

similarly to the quaternions we get

df = ; (kzzoakfek> dx—l—; <8ofdx—28kfdxek>.

k=1
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This formula is quite analogous to those in C and H. Again the operator

0:= i: 8k€k
k=0

is important and basic for the whole theory. As in H it is not possible to isolate

the conjugate operator
n

9:=00— Y Okex.
k=1

We introduce again new variables, the Fueter variables, which are solutions of the
equations 0f =0 = f0:

1
2k ::—Q(ekx—i-xek) =k —Toek, k=1,...,n.

Substituting these variables into the formula for df, since dxy = dzy + dxoe, k =
1,...,n, it follows that

df = (f0)dwo + > (Onf)dzr = (0f o + > dzk(On f)-

k=1 k=1

If we now assume f9 = 0, resp. df = 0, this corresponds to linear approximation
as in H via

Lz) = Z axzy, resp. f(x) = Z 20
k=1 k=1

We follow again Malonek and define:

Definition 5.17 (Clifford holomorphic functions). Let the function f € C''(G) have

values in C¢(n) in a domain G C R™". The function f is called right-Clifford

holomorphic in G if at every point « € G for h — 0 and for convenient Clifford
numbers ax depending on z,

fla+h) = f(z) + Y ax(hy, — hoex) +o(h)

k=1
holds. 1t is left-Clifford holomorphic if

n

fl@+h) = f(z)+ > (hx — hoex)ax + o(h).

k=1
Here the hy are the components of h.
If no confusion is possible we shall also speak here simply of holomorphic or right-
resp. left-holomorphic functions. With the same proof as for the quaternions, see

Theorem 5.10, the equivalence with the corresponding differential equations fol-
lows:
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Theorem 5.18 (CRD in C/(n)). A function f € C*(G) in a domain G C R*H1
with values in CU(n) is right- resp. left-holomorphic if and only if

fO=0resp. 0f =0.

We shall call these differential equations again Cauchy—Riemann differential equa-
tions (CRD).

The equivalence with a condition for holomorphic functions using differential forms
is given as in H:

Theorem 5.19. A function f € C*(G) in a domain G C R™* with values in C4(n)
18 left-holomorphic if and only if

d(dz*f) =0
i G. Sitmilarly it is right-holomorphic if and only if
d(fdz*) =0.

Proof. The proof is quite analogous to H with do = dxo A - -+ A dz,, only the sums run
from 0 to n. U

We have just as in H the equivalence of holomorphy with an equation using dif-
ferential forms with a degree lower than n, as it was shown in 1999 in [53].

Theorem 5.20. A function f € C*(G) in a domain G C R*"*! is left-holomorphic
in G if and only if
d(dr f) = dz*(DYf)

holds with the DIRAC operator

D= zn: ekak
k=1

and the differential form

n

dr = Z(*l)k_lekdi’o’k.
k=1

Analogously a function f is right-holomorphic if and only if
d(fdr) = (fD)dx".

Proof. The proof is again quite analogous to the one in H, only the summation runs from
1 to n. g
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5.4 Exercises
1. Find a product rule for 9(fg) !

2. Prove in C the differentiation rule for the inverse function

3. Compute in C¥(n) the expressions

dx™ and 0z, meN.

4. Show the identities (cf. Remark 5.14)

3
(@) (W) = (@y)', Y (2)' =2w0+ 2 =420 — 2.
=1
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6 Powers and Mobius transforms

6.1 Powers
6.1.1 Powers in C

We have already seen that powers
w=2", neNU{0},

are holomorphic in C. In polar coordinates, using the formula of de Moivre, we
have

w = r"(cos ny + sin ny)

and
|lw| =7r", argw =narg z.

The image w winds around the origin precisely n-times if z winds around the
origin once. It is interesting to look at the inverse functions:

We divide the complex plane into n sectors:

2k 2(k+1
Sk = 7T§argz< (k+ L) (k=0,1,...,n—1).
n n

The mapping w = 2™ transforms each of these sectors onto a complete copy Wi
of the w-plane. We assume these planes W}, to be cut along the positive real axis.
Then we have upper and lower boundaries; the upper boundary of a cut is always
the image of the bounding half line of the sector Sj with the smaller argument. If
we cross from Sy to Sk41, the w of the lower boundary cut of Wy, crosses to the
upper boundary cut of Wy,. Therefore we “glue” the lower boundary cut of Wy
to the upper one of Wj11. There emerges a “spiral staircase” which closes when
crossing from S;,_1 to Sp; the lower boundary cut of W, _; has to be glued to the
upper boundary cut of Wy. We get a geometric structure over the w-plane and
call it a Riemann surface ]-"(wl/”) of w'/™. Upon this surface the inverse mapping
z =w"" of w= 2" is uniquely defined: On the copy W}, of the w-plane, z = w'/"
has to be defined by

2 = V" (cos (arg w+2k7r> 4 (arg w+2k7r)> ’
n n

here 0 < arg w < 27 is assumed. The copies Wy, of the w-plane are called sheets
of the Riemann surface. The points z = 0 and w = 0 are the unique images of
each other, the same with the points z = co and w = oo, the latter if we consider
the situation on the Riemann spheres in z and w. Both these points are called an
algebraic singularity or a winding point of the Riemann surface.
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Figure 6.1

As differentiation is a local property we may differentiate z = w'/" without diffi-
culties, and using the differentiation rule for the inverse function we get

ClZ 1 1_1

naturally with the exception of the point w = 0. The case n = 2 and the Riemann
surface for w'/? make it possible to understand the connection between the pos-
itive and the negative root in the reals: the transition from one root to the other
corresponds to one winding around of the origin on the Riemann surface.

6.1.2 Powers in higher dimensions

The polynomials we deal with are either defined in H with values in H or in
R™*! with values in C¢(n). Unfortunately it is difficult to transfer the notion of
holomorphic polynomials to polynomials in H or C¥¢(n) as 9x = 20 =1 —n # 0.
Moreover we have no convenient product rule for the differentiation in view of the
non-commutativity. For the differentiation we could overcome these problems by
introducing new variables, which we call Fueter variables:

Zj = T; — To€;j (j=1,...,n).

For them we have
82’]‘:2’]‘8:0 (j:l,...,n);

but regrettably already

8(2327’)#0 (7;7.7.:17"'7”’2'#17)’

as one can calculate. RUDOLF FUETER found in the thirties of the last century a
method to get over these difficulties: He symmetrized products of his variables in
the sense of Appendix A.1.3 and defined homogeneous holomorphic polynomials
of arbitrary degree in H and C¥¢(n).
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KARL RUDOLF FUETER was born in 1880 in Basel (Switzerland) and studied
mathematics in Basel and Gottingen. He got his doctorate in 1903 in Gottingen
as a pupil of D. HILBERT. After his habilitation in Marburg he worked as
professor in Clausthal, Basel, Karlsruhe and since 1916 onwards at the university
in Ziirich. In the thirties of the last century together with his pupils he developed
function theory in the quaternions. He made important progress in the theory
and publicized it. After 1940 his group started also to construct a function theory
in Clifford algebras. Rudolf Fueter died in 1950 in Brunnen (Switzerland).

Fueter introduced the polynomials named af-
ter him in 1936 [43]. They were used by his
pupils and later on, in particular, R. DE-
LANGHE proved that they are left- and right-
holomorphic in C¢(n). Much later in 1987 H.
MALONEK [101] showed that the Fueter poly-
nomials have values only in the paravectors.
We now define the Fueter polynomials. We re-
mark that we have to choose n = 3 if the do-
main of definition is in H where we have to
use the three variables z1, 22, 23, in which case
the polynomials are defined in R*. If we on the
contrary understand H in the sense of C¢(2)
we have only to use the two variables 21, 23,
i.e., n = 2 and the polynomials are defined Rudolf Fueter
then in R3.

Definition 6.1 (Fueter polynomials). Let = be in H or R™*1.

(i) We call k := (kq, ..., ky) with integer k; a multiindez; for multiindices with
non-negative components let us take

n n

ko= k=) ki, kli=]]k!
i=1 i=1
We call k = |k| the degree of the multiindex k.
(if) For a multiindex k with at least one negative component we define
Pr(x) :=0.
For the degree k = 0 we write shortly k = (0,...,0) =0 and define

Po(x) = 1.

(iii) For a k with & > 0 we define the Fueter polynomial Px(z) as follows: For
each k let the sequence of indices ji,...,Jr be given such that the first k;
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indices equal 1, the next ko indices equal 2 and, finally the last k,, indices

equal n. We put

k. .. Lk -
T I= 2§, Ry e By, =21 B

this product contains z; exactly ki-times and so on. Then
1 o 1
Pi(z) = 1l Z o(z*) := 1l Z Zigy *** Phogry -
" oeperm(k) " oeperm(k)
Here perm(k) is the permutation group with k elements (see Definition A.1.1).

This symmetrization compensates in some respects the non-commutativity in H
resp. Cl(n); for n =1 in C we get nothing new but for the variable z/i. We show
the most important properties of Fueter polynomials:

Theorem 6.2. (i) The Fueter polynomials satisfy the following recursion formula
where €; := (0,...,0,1,0,...,0) with one 1 in position i:

kPk kak £, Zk Z[Pk E«'L )

This gives also

Zk;Pk e Zkeﬂ?k e (2).

(ii) We get for the derivatives with j =1,...,n,
8]' Pk(l‘) = k‘j'Pk_gj (JJ)

(iii) Finally we have
807?k Zk eij E?J Zeﬁ Pk

and

P( 807 Zk Pk EJ ej: Z@Pk ej,
7j=1
i. e. the Px are right- and left-holomorphic as the last two equations imply

8Pk(x) = 'Pk(.’t)a =0.

Proof. (i) We prove only the left formula, the proof of the right one is completely analo-
gous. Every summand of Px contains one of the z; as its last factor, so, if we order with
respect to this last factor we get an expression of the form

Py (z Z Qi x(
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In such an expression Q; k(x) the sum runs over all permutations of the other elements
zj. The z; in the last position is fixed, and we have ahead of that fixed element all
permutations of the other k — 1 elements for the index k —&;. Moreover the factor before
the sum is just 1/(k — 1)! as the k has been multiplied on the left side. That means the
polynomial Pk_g, (x) is the factor before the fixed z;. But we have to take into account
that each of the k; equal factors z; can take the last position without any change in the
previous factors. So we have in Q;k exactly k;-times the same expression Pk_e, (z):

Qix(x) = kiPk—e, ().

That is the proof. We get the second equation if we substitute z; = x; — xzoe;. The real
factors x; commute with Pk so that these summands can be cancelled. In the remaining
equation

Z kipk—ei (:E):Eoei = Z kixoeﬂ?k_ei (:E),
=1 =1

one can divide by z¢ and the assertion is proved.

(ii) Mathematical induction with respect to k: If £ = 0, then the k—e; contains a negative
component, therefore Pyx_. ;=0 and 0 = 9, Po.

To conclude from k — 1 to k we apply the recursion formulas from (i): Following the
assumption for £k — 1 and (i) we have

hgE

kO Px(z) = ki0j(Px—e,;(2)2i)

1

K3

[
NgE

kikjP—e, e, (T)2i + Z kiPx—e,; (x)0;zi
1 i=1
k — l)ijk_ej (:E) + ijk—Ej (:E) = kkﬂ?k_sj (:E)

—_~ .

A division by k gives the assertion.

(iii) We apply also mathematical induction with respect to k and prove simultaneously
the formulas for the differentiation from the left and from the right. If £ = 0 we have
Po-e; = 050 we get 0 = dyPo(z). To go from k — 1 to k we apply again the recursion
formula from (i) and the assumption for k — 1 for the derivative from the right:

kaopk(x) = Z k,-((%??k,ei (LE)) Zi — Z kﬂ?k,ei (33)61
i=1 i=1
= - Z k,-kjejpk,ersj (m)zl - Z kipkfgi (33)61
i,j=1 i=1
= —(k-1) Z kjejPr—e;(z) — Z kieiPx—e, ()
j=1 i=1

= —k Z kiPr—e,; (x)e;.
i=1

According to (ii) we may substitute k;Pk—e, = 0;Pk. The same has to be done for the
right version starting with the derivative from the left, concluding the proof. a
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A simple corollary is:
Corollary 6.3. Fueter polynomials are right- and left-Cl(n)-linearly independent.

Proof. The polynomials Px are right-C?(n)-linearly independent if from
> Pr(@) e =0
Kk

with Ax € C¢(n) it follows that all Ax = 0. This can be seen at once as every Py contains
at least one of the x; with a power differing from the other Pk, so that linear independence
may be proven by real differentiation. O

Remark 6.4. All the polynomials Py (Iil) with |k| = k constitute on the unit
sphere S™ the so-called spherical polynomials of degree k.

Corollary 6.5. We have the following estimate for the Fueter polynomials:

Pi(@)] < 2™zl * = 2] < ).

The proof may be an exercise for the reader (see Exercise 6.3.1).

Example 6.6. a) The Fueter polynomials of degree 1 are just the z;:
Pe,(z) = 2.

b) For degree 2 obviously the simple squares of the z; are the polynomials of the
form
'sti (l‘) = Zzz

For mixed indices we have (i < j)

Pe,re;(x) = (225 + 2j2).

o

c) For degree 3 the expressions become longer, e.g., for i < j,
L 5 2
Paeire; (2) = (272 + 2izj2 + 2527).

We remark finally that the Py have values in R”*!, but we shall not prove this
here (see Proposition 10.6).

Remark 6.7. R. Delanghe introduced in 1970 [31] the notion of a totally analytic
variable. He calls a variable z € H totally analytic if together with z also each
power z7 is H-holomorphic. For this purpose he defines

3
z = E T,
=0
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with convenient a; € H (i = 0,1,2,3). These a; are not necessarily R-linearly
independent. This variable is totally analytic if and only if a;a; = aja; (see [54]).
Simple examples are the Fueter variables z; introduced above.

Between the system {ag, a1, as,as} and the Euclidean base {eg, e1, €2, €3} we have
the usual connection

ao €o
a1 —A €1
az €2
as €3

with A € R***4, We cancel now the first column in A and call the resulting matrix
A’, let rank A’ < 2 and let z be a totally analytic variable. For u = (uq,...,ux) €
H* we define the following function with values in H:

k

(Liu)(@) = Y 3 [TH=(2) = 2(a7)] [2(ak) — 2(a;)] " wi}

1=1 | j#l

Here we assume a; € H (j = 1,...,k) and z(ax) # z(a;) for k # j. This function
Ly, then takes just the values u; at the points a;:

i) (Lpu)(e) =u; (G =1....k),
(ii) (Lyuw)? € kerd  (p=1,2,...) (holomorphy).

A polynomial with such (interpolation) properties is called a Lagrange polynomial.

6.2 Mobius transformations
6.2.1 Mobius transformations in C

In this section we shall investigate the properties of a simple but interesting class
of mappings: The function w = z 4+ b translates all points of the Gaussian plane by
b, circles and straight lines are mapped onto circles and straight lines. This map
is called translation.

The function f(z) = az has the derivative a; one sees from

w = f(2) = az =: |a|(cos a + isin )z
that we have a rotation combined with a dilation of the plane. Every point is
rotated by the angle o around the origin and dilated by the factor |a|.

The function f(z) = 1/z has the derivative f'(z) = —1/2z%. Points in the open unit
disc are mapped into the exterior of the disc and vice versa, therefore this mapping
is called reflection about the unit circle. In particular the origin is mapped to the
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point z = 0o. At the end of Section 1.3 we had an equation for circles and straight
lines,

Azz+2Re(Bz)+C =0

with A, C'real; AC < |B|?, if we apply our mapping z = 1/w we get

A+ 2Re(Bw) + Cww = A + 2Re(Bw) + Cww = 0.

Im
C A w = 1
V
0 Re
w=
Figure 6.2

We see that circles and straight lines are mapped onto the same geometric struc-
tures. More precisely we can say that straight lines through the origin are mapped
onto themselves (A = C = 0); straight lines not through the origin are mapped
onto circles through the origin and vice versa (A =0, C # 0 resp. A # 0, C =0).
At last circles not through the origin are mapped onto the same circles (AC # 0).

Definition 6.8 (M6bius transformation). A mapping w = f(z), given by

az+b

with ad — be # 0 is called a Mobius transformation. The matrix

a b
c d
is associated with the M&bius transformation. We remark that an analogous matrix

in higher dimensions is called a Vahlen matriz. The mapping has to be conveniently
defined in C to have a continuous function in the chordal metric.

The mapping is named after AUGUST FERDINAND MOBIUS (1790-1868) and
the matrix after KARL THEODOR VAHLEN (1869-1945).
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The Mébius transformations are also called (fractional) linear maps despite the
presence of the denominator. The derivative is

ad — be
fl(z)= .
(cz+d)
it shows the Mobius transformation to be constant if the determinant ac — bd of
the associated matrix is zero. For this reason we have excluded this case.

From w = f(z) it is easy to calculate the inverse function

dw —b
—cw+a’

= w) =

Its associated matrix has the same determinant as f and is also a Mobius trans-
formation. Consequently a Mobius transformation is a one-to-one mapping even
from C onto C; in case ¢ # 0 the point z = —d/c will be mapped to w = co and
z = o0 to w = a/c. If ¢ = 0 then the Mobius transformation f(z) = (az +b)/d
is the composition of a translation, a rotation, and a dilation. If ¢ # 0 we have a
composition of a translation, a rotation, a dilation, and the mapping w = 1/z, as
we may write [ in the form

a ad—bc 1
f(Z) = - 2 :
c c z+d/c
All these simple maps transform circles and straight lines into the same geometric
structures, so we have proved:

Proposition 6.9. A Mdébius transformation maps circles and straight lines in the
z-plane onto circles and straight lines in the w-plane.

This is the reason why circles and straight lines are both called “circles” in a more
general sense: Mdbius transformations are circle-preserving.

It is easy to see that the Mobius transformations form a group relative to com-
position. Indeed, the mapping f : z — z is the neutral element of this group, the
inverse mapping has been calculated above, and the composition of two Md&bius
transformations is again a Mobius transformation, as may be easily calculated:
From

C_a’w—i—b’. _az+b
T dw4d’ w= cz+d
it follows that

c= (d'a+bc)z+ (a'b+bd)

(da+dc)z+ (¢b+dd)

The matrix of the composition is just the product of the matrices of the factors.
So we have proved:
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Proposition 6.10. The Mdbius transformations form a group relative to composi-
tion, called the Mobius group.

The Mobius transformations possess many interesting geometric properties, we
shall now prove some of them:

Definition 6.11. The cross-ratio of four different points in C is defined as follows:

zZ3 — 21 zZ4 — 21 Z3 — 21 24 — 22
[21,22,Z37Z4] = . - .
23 — 22 24 — 22 23 T R2 24— 21

If one of the four points is z = co we have to take the corresponding limit.

We show some properties of the cross-ratio and of the Mobius transformations:

Proposition 6.12 (Cross-ratio). (i) Mdbius transformations preserve the cross-
ratio of four points.

(ii) Let z1, 22, 23 and wy, wa, w3 be given points, different in pairs, then the Mobius
transformation implicitly defined by the equation

[’U}h’lUQ,U)g,U)] - [21,2272372]

transforms the sequence of points z1, z2, z3 into the sequence wy, wa, W3.

(iii) The cross-ratio of four points z1, za, zs, z4 is real if and only if the points are
lying on a straight line or on a circle (i.e., on a circle in the above generalized
sense).

Proof. (i) We have seen above that a Mobius transformation may be split into a trans-
lation, a rotation, a dilation, and eventually a reflection in the unit circle w = 1/z. For a
translation w = z + a the a vanishes in the differences, so the cross-ratio is invariant. For
a rotation and a dilation w = az the a vanishes by a division, the invariance is given. It
remains the reflection about the unit circle w = 1/z, for which it follows that

21 — 23 2223 22 — 24 Z1%4
[w1, w2, w3, wa] = = [21, 22, 23, 24],
Z2 — 23 R1Z3 Z1 — 24 R2%4

i.e., we also have an invariant cross-ratio.

(ii) w, resp. z, can be calculated uniquely from the cross-ratio, in particular one sees from

Z3 — 21 2 — 22
[21, 22, 23, 2] =
23 — 22 Z— 21

that
[21, 22, 23, 21] = 00, [21,22,23,22) =0, [z1,22,23,23] = 1.

This is correct also for the w-part so that the transformation given in the proposition
indeed transforms z; into w1, z2 into w2, and z3 into ws.

(iii) The proof is recommended as an exercise (see exercise 6.3.4). O
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Example 6.13. a) We look for a transformation which transforms the unit circle
D = B;(0) onto the upper half plane. Using the proposition above we choose the
points —1, —i,1 on the unit circle and transform them to the points —1,0,1 on
the real axis. In the given sequence we run the boundaries in a direction such that
the unit circle and the upper half plane are both on the left side; it then follows
that

1+1 w 1+1 2414

1 wH+l 1+diz+1

or

wo 1 z+41

w+1l 1+4iz+1
and at last .
_z+z
iz4+1

This is the transformation named after the English mathematician ARTHUR CAY-
LEY (1821-1895).

b) The Mdbius group has many interesting subgroups, so the Mobius transforma-
tions
9 Z— 2
w = e 0 |20l < 1,0 € R,
1—292
form a group. These are the transformations which map the interior of the unit
circle D = {z : |z| < 1} onto itself (see Exercise 6.3.5).

6.2.2 Mobius transformations in higher dimensions

Unfortunately we meet in H and C?(n) some difficulties while defining Mdbius
transformations, in part from the non-commutativity. The first published results
in this direction are due to Vahlen [156], and later to Maaf [99]; and in the eighties
of the last century Ahlfors studied these transformations in a series of papers [2]-
[4], see also the dissertation of Zoll [161].

At the end of Section 1.3 we gave a consistent equation for circles and straight
lines in the plane, which we shall repeat in higher dimensions. An n-dimensional
(hyper)plane in R™*! is given by the equation

r-B=c

or
B+ Bx =2¢c=:-C

with real ¢ and a paravector B. A sphere, an n-dimensional surface of a ball in
R™*!, is described by the equation

(z + B)(z 4+ B) = r?,
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—B is the center and r the radius of the sphere. This gives
zx+xB+ Br=r*—|Bf* = -C.

In summary we have:

Proposition 6.14. Planes and spheres of dimension n in R are described by the
equation
Arx+xB+ Bx+ C = 0;

here A and C are real and B is an arbitrary paravector and we have to assume
that
|B|? — AC > 0.

For A =0 the equation defines a plane, for A # 0 a sphere.

As in the plane we can speak simply only of spheres if we deal with planes or
spheres. A translation
' =x+a

with @ € R"*! transforms the above equation into one of the same type, which
means planes and spheres or simply spheres are preserved. The same is true for
rotations and dilations of the form

x' = axb.

We saw in Cayley’s Theorem 2.27 that in H this form describes rotations and an
additional factor gives the dilation. In R*™! we have to satisfy the assumptions
of Theorem 3.20, we then get 2/ € H, resp. € R"*!. The simple calculations are
recommended to the reader. Finally we deal in an analogous way with the plane
by means of mappings of the form

= 1_ ¢ )
z |zf?
Also here 2’ is in H resp. in R™*!, and we see easily that planes are transformed
into spheres and vice versa. In a similar way as for the plane this transformation
is called reflection about the unit sphere. We state

Proposition 6.15. Translations, rotations, dilations, and the reflection about the
unit sphere ' = 1/x preserve general spheres.

We shall define now the Mobius transformations. To be clearer we deal with both
the cases H and R™*! separately since there are some differences:

Definition 6.16. Let a, b, c,d € H. The mapping

f(@)=(az+b)(cx+d)™" (f(z)= (zc+d) " (za+b))
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with
H:=cac'd—cb#0 for ¢#0 and ad#0 for c=0,
(H i=dclac—bc#0 for ¢#0 and da#0 for c:O)

is called a Mdbius transformation in the left representation (Mobius transformation
in the right representation). The associated matrix

a b
c d
is called a Vahlen matriz. Mobius transformations may be continued continuously

to H in the chordal metric.

H corresponds to the determinant in C; if ¢ commutes with «a this is also formally
correct. We have a theorem analogous to C:

Theorem 6.17. (i) The Mdobius transformations preserve spheres.
(ii) The left representation may be transformed into a right one and vice versa.
(iii) The Mdbius transformations form a group, the Mobius group.
As in the plane for each mapping we have a whole class of representations.
Proof. (i) For ¢ # 0 we calculate as follows:
f@)=(ax+b)(cz+d)™" = (a(z+c'd)+b—ac'd)(z+c "d) ¢t
ac”t —c "H(z 4+ ¢ td) et

and similarly for the right representation. Then we see that the mapping is composed
of translations, rotations, dilations, and a reflection in the unit sphere ' = 1/x. So, the
last proposition shows that planes and spheres are preserved. For ¢ = 0 we see at once

that

f(z) = (ax +b)d™ ", resp. f(z)=d '(za+b),
and the assertion follows. Clearly a and d may not be zero, which means H # 0. Inciden-
tally, one sees that H = 0 would correspond to the constant map, but we have excluded
that case.

(ii) We start with the left representation: for ¢ = 0 it is necessary to have a # 0 and we
get the desired right representation with

f@)=azd ' +bd " = (") Nzd " +a bd ).
For ¢ # 0 we use the formula from (i):
f) = ac'—c'H@+c'd) ‘¢l =ac = [(z+c " d)H ' e
(H 'ce+c¢ "dH 'e) (eH 'cac™ + ¢ 'dH teac™t — 7).
If we denote the new coefficients with an index r, for ¢ # 0 they read:
ar = H *cac™, b, =c *dH tcac™t — ¢,

Cr = Hﬁlc, d, = ctdH e
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For ¢ = 0 they read
ar=d ', bp=a"'bd"", ¢, =0, dr =a" .

The new determinant for the right representation has to be different from zero, as the
mapping is not constant. The calculations from the right to the left representation are
quite analogous.

(iii) The inverse mapping to ' = (ax + b)(cx + d) ™" is easily calculated,
z=(z'c—a) " (=2'd+b),

we get a right representation, the determinant is the same. The neutral element of the
group is naturally the identity. The composition with a second M&bius transformation
2 = (a'z’ + b)) (2’ +d')"! gives analogously to C,

2" = ((da+be)x+ (@b+bd)(at+dce)e+ (b+dd)".

The latter is again a Mobius transformation with an associated Vahlen matrix, which
is the product of both the single Vahlen matrices. The determinant cannot be zero as
otherwise one of the single maps would be constant. Therefore we have all the necessary
properties of a group. O

In Cl(n) we have an analogous situation with the additional difficulty that the
Mébius transformation really has to map into R**'. As in the quaternions we
have to exclude that the mapping is constant.

Definition 6.18. Also in R"*! we call the mappings
f(z) = (az +b)(cx +d)™*, resp. f(x) = (zc+ d) " (za + b)

with 2 € R" and a,b,¢,d € T}, | := Ty U{0} Mébius transformations; the
first form is called the left representation, the second one the right representation.

(¢ 4)
c d
is called again the Vahlen matriz, T, is the Clifford group from Theorem 3.20.
We assume for the left representation that
H* :=ad — bé € Ry := R\ {0},
where d is the reversion from Definition 3.9. For ¢ # 0 we assume moreover
ac™t, ¢ ld e R
and for ¢ = 0 only bd~!' € R**!. For the right representation this reads
H* :=da — ¢b € Ry,

for ¢ # 0 let
¢ ta,de™t e R

and at last for ¢ = 0 let d*}b € R"*!. The mapping has to be continued to the
one-point-compactification R”*! continuously with the chordal metric.



122 Chapter II. Functions

Here H* is nearer to the determinant in C, at least formally, than the determinant
H in the quaternions. We have an analogous theorem to the previous one:

Theorem 6.19. (i) Mdbius transformations map R onto itself and preserve
spheres in the general sense.

(ii) The left representation may be transformed into a right representation and
vice versa.

(iii) The Mdbius transformations form a group, the Mdbius group.

Also in the case of the Clifford algebra one has many different possibilities to
represent a Mobius transformation.

Proof. (i) As in H we have for ¢ # 0,
f@)=ac ' 4+ (b—ac 'd)(z+c'd) e

As we assumed ac ', ¢ 'd € R™™! both these summands generate only translations in
R™!. Moreover (z + ¢~ 'd)™" is composed by a translation and the reflection about the
unit sphere ' = 1/2, which map also into R"**. Finally we have to study the mapping

' = (b—ac 'd)zc "
mce ¢ d € we have ¢ "d = (¢~ =deé , and it then follows that
Si 'd e R*" we h 'd 'dy=dé ", and it then foll h
¢ 'H=b—ac'd=b—ade™" = (be —ad)e™" = ré¢ !,

as the expression in brackets is assumed to be real and not 0. So we get

/ A—1 —1
T =N xe

following Theorem 3.20 this is a rotation for A = 1, otherwise an additional dilation. So,
the transformation maps into the R"*!, and Proposition 6.15 gives the assertion.

For ¢ = 0 we have f(x) = Aa:vcf1 +bd™*. Because of bd~* € R™"! this summand gives a
translation. From H* = ad € R it follows further with a real A # 0 that

a= )\cf_l,
i.e., again the desired rotation composed with a dilation in R™"*1.
The proofs of (ii) and (iii) are the same as in H, so it is not necessary to repeat them. O

As our last proposition we shall differentiate the Mobius transformations. In con-
trast to C for n > 2 we shall see that they are not holomorphic functions in H and

Cl(n).

Proposition 6.20. For f(z) = (ax + b)(cx + d)~! we have with h € H, resp.
h € R*HL

(i) £ (@)h] = (wer +dr) " b (ca +d) 7Y,
(i) (91)(@) = —(n - Dwe, +d) " (cw + )7,
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(iii) (f0)(z) = —(n — 1)(zey +dp) " (cz + d) ="

We see as stated that a Mébius transformation is neither left- nor right-holomorphic.
The factor n — 1 shows why the derivative is zero in the plane, where we have a

holomorphic function. But that does not matter, the Mdbius transformations are

important for us when we have to transform variables of integration. The deriva-

tive f’ is to be understood in the sense of a mapping between vector spaces. The

additional argument h is necessary. The derivative may be calculated without too

many difficulties.

Proof. (i) We assume firstly ¢ # 0 and calculate

F@) = fly) = (az +b)(cz +d) " — (yer +dr) ™" (yar +br)
= (yer +dv) " [(yer + dr)(az +0) — (yar +br)(ca + d)] (cz +d) ™
= (yer 4+ dp) My(era — are)x + y(erb — ard)
+ (dra — bre)z + (drb — bed)](cz +d) "

Surprisingly this simplifies with the above calculated expressions for the coefficients of
the right representation (proof of Theorem 6.17 (ii)):

cra—arc=0, d.b—0b.d=0,
dra —brc=1, c¢b—ard=—1.

This gives us
f@) = fy) = (yer +dv) (@ —y)(cz +d) 7,

also for ¢ = ¢, = 0 we may calculate this without difficulties. We now substitute = by
x4+ h and y by x; it then follows that

fl+h)— f(x) = (wer +dv) " h(c(z+h)+d)~"
If we apply the same formula to g(z) = (cz + d)™"' we get
g(x+h) = (cx +d)~" +[n|O(1).
This gives for our f(z),
flx+h) = f(z) + (zer +dp) " h(ez+d) ™"+ [h2O(),
i.e., the assertion for f'(z).
(i) Because of 9;f(z) = f'(x)[es] = (zer +dr) "' ei (cx +d) ™" we have

Zel (e, +dy) ei(ca+d) T = —(n— 1) (ze, +dy) ez +d)!
i=0

Here we have used the formula from Exercise 3.5.5

(iii) The proof is quite analogous to (ii). O
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Exercises

. Prove the estimate

|Pi(@)] < |z1]Ft .. |z fr = |2f* < ||

Prove the binomial formula for Fueter polynomials: We have for all  and y
in R"*! (k, i, j denoting multiindices)

k!
5 PP w)

Pr(z+y) = Z

i+j=k

Here one should use mathematical induction relative to |k|, the conclusion
from |k| — 1 to |k| should be proved by differentiation with respect to x;.

Show that the Mobius transformations of

0 2 — 20
w = e . 2ol <1, 0 € R,
1—202

form a group and map the interior of the unit circle onto itself.

Prove that the cross-ratio of four points z1, 29, 23, 24 is real if and only if the
points are lying on a straight line or a circle. (Proposition 6.12 (iii)).

Calculate a Mobius transformation which maps the interior of the unit circle
onto the right half-plane.

Prove that

is a reflection about the sphere {|z| = r} in the following sense: the points x
and 2’ should lie on the same half-line starting from the origin, and 2’ should
be the polar point of . Nevertheless 2’ = 1/x is also called reflection about
the unit ball; here a reflection about the plane xg = 0 is added.

Calculate the Mdbius transformation in R”*! which maps the interior of the
sphere S™ onto the half-space {zo > 0}.

Prove that translations, rotations, dilations, and the reflection about the unit
sphere o’ = 1/x preserve the set of general circles, i.e., n-dimensional planes
and spheres in R*+! .
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7 Integral theorems and integral formulae

7.1 Cauchy’s integral theorem and its inversion

The Cauchy integral theorem belongs to the central results of complex analysis
and tells us in its classical formulation that, for a holomorphic function f in a
domain G, the integral along a sufficiently smooth closed curve which is located
in G has always the value zero.

Cauchy (see Subsection 5.1) proved his famous theorem in 1825 (cf. [23]). He
formulated it for rectangle domains and used methods of variational calculus. In
1883 EDOUARD GOURSAT (1858-1936) considered domains with more general
boundaries and weakened the assumption of the continuity of the derivative f’.
It was, in the end, ALFRED PRINGSHEIM (1850-1941) who brought the Cauchy
integral theorem to the form used today with a method based on a triangular
decomposition of the domain.

The Cauchy integral theorem is for us an easy consequence of Gauft’ theorem:

Theorem 7.1 (Cauchy’s integral theorem in C¢(n)). Let f,g € CY(G), where G is
a bounded domain of finite connectivity with a sufficiently smooth boundary 0G,
so that always the normal points outwards. Let f be right-holomorphic and g be
left-holomorphic in G. We then have:

/f(x)dw*g(x) =0.
le

The classical proof uses the method of Goursat. B. Wirthgen [104] has transferred
it to higher dimensions, so that also this proof would be possible, but with con-
siderable effort. We therefore restrict ourselves to the proposed method.

For n = 1 we have C¢(n) = C. Because of the commutativity we can work in the
plane with one holomorphic function f. The theorem in C reads as follows:

Theorem 7.2 (Cauchy’s integral theorem in C). Let G be a bounded domain with
boundary OG consisting of a finite number of piecewise smooth curves. The bound-
ary curves may be oriented so that G is always on the left side. The function f is
assumed to be holomorphic in G and continuous in G. We then have

/ F(2)dz = 0.
oG

Now we want to prove the theorem of the Italian mathematician GIACINTO MOR-
ERA (1856-1909), a kind of inversion of the integral theorem which shows the
equivalence of Cauchy’s integral theorem and the definition of holomorphy.
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Theorem 7.3 (Morera’ s theorem in C/(n)). Let f € C'(G) be a function in a
domain G C R" L. If we have for all balls B,.(x) C G,

/ dy* f(y) =0,

OB, (x)

then Of =0 in G, thus [ is a left-holomorphic function.
Proof. Let x € G be an arbitrary point. Then Gaufi’ theorem in C¢(n) A.2.22 leads to

(hié&mﬁyf@)=ﬁ;m6ﬂwd%-

Because of the continuity on the one hand and the theorem of Lebesgue from integral
calculus on the other, with the volume V;. of a ball of radius » we obtain

r—0

Jim 1/ Ofdo = 0f (z) = 0,
Ve JB,(x)

so that f is a left-holomorphic function in G. g

In C the theorem was proved by Morera in 1886. There a primitive function exists
and the assertion can be formulated differently and under weaker assumptions:

Theorem 7.4 (Morera’ s theorem in C). Let G C C be a domain and let f : G — C
be continuous in G. If

/f(z)dz =0

for any closed polygon 11 in G, then f is holomorphic and possesses in G a prim-
itive function F with F'(z) = f(z).

Proof. One of the difficulties of the assumptions of this theorem lies in the “holes” even-
tually existing in the domain. One has to be able to integrate around them in every
direction. This is not always given as one can see for the integral of 1/z over the unit
circle (cf. Exercise 7.4.3).

Let now zo be an arbitrary, but fixed point in G. We define
P = [ 10
20

and integrate over an arbitrary polygon II connecting zo and z in G. Because of the
conditions in Morera’s theorem the function F' is uniquely defined: the integral over
another polygon II; has no different value as the integral over II + (—II;) has the value
Zero.

We examine the differentiability of F":

F(z+h)—F(z) 1 [*t"
Y (L3
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If |h| is small enough, z + h is contained in a small disk around z which belongs to G.
There we can integrate over the straight line from z to z 4+ h. The latter requires again
the path independence of the integral. As f is continuous we have f(¢) = f(z) +o(1) for
any ¢ on the line from z to z + h, thus

z+h
W[ 0= e R

with the remainder term
1 z+h
R(h) := h/ o(1)d¢.

Because of the continuity we have |o(1)] < e for |h| < ¢ and |R(h)| < € follows. Then
R(h) = o(1) and we have proved

F'(z) = f(2).

Consequently, F' is a holomorphic function and as we shall see later, also f is. d

A domain is called star-shaped with regard to a point 2y if any point z € G can be
connected with zy by a straight line contained in G. For such a star-shaped domain
it is sufficient to assume in Morera’ s theorem that the curve integral vanishes for
all triangles with one corner in zg .

Figure 7.1

A property of a function in a domain G is said to hold locally if for every point
x € G a small ball (or disc) with center x exists which is contained in G and in
which the property in question holds. To give an example, typical properties of this
kind are the holomorphy and the uniform convergence of a sequence of functions.
The latter is given mostly only locally as the convergence generally becomes worse
near the boundary of G. We want to formulate a supplement of Cauchy’s theorem
which shows the equivalence with holomorphy:

Theorem 7.5. A continuous function f in a domain G C C is holomorphic if and
only if locally the integral over the boundary of all triangles is zero.

Proof. If we restrict ourselves to a small disc in G the assertion follows immediately from
Morera’s theorem in C, proven above. d
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7.2 Formulae of Borel-Pompeiu and Cauchy
7.2.1 Formula of Borel-Pompeiu

This section is devoted to the treatment of an integral formula which is named
after the French mathematician EMILE BOREL (1871-1956) and the Romanian
DIMITRIE POMPEIU (1873-1954). An application to holomorphic functions proves
Cauchy’s integral formula which is the road into classical complex analysis. Of
course, Cauchy’s formula was obtained earlier than Borel-Pompeiu’s. We do not
treat the statement in C separately, the proof is included in the corresponding
theorem in C¥(n).

For the integral formulae we need the so-called Cauchy kernel. In some sense it
represents the weakest isolated singularity a holomorphic function may have at a
point:

Definition 7.6. We call the function

Bo(z) = 1 T

(z #0),

defined in R"™1\ {0}, the Cauchy kernel. Here o, is the surface area of the unit
ball S™ in R"!. According to Example A.2.17 with the Gamma function from
Section 13.1 we have

On |J}|”+1

FnJrl (é) B 27r(n+1)/2

r(4h T

op =2

In C the Cauchy kernel simplifies to
11
E = .
1(2) 27 2
Proposition 7.7. The Cauchy kernel is right- and left-holomorphic.
Proof. We have

o, " =@ L+ (002 ") g,

o = O g
and with
Ox = Zeiei =n+1, 8|x\2 = 223:,-6,- =2z
i=0 =0
the desired relation
T _y
‘$|n+l
follows (proceed analogously for the right-holomorphy). O

Theorem 7.8 (Formula of Borel-Pompeiu in C/(n)). Let G C R™™ be a bounded
domain with sufficiently smooth boundary and an outwards pointing normal. Then
we have for any f € C1(G),

[ Bty -0 1) - [ Bty - w00, ={ 10 EEG
G

oG
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Proof. Cutting out from G the ball B.(z) we obtain the domain G, := G\ B:(x) with the
boundary 0G. = dGU(—S;). S: is the sphere with radius € and center x. The orientation
of the sphere’s normal to the exterior of the domain G- is taken into account by the minus
sign. Now we apply Gauf’ Theorem A.2.22 to the domain G. and the functions E, (y —x)
and f(y), y being the variable of integration. As E,(y — z) is a holomorphic function we
obtain:

/E (v — 2)dy" f(y /E (v — 2)dy" f(y /E y— 2)(0f) (y)do.

For the second integral in agreement with the special cases A.2.17 b) and ¢) with § =
(y —z)/ly — | it follows that

x n
/ En(y - 2)dy"fly / el Jy — o/ W15
/ £ + £3)\dog.
nSl

Because of the continuity of f for e — 0 we have

lim / flo+ ep)ldog| = / dosl (&) = (@)

e—0 On

The volume integral over G. causes no difficulties for ¢ — 0 although
E,(y — x) becomes singular. In new coordinates y — x =: rt with |¢| = 1, from the
special case A.2.17 b) we deduce

En(y—l‘) = !

P doy = r"dr|do],
n

so that the singularity disappears and the volume integral converges for
e — 0. d

For n = 1 the algebra C/¢(n) is just C. So we obtain the Borel-Pompeiu formula
of complex analysis:

Theorem 7.9 (Formula of Borel-Pompeiu in C). Let G be a domain of finite
connectivity with piecewise smooth boundary which is oriented so that the domain
lies on the left-hand side. Let the function f € CY(G) have compler values. Then

we have
L LHO ., 1 [OJQ) [ ), e,
27ri/§—zd§_7r C—zdaq_{(), z ¢ Q.
e G

For the notion piecewise smooth we refer to Example A.2.10 a and for finite con-
nectivity to Definition A.2.19.

Important conclusions can be drawn from the formula of Borel-Pompeiu, but we
shall introduce here only some notation which has become standard today, and
with which we shall deal later on.
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Definition 7.10. Let f € C'(G) and OG be a sufficiently smooth manifold. The
operator Fjy¢, defined by

(Fog /() := / By — 2)dy* (1),

oG

is called the Cauchy—Bitsadze operator. The operator T, defined by

(Taf)(x) = — / Eoly — o)/ (y)do, |
G

is called the Teodorescu transform.

Remark 7.11. With this new notation the Borel-Pompeiu formula can be written
in the form

(Fochle) + (Ta@) = { 1§ 728 o

7.2.2 Formula of Cauchy

Now it is easy to deduce Cauchy’s integral formula which turns out to be the
way into important parts of hypercomplex analysis. We shall draw the first con-
sequences of this formula in the next subsection. To prove Cauchy’s formula we
have only to use a left-holomorphic function in the formula of Borel-Pompeiu, so
that the volume integral vanishes:

Theorem 7.12 (Cauchy’s integral formula). Let G € R"™ be a bounded do-
main with sufficiently smooth boundary and outwards oriented normal. For a left-
holomorphic function f € C1(G) we have

[ Etw =i s ={ J 50

oG

For a right-holomorphic function, f and E, (y — x) have to be interchanged. In
particular, we have for n = 1:

Theorem 7.13 (Cauchy’s integral formula in C). Let G be a bounded domain of
finite connectivity with piecewise smooth boundary, which is oriented so that the
domain G lies on the left-hand side. Let the function f be holomorphic in G and
continuous in G. We then have

L[ fQ [ flz), z€G,
QWi/C—ZdC{O, z ¢ G.
oG



132 Chapter III. Integration and integral theorems

Cauchy’s integral formula shows that the function f is completely defined by its
boundary values on 0G. This strong inner connection of holomorphic functions
is the reason for many interesting properties. For the history of the formulae of
Cauchy and Borel-Pompeiu we refer to Subsection 7.2.4.

Now we want to prove a further variant of Cauchy’s integral formula over a so-
called exterior domain. For this purpose we consider a Jordan surface I', which is a
piecewise smooth bounded manifold whose complement relative to R™*! consists
only of two domains. Thus, R"*! is split by I' into two domains, one of them
having the point co as boundary point: this is called the exterior domain G~ of
I'. Correspondingly GT = R"*1\ (' UG™) is called the interior domain of T'. We
then have

Theorem 7.14 (Cauchy’s integral formula for the exterior domain). Let T’ be a
Jordan surface with the exterior domain G~ and the interior domain G*. The
orientation of ' is to be chosen so that the normal points toward G~ . The function
[ is assumed to be left-holomorphic in G— and continuously differentiable in G~ UT
and to have a limit value f(o0) at x = oo using the chordal metric. We then have

[ Euty=way s = { IO L
r

Proof. We choose a sphere I', = {x : |z| = p} with sufficiently large radius p which
contains ' and G* |, and consider the domain G, := G~ N {|z| < p}. Its boundary
is 0G, = T', U (—TI") taking into account the orientation of I". Then Cauchy’s integral
formula for z € G, yields

fa) = - / Euly — 2)dy" f(4) + / Euly — o)y (f(y) — £(o0))
r lyl=p
(o) [ Bty - oy

lyl=p

S / En(y — 2)dy’ f(y) + f(o0) + R,

Rim [ Euly— o)y’ () - £(o2).
lyl=p
From our assumption the inequality |f(y) — f(c0)| < € follows for sufficiently large p. If
we assume moreover p > 2|z| we get
1 1 < 1 2

FE.(y—2)| =
By == o o S g o

because of |y — x| > |y| — |z| > p/2. Finally we obtain with Theorem 3.14 (ii)
« e2" n
R< [ By -odre< T [ ol =2
lvi=r " =
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For p — oo the value € can be chosen arbitrarily small and the assertion is proved.

Our proof is also valid in the inner domain G as then the right-hand side contains the
value 0 instead of f(x) in the formulas above. O

7.2.3 Formulae of Plemelj—Sokhotski

We have proved in the previous section that a holomorphic function is determined
completely by its boundary values and that it can be described with the help of
Cauchy’s integral. Obviously the Cauchy integral can be written down formally
for any integrable function on I', and it defines a holomorphic function outside
I'. Then naturally the question arises on the boundary values of this integral.
The following theorem and all questions around it were first considered by the
Slovenian mathematician JOSEF PLEMELJ (1873-1967) and the Russian YULIAN
VASILIEVICH SOKHOTSKI (1842-1927).

First of all we prove an auxiliary formula:

Proposition 7.15. Let G be a domain with a sufficiently smooth boundary ', i.e.,
I € C? at least, and let x € R" ! be an arbitrary fized point. Then we have

1, zed,
/En(yfx)dy*: é, rel,
T 0, zeR"\G.

The integral is singular, i.e., it exists in the sense of Cauchy’s principal value.
Cauchy’s principal value is defined in the following way: By a ball B.(x) one cuts
out from I' a neighborhood T'.(z). Then the integral over IV := I \ I'.(z) should
converge for € — 0.

Proof. For © € G the statement follows from Cauchy’s integral formula Theorem 7.12
using the function f = 1; for 2 € R™™'\ G the result follows from the integral formula in
the exterior domain Theorem 7.14. For € I we cut out the neighborhood I'-(x) by a
ball B.(z) with surface Se(z) obtaining I''. The part of the sphere within G is Sc(z) N G.
The kernel function E,(y — z) is holomorphic with regard to y in the domain bounded
by I U (S-(x) N G) and thus the integral over this boundary is zero. Taking into account
the orientation we obtain

/Efa: /Efa:

Se(z)NG

On S:(z) NG we have as usual dy* = v|do| (see Example A.2.17 ¢) with the unit vector
of the outer normal v = (y — z)/|y — x|, thus the integrand reads

y—zx Y=

" |do| = |dos|
ly —a|**t Jy — |

with the surface element |do:| of the unit sphere S™.

Our integral over IV turns out to be the area of S:(z) N G divided by the area of the

whole sphere. Because of the differentiability, the surface S:(x) N G converges for ¢ — 0
to the hemisphere. Thus we get in the limit the value 1/2. O
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B.(x)

S:(x)NG

Figure 7.2

Remark 7.16. The proof remains valid if there are the so-called irregular subsets
on I' (edges and corners). Let « be an irregular point of ', which is located on an
edge or is a corner (e.g., on a cuboid). If one measures the apex angle vy(z) of T’
in by the limit for £ — 0 of the area of the sphere’s part S:(z) N G divided by
the area of the whole sphere, one has for z € I' simply

/En(y —z)dy” = (z).

r

This is a natural generalisation of the value ; at a regular point. Nevertheless, we
remark that ' should fulfil at least the cone property, which says that a circular
cone exists with the apex in « which belongs to G excluding the apex. This means
that cusps and cuts are not admitted.

The integral
(Sru)(z) =2 / En(y— 2)dy*uly), €T,
I

is an important singular integral obtained from the Cauchy—Bitsadze integral

(Fru)(z) = / Eoy - x)dy*u(y), = €R™I\T,
I

The proposition just proved is related to (Fr1)(z) for z ¢ I' and to }(Srl)(z)
for x € T'. For Holder continuous functions u the following decomposition follows
immediately:

(Sru)(x) = 2 / Eu(y — 2)dy*[u(y) — u(@)] +u(z), z €T,
I
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as this integral exists as an improper integral because of the Holder continuity.
For the concept of Holder continuity we refer the reader to Appendix 3, Definition
A.3.1 and Proposition A.3.2.

Now we turn to the announced formula of Plemelj—Sokhotski:

Theorem 7.17 (Plemelj-Sokhotski formula). Let u be Hélder continuous on a suf-
ficiently smooth surface T' = 0G. Then at any regular point x € T' we have

- lim (Fru) (1) = ; [u(@) + (Sru)(@)],

—T

where t € G* with GT = G and G~ = R"*\ G. The notation n.t.—tlim means

that the limit should be taken non-tangential, i.e., t tends to x within a circular
cone whose symmetry axis points toward the normal direction of ' at the point x.
The apex angle of the cone should be smaller than .

Proof. Let x be a fixed point on I'. Proposition 7.15 yields immediately for t € G,

(Fru)(t) = / Euly — )dy" [u(y) — u(z)] + u(x)

and for t € R™™\ G,

(Fru)(t) = / Euly — t)dy"[uy) — u(z)].

T

We set

alt) = / Euly — t)dy"[uy) — u(z)]

T

and intend to show that
alt) = a(a) = [ Buly—o)dy"luy) — u(@)] = (Sr)(a) — yu(z)
for the non-tangential convergence t — x. Hence, the assertion
(Fru)(t) — | [u(e) + (Sru) (@)

would be proved. In the integrand of a(t) — a(x) the absolute value can be drawn to the
factors as F, and dy* are paravector-valued, thus

la(t) — a(z)| < / |En(y —t) = En(y — 2)||u(y) — u(z)||dy"|
r
follows. Because of the Holder continuity of u we have |u(y) — u(z)| < Lly — z|*, and
from the triangle inequality we obtain the estimate (see Exercise 7.4.1)

1 Ay —x|" + |y —x|" My —t|+ -+ |y —t”
Euly—1) — Baly—2)| < Lo —g W 7" Fly=ally =il ey =4
on ly — x|y — |+
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Now we choose an € > 0 and a circular cone C. with symmetry axis in the normal
direction, having its apex in z, and having a slightly greater apex angle (but < 7) than
that cone in which ¢ runs such that the following condition holds: In the interior of
B.(z) the surface I" lies in the exterior of C.. Now let |t — z| < €/2, inside B.(z) the
non-tangential limit comes to play a decisive role.

Rn+1 \ G

Figure 7.3
Figure 7.4

We apply the sine theorem (cf. Figures 7.3 and 7.4) in the triangle with corners z,t,y
and angles a, 3, 7:
ly 1l = s%noz >sina>c>0.
ly—z| sinpg
We have also )
|z — ¢t _siny 1.
ly—t| sina ~ ¢
Therefore, we are able to use in the numerator of the above estimate for the difference
En(y — t) — En(y — x) the inequality |y — 2| < !|y —t| and in the denominator the
inequality |y — t| > cly — x| . With a suitable constant K1 as an upper bound for the
integrand in a(t) — a(z) we have the expression

‘x _ t|176

Ky — s

Outside B:(z) we get an analogous estimate from |y — x| > ¢ > 2|t — z|, i.e., |y —t| >
ly — x| — |t — 2| > }|y — 2|. We can thus estimate as before with a suitable constant K>.
Actually, with K = max{K1, K2} we get

Kt —a|'™ |dy*|
la(t) — a(y)] < o / ly — afntions”
T

For 1+ 6 > 1 this integral exists as an improper integral, and a(t) converges to a(z). O

Remark 7.18. Analogously to Remark 7.16 a suitable statement holds for an x on
edges or at corners if the non-tangential convergence is defined accordingly. We
may work with the apex angle y(z) as in Remark 7.16. Then the operator St has
to be replaced by the operator

(1)) = "~ 2Dy 4 (Spu) ().

On
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Corollary 7.19. Let G be a domain with a C?-boundary. The relation
(Sru)(z) =u(z) forall zeT

1s necessary and sufficient so that u represents the boundary values of a holomor-
phic function (Fru) defined in G. On the other hand, the condition

(Sru)(x) = —u(x) forall ze€T

is necessary and sufficient so that (Fru) is the holomorphic continuation of u into
the domain G~ which vanishes at x = cc.

Proof. At first let U be the holomorphic continuation into the domain G of the C¢(n)-
valued function u(x) given on I'. Then Cauchy’s integral formula yields U(x) = (Fru)(z).
Therefore, the non-tangential boundary values of U are u. Using the formulae of Plemelj—

Sokhotski we get u(x) = }[u(x) + (Sru)(z)], which leads to (Sru)(z) = u(x).

If vice versa we have (Sru)(z) = u(z) for all x € T', then (Fru)(z) has the boundary
values u, thus it is the holomorphic continuation of v into G. The proof for the exterior
domain proceeds analogously. O

Corollary 7.20. Let u be Hélder continuous on I', we then have the algebraic iden-
tity S2u = Iu where I is the identity operator.

Proof. Setting

nt-  lim (Fru)(t) = FT(z)
t—x,teGt

and

nt- lim (Fru)(t) =F (x)

t—ax,teG—
we get from the formula of Plemelj—Sokhotski and Corollary 7.19
(Sru)(@) = F* (2) + F~ (a).

Here F represents the boundary values of the function Fru, holomorphic in G. Applying
the last corollary we find SpF+ = FT. Similarly we get S '~ = —F~, thus

(Stu)(x) = (SrFF)(2) + (SrF ™ )(z) = F ' (z) = F~ () = u(x). 0

Definition 7.21. The operators Pr := ;(I + Sr) and Qr := (I — St) are called

Plemelj projections.

1
2

Corollary 7.22. The operator Pr is the projection onto the space of all functions
defined on T which are holomorphically continuable into G*. The operator Qr is
the projection onto the space of all functions which are holomorphically continuable
into the exterior domain G~ wvanishing at co. The following algebraic properties
are fulfilled:

Pr?=Pp, Qr’=Qr, PrQr =QrPr =0.

Proof. This is an immediate conclusion from the definition as well as from the Plemelj—
Sokhotski formula with its consequences. O
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7.2.4 History of Cauchy and Borel-Pompeiu formulae

In 1831 Cauchy proved his integral formula during his stay in Torino in Italy. The
result was published within a treatise on celestial mechanics. In [24] the result is
formulated in an unusual way for today’s way of writing

fa) =y [ 2o @) = @,

—T

where the integration runs over the unit circle and z is inside the unit circle. Today
dp would be replaced by dp and x would be (.

In 1905 D. Pompeiu recognized in his thesis that the set of non-holomorphic points
of a continuous function f can already be characterized by the values of

1ﬂ/f(z)dz

Here T is a piecewise smooth closed curve in the domain of f.

In 1912 he introduced the areolar derivative of a function f as a measure of its
non-holomorphy at a given point zg € G:

d
(20) := lim faq /) ‘)
G—{z0} 2i [, do

The notation G — {zp} means that G shrinks to the point zq if diam G — 0 (cf.
Exercise 7.4.9).

D. Pompeiu (1873-1954) was born in Broscauti in the F.
Roumanian province of Moldova. He graduated in 1893
from the “Scoala Nationala de Institutori” and got a po-
sition as a primary schoolteacher in Ploiesti. In 1898
he moved to Paris where he enrolled in the Sorbonne.
There he dealt, above all, with complex analysis and
mechanics. In 1905 he finished his thesis Sur la continu-
ité des fonctions de deux variable complezes [117]. His
results were taken up very sceptically and L. Zoretti, a
pupil of Emile Borel, tried to disprove them. Later D.
Pompeiu worked as a professor in Bucharest and Cluj.

Dimitrie Pompeiu

The first two summands in the following representation (cf. Section 5.1, Remark
5.7)

f(z) = f(z0) + 0. f(20)(z — 2z0) + 0= f(20)(z — 20) + o(|z — 20|)
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vanish by Cauchy’s theorem while integrating along a piecewise smooth curve
which encloses the point zg. We are left with

/f(z)dz: (azf)(zo)/zder/o(\z—20\)dz.
T

r r

According to Exercise A.2.3.8 the middle integral is just the area 2io(G) (up to
the factor 2¢) of G bounded by T, such that

e f(2)dz
G0} gia(G) = (9:/)(z0)

and thus D
(0-1)(z0) = 1 (z0).

Hence one obtains a coordinate free representation for the complex derivative 0., .
In addition, a definition of 9, f in a weak sense [118] is possible.

In 1909 Pompeiu proved that a function which is holomorphic in the whole complex
plane and vanishes at oo has the representation

1 [Df, . 1

f(z) = (©)

- 2mi ) Do
C

At first this result remained unnoticed, it became known by an analogous, but

much more special result by E. Borel [13], who lectured on this topic in 1912 in

Cambridge (U.K.) during the International Congress of Mathematicians. In the

end, in 1912 Pompeiu was able to show the formula

1 [ S, 1 [Df 1
1) = 2mi / ¢— zdC T DU(C)C - zdaC (2€0)
le} G

for continuous functions f with continuous areolar derivative in a neighborhood
of G. He thought this formula to be an analogy of the main theorem of calculus

ﬂm:f@w+/fwwt

In his thesis [154] N. Teodorescu transferred Pompeiu’s results to the case of
quaternions. He introduced the so-called volume derivative for quaternion-valued
functions f in a domain G C R3, which is given by

-  Jog fdo
() == — Glir?m} [ do (x € G).
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It can be shown that the volume derivative coincides with the application of the
Hamilton operator V (see Definition 7.24). The first generalization into space of
Borel-Pompeiu’s formula was proved in 1930 by G.C. Moisil [110]:

1 y—x 1 Df y—x
1@ = g [ et + o[ r) Ve,
oG G

This formula holds for functions f continuous in G' with continuous and bounded
volume derivative in G. The reader will find further statements in [109].

A. GROTHENDIECK used an analogous formula within the context of complex
analysis of several variables. Such a formula is proved in the monograph of H.
CARTAN (1961) [21] as well as in the book of A. W. BITSADZE (1973) [11]. Based
on R. DELANGHE’s results (see [31]) a Borel-Pompeiu formula in real Clifford
algebras could be obtained.

In 1975 E. M. SAAK [127] considered a system of differential equations of first
order constructed as follows:

One takes a family of orthogonal n x n matrices {ey,...,e,}, whose entries are
only the numbers 0,1, —1, with the following property:

eiTej—i—ejTeizo (t#£74), 4j=1,...,n.

One then represents n-dimensional vector-valued functions by the e; as a basis and
defines a differential operator of the system by Y. | ;0;. In 1978 an n-dimensional
matrix analogy to the formula of Borel-Pompeiu was developed for such a system
(cf. [144]).

Another interesting example of a Borel-Pompeiu formula in R3 goes back to A.
DzHURAEV. He considers in his article [37] the following matrix differential oper-
ator with three real variables x1, z2, z3 in a domain G C R3,

_ Oz, 0
‘99”—( ~0. o, >
and defines u = (u1,u2) by the complex numbers u := uj + iuy as well as z :=

o + ix3 and ¢ := yo + iys. He studies then the differential equation d,u = f by
setting

1 yi—x1 —(C—2) ni ny —ing
Ely—z)=-— ) ,n= .
= ly — [ ( (—z y—m —(n2 +ing) ny
with the outer normal unit vector n on dG. Then he proves a formula of Borel-
Pompeiu type:

uw) = [ Ew-amwiwldo) - [ By 0@,
oG G
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Formulae of Borel-Pompeiu type open new possibilities for the treatment of partial
differential equations by complex methods ([9]). Today analogies to the Borel-
Pompeiu formula also exist on Riemannian manifolds [20], in particular on the
sphere (cf. [157]) as well as in complex Clifford algebras [126] and for several
classes of differential operators [80]. Discrete Borel-Pompeiu formulae have also
been proved.

7.3 Consequences of Cauchy’s integral formula
7.3.1 Higher order derivatives of holomorphic functions

An important consequence shows us a decisive property of holomorphic functions,
namely that these are real continuously differentiable not only once, but infinitely
many times. Thus all derivatives of a holomorphic function are again holomorphic:
Because of Schwarz’ theorem the derivatives with respect to the variables x; com-
mute if they are continuous, consequently, the equation df = 0 remains valid for
all derivatives of f.

At first, we formulate the theorem in C, because it is simpler and more precise:
Corollary 7.23 (Cauchy’s integral formula for derivatives in C). Let f be holomor-
phic in the disc {z : |z — zo| < R}, then f is infinitely often complex differentiable
in it and for any p and z with |z — zo| < p < R we have

n! f(Q)
2mi (¢ — z)ntt
[¢—zo|=p

F™(z) = dc.

Moreover, if |f(2)] < M on the circle |z — zo| = p, we have the estimate

|
‘f(n(zo)‘ < Z”M

In view of Cauchy’s integral theorem the radius does not matter. The function f
has only to be holomorphic in the given disc. Hence, one may choose p as large as
possible to come close to the next singular point of f.

Proof. The function f is holomorphic for |z — zo| < p+e < R. So we can apply Cauchy’s
integral formula. We prove the first part of the theorem by mathematical induction. For
n = 0 we have Cauchy’s integral formula. For the induction step from n to n+ 1 we have
to exchange differentiation and integration (differentiation of parameter integrals). Thus

we obtain d | (n+1)f(¢)
(n) _n! n
dzf (2) = 2mi / (C—2)n+? “

[¢—=0l=p
i.e., just the assertion for n + 1.
The second part of the theorem follows directly from the formula for the derivatives:

n! M n!M
)< [ ="
27 Jig—zol=p P" T P
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because the integral generates the factor 2wp once again. O

In particular the real differentiability as well as the holomorphy of all partial
derivatives follow.

To prove an analogous result in R**! we need some preliminaries:

Definition 7.24 (Nabla and Delta). We call the operator
V= (80781,' . aan)

Nabla, it corresponds to our vector operator 9. With the multiindex k = (ko, .. ., k)
the symbol
VE =90 ... ok

is defined. Furthermore, we introduce the operator Delta

A:=V-V=00=) 0}
i=0
A solution of the equation Af = 0 is called a harmonic function.

We shall deal with harmonic functions later on, but we have immediately:

Proposition 7.25. The coordinate functions of a holomorphic function are har-
monic.

Proof. For a holomorphic function, 9f = 0 holds by definition. As the derivatives of any
order exist (see Corollary 7.28) Af = 99 = 0 is given. The operatorA is a real operator,
it acts separately on every coordinate function fa of f, so we have Afa = 0: the fa are
harmonic functions. d

The symbol of the operator V was introduced by Hamilton already during the
fourties of the 19-th century in his quaternionic analysis. Firstly he wrote it lying
on its side with the peak to the right. JAMES CLERK MAXWELL recommended
in 1870 the name Atled, suggesting a Delta standing on its head. Shortly after
ROBERTSON SMITH suggested the name Nabla, which was used by PETER G.
TAIT in the second edition of his book [153]. The reason for this naming was
probably the resemblance to the figure of an assyric string instrument, since it
was at that time that the first findings of the mesopotamic excavations reached
the British museum (cf. C.G. KNOTT [70]). The name might be borrowed from
the Greek where it means “string instrument”.

With the operator V we define now
Definition 7.26.

DM _ DM
Qx(z) := Kl V¥, E,(x) = Kl \Y% R
in particular
Qo(x) v =o0,E,(x).

= |z[n+1
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We have to consider these functions, which we shall use often, in more detail:
Generally, we shall work with the multiindex k where kg = 0, so that we shall
differentiate only with respect to x1,...,x,.

The functions Qg replace the negative powers of z in C: For n = 1 we have
o = 1/z and in this case we have to use k = (0,k;) as well as z = z¢ + iz1. In
view of 91 f = if" we get, with k; =: k,
&

1)k ;
o) = ) ane) =

Those are the negative powers of z. We need some more properties of the functions

Qx:
Proposition 7.27. We have

Q) = | )

T |2l

with a homogeneous polynomial qx of degree |k| + 1 which takes only values in
R+ i.e., in the paravectors. Furthermore, constants Cy, y exist such that

Cn,k
Q@) <

Proof. We use mathematical induction with respect to |k|. For k = 0 the assertion is
given by on, En(z) = Qo(z). To conclude from |k| to |k| + 1 we have to differentiate the
expression for Qy once:

_ [e[8igk(x) = (n + 2|k| + 1)zigx
- |x‘n+2|k\+3 :

0; Ok ()

The differentiation of a homogeneous polynomial with respect to one of its variables
yields either zero or it reduces the degree by 1, so that the first term in the numerator
has the right degree |k| + 2. For the second term this is also clear, and the homogeneity
is not altered by the differentiation or the multiplication with ;. With such a step the
numerator remains a paravector too.

Moreover a homogeneous polynomial gx can be estimated by a suitable constant, just
Ch.x, with the factor |z|®/*, which is the assertion. O

Now we are able to formulate and prove a theorem for higher derivatives of a
holomorphic function in C¥¢(n):

Corollary 7.28 (Cauchy’s integral formula for derivatives in C¢(n)). Let f be holo-
morphic in the ball Br(xzo). Then [ is infinitely often real continuously differen-
tiable and we have, for all p with |z — zo| < p < R,

Vi@ = X [ e aar i)

ly—zol=p
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If | f(x)] < M for |x — xo| = p we have moreover

MC,, k!

’ka(x0)| < p|k|

with the same constants of the last proposition.

Proof. The Cauchy kernel Qo(y — ) is arbitrarily often continuously differentiable with
respect to the x;, so one can differentiate under the integral sign and get the integral for
the derivatives of f as given. Because the functions Qk(y — ) and dy* have only values in
R"*! we may take the absolute value under the integral and further on into the product.
The integration yields the value o, p", which implies the estimate as desired. O

Thus an important property of holomorphic functions has been proved:

Corollary 7.29. A holomorphic function in Cl(n) is real continuously differentiable
arbitrarily many times and all its derivatives are also holomorphic.

Another quick consequence is the equivalence of Cauchy’s integral formula with
the holomorphy:

Corollary 7.30. A continuous function f in a domain G C R"*! is holomorphic
if and only if Cauchy’s integral formula holds locally.

Proof. If f is holomorphic in G then Cauchy’s integral formula holds locally. If vice versa
this formula holds locally then we can differentiate and f is locally holomorphic, but this
means it is in the whole domain G. O

7.3.2 Mean value property and maximum principle

In this subsection we shall deal with an important set of consequences of Cauchy’s
integral formula. The first one is the so-called mean value property which was
proved in case n = 1 by Poisson in 1823:

Corollary 7.31 (Mean value property). A holomorphic function f possesses the
mean value property, i.e., for all xqg in its domain of holomorphy G and for all
balls (disks) {x : |x — xo| < p} C G we have

f(l‘)=01n / f(@o + py)ldoy|.

ly|=1

That means that the value of f in the center of the ball is equal to the integral of
f over the boundary of the ball, hence the name mean value property.

This theorem expresses once more the close relationship of the values of a holo-
morphic function.

Proof. From Cauchy’s integral formula we get

flxo) = / E,(t — mo)dt™ f(t).

[t—zq|=p
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Substituting E, (¢t — o) from its definition and considering the special cases A.2.17 b)
and ¢) with ¢ = z¢ 4+ py we find

N 1
E,(t — zo)dt =, |doy|.

This is the assertion. g
An especially important consequence of Cauchy’s integral formula is the following:

Theorem 7.32 (Maximum principle). Let f be holomorphic and bounded in a do-
main G C R"™! de., sup,cq |f(x)] = M < oo. If |f| attains the value M at a
point of G then f is constant in G with |f(x)| = M.

This shows also the close inner connection of the values of f. If f is not constant
|f| has to tend to the supremum M at a sequence of points converging to the
boundary of the domain. For a bounded domain G and f continuous in G the
function |f| has to take the value M on the boundary.

A corresponding minimum principle in C reads as follows: :

Let f be holomorphic in G C C and f(2) # 0 for all z € G. Then [ is constant or
we have for each z € G,

[f(2)| > inf |£(C)|

¢eaa
(see Exercise 7.4.6).

Proof. We want to show that the relation |f(z)| = M is true in the whole domain G. If
this is not the case there would exist a point 1 with |f(z1)| < M, and because of the
assumption a point z¢ exists with | f(zo)| = M. The points z¢ and z; can be connected by
a polygon. Running this polygon from 1 to zo, let 2 be the first point with | f(z2)| = M
(z2 = mo is not excluded). Such a point exists because of the continuity of |f|.

)
731\

Figure 7.5

Now we consider a sufficiently small ball in G with center z2 and radius p, use in it the
mean value property from the last theorem, and obtain

M= < [ 1S+ pn)lido,)

ly|=1

On the sphere |z — 22| = p at least one point with |f(x)| < M exists, that is where the
polygon leaves the ball in the direction toward xi. Because of the continuity of f on a
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small cap of the sphere of area ¢ we have also the inequality |f(z)| < M — e with suitably
chosen € and d. For the mean value integral this means

M=[f@)] < | (M(on—8)+ (M - 2)5) < M,

and this is a contradiction. Thus |f] is constant in |z — z2| < p. The procedure has to be
repeated starting from a boundary point of the small ball. We obtain that |f| is constant
in G. Now it remains only to show that also f is constant. With |f|*> = 3", |fa|> = const
the derivatives of | f| with respect to x; are zero, so

Y fa(@ifa) =0.

A second differentiation with respect to x; and summation over 7 yield

Z (Z(aifA)Q + fAAfA> =0.

A

3

From Proposition 7.25 we know A f4 = 0, hence we find
S Y@ =0
A i
But this means that all partial derivatives of all f4 vanish, so that f must be constant. [J

7.3.3 Liouville’s theorem

We want to add another consequence of Cauchy’s integral formula, a theorem
first proved by the French mathematician JOSEPH LIOUVILLE (1809-1882) who
formulated it for complex functions. This theorem is an easy and far-reaching tool
in the theory of holomorphic functions. As an application we shall give a simple
proof of the fundamental theorem of algebra 1.12. The second part of the theorem
is a generalization.

Proposition 7.33. (i) A function holomorphic and bounded in R™ ™1 is constant.
(ii) If f is holomorphic in R" ' and if
|f(@)| < M |z|™,

then f is a polynomial of degree at most m.

Proof. (i) Let |f(x)] < M for all z € R™"'. We then use the formula of Corollary 7.28
for the first derivatives of f with &; = (doi, . .., 0ni):
MCh e
0:f (o) < TS

As p is here an arbitrary real number, for p — oo we can conclude that |9; f(xzo)| = 0.
Because of the arbitrary choice of xo all derivatives 0;f are zero at all points in R™*!
and f is constant.

The proof of (ii) is recommended as an exercise (see Exercise 7.4.7). O
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Now we are able to prove the fundamental theorem of algebra Theorem 1.12 with-
out any difficulty:

Corollary 7.34 (Fundamental theorem of algebra). A polynomial of degree n > 0
i C has exactly n zeros in C if every zero is counted according to its multiplicity.

Proof. If
P(2) = anz"™ + 12"+ +ag

had no zero in C, then 1/P(z) would be a holomorphic function in C. However, we have

Ap— a 1
PEI2 I (lan] = ot e 00 2 el

for |z| large enough. Hence 1/|P(z)| — 0 would follow for |z| — oo and P(z) would be
bounded in C. From Liouville’s theorem it would follow that f is constant. This is not
true as P(0) = ap and P(z) — oo for z — co. So P has to have at least one zero, let us
call it z1. By division of P by (z — z1) we get P(z) = (z — z1)P1(z) with a polynomial
P of degree n — 1. An n-times iteration of the procedure gives the assertion. O

Remark 7.35. Unfortunately, this proof does not work in R”*! because the recip-
rocal value of a holomorphic function is not holomorphic in general. The question
about the zeros of a polynomial is much more complicated in higher dimensions, as
zeros do not have necessarily to be isolated. Later on we shall prove this statement
in C.

7.3.4 Integral formulae of Schwarz and Poisson

As usual let B, (0) =: B, be the disk with center at the origin and radius r in C.
H.A. SCHWARZ (see Section 2.4) succeeded in 1869 to solve the following boundary
value problem with the help of an integral formula which bears his name:

We seek a complex function u holomorphic and bounded in By whose real part has
as boundary values a continuous function g given on the boundary 0B;.

The integral formula developed for this purpose by Schwarz reads as follows:

Theorem 7.36 (Integral formula of Schwarz). Let f = u + iv be a function holo-
morphic in B, C C and continuous in B,.. Then for z € B, we have

d¢
¢

1 C+ =

- 2mi C—=z
OB,

f(2) u(C) > +iv(0).

Analogously the formula

16 =5 [ ¢ L5000

0B,

holds as well.
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Of course one can transfer these formulae easily to circles with other centers by
substituting z and ¢ by z — a resp. ( — a.

Proof. If we reflect a point z about the circle 0B, then, following Exercise 6.3.6, we get
the reflected point z* by z*z = r2. Moreover, we have (¢ = r? using the parametrization
¢ = r(cos ¢ +isin @) of the circle. Furthermore,

¢
¢

As z* is located in the exterior of the disk B, we obtain using Cauchy’s integral formula

Q) 4 _
/aB,,, (=0

If we conjugate this equation and if we use
I A z 1 ¢

-7 T -0 -0 ¢ T ee-0)

we get the expressions

_ (O RS A (9] f(Q) Cd¢
oo [ Sk [P

d¢ = i¢dp, d¢ = —iCdp = —"dC.

9B, N Tz 9B, 9B, 2= ¢
- 2m’f(0)—/83 g(f)z dc.

Therefore the Cauchy integral of the conjugated function f does not depend on the

variable point z. We obtain
L[ =0

271 (—=z
9B,
and further
d
@+ o= [ 1O,
9B,

For the value of the real part of f at the origin this gives

w0y =t / wQ g,

T 2mi ¢
OB,

and thus we get

i = L Y / O g¢ 4 i1m £(0)

i (—z ¢
OB, 9By
B 1 C+ =z ¢ .
= o C_Zu(g“) ¢ + ¢Im f(0).
9B,

One gets easily from this formula the representation of f by its imaginary part by con-
sidering —if(z). O
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By decomposition into real and imaginary part one gets the well-known Poisson
integral formula:

Theorem 7.37. Let u be harmonic in B, and continuous in B,. With z = r(cos ¢+
isin ) and ¢ = p(cos O + isin ) we then have

2m
B 1 p2 o 7,.2
u(z) = 27 / p2+1r2 —2rpcos(p — G)U(Ode'
0

Proof. The integral formula of Schwarz for a given w yields a holomorphic function f
with Re f = u as the boundary values determine u uniquely. Then one takes simply the
real part of Schwarz’ integral formula to prove the assertion. a

Poisson’s integral formula is a proven device for harmonic continuation of con-
tinuous functions into the interior of a ball, i.e., the solution of a boundary value
problem.

7.4 Exercises

1. Prove the following estimate for paravectors a and b:

|alb["** = bla]"* 1| < [blla — bl[2[b]" + [b]"|al + -+ + |a]"].

2. Prove Cauchy’s integral theorem for triangles in the plane. How can one
extend such a statement to an arbitrary domain with sufficiently smooth
boundary? (Advice: Dissect the domain into finer and finer triangles.)

3. Formulate and prove in R™*! an analogy to Theorem 7.5 about a local con-
dition for holomorphy.
/ dz
lz|=1 %

4. Calculate the integral

in C. Why is it not zero?
5. Calculate in C¢(n) the integral

x
dx’*.
/ml |z |1

6. Prove the minimum principle in C: Let f be holomorphic in G C C and
f(z) #0 for any z € G. Then either f is constant or we have

[f () > inf |f(C)]

ceaa

for all z € G.
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Prove part (ii) of Liouville’ s Theorem 7.33 : If f is holomorphic in R"*! and
if |f(z)| < M|z|™, then f is a polynomial of degree at most m.

Let a sequence of holomorphic functions (fi) be given which are defined in
a domain G C C and which converges at a fixed point z = a € G to zero.
Furthermore, let the sequence of its real parts converge uniformly to zero in
G. Show that the sequence (fx) tends uniformly to zero on every compact
subset K C G .

Show that the limit value

Joc I(2)dz
G—{z0} 2i[,do

exists, independently of the contraction G — {zp} .
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8 Teodorescu transform
Paraphrasing the Borel-Pompeiu formula in the domain G we are led to

(Ta(0f)(x) = f(x) = (Foaf)(x), v €G.

i.e., the application of the Teodorescu transform to the image of the Cauchy—
Riemann operator reproduces the source function up to a boundary integral which
is the well-known Cauchy integral. If f has boundary values which allow a holomor-
phic continuation into the exterior domain, then the Cauchy integral disappears
and T works like an inverse operator for 0. Thus the question to study 0T¢
arises and this study is undertaken in this section. Such considerations require the
knowledge of suitable function spaces. Tg f should at least be partially differen-
tiable in order to give the expression 07 f some sense. We have put together an
introduction to suitable function spaces in Appendix 3.

8.1 Properties of the Teodorescu transform

First we deal with the definition of the Teodorescu transform
1
(Tew(@) = (Tu)w) =~ [ Quly = 2)uty)doy
n
G

introduced in 7.10 and of the Cauchy—Bitsadze operator

(Fru)(a) = (Fu)(a) = [ Qoly ~ 2)dy"ulw)
r

where G is a bounded domain in R, ¢, = 27("+1)/2/T((n + 1)/2) is the area
of the n-dimensional unit sphere S™ in R"*! following Example A.2.17 a, and
I' = 9G is the sufficiently smooth (in general twice continuously differentiable)
boundary surface. We should recall that Qq(z) := z/|z|" ™! = 0, B, (2).

Proposition 8.1. Let be u € LP(G) for p > n+ 1.

(i) The integral (Tu)(x) exists everywhere in R™*! and tends to zero for |z| —
oo; in addition, Tgu is holomorphic in R™*1\ G. Further we have for a
bounded domain G,

[Taull, < C1(G, p, n)lullp-

(ii) For x,z € R" and x # 2 we get the inequality

|(Teu)(@) — (Tau)(2)| < Ca(Gpm)ullplz 2|+

Although the constants can be estimated explicitly the corresponding expressions
are not very informative.



152 Chapter III. Integration and integral theorems

Proof. (i) For |x| — oo we always have z # y. Recall that LP(G) C L' (G) for a bounded
domain G and p > n + 1. Then the estimate

1
[(Tqu)(x /\az y\" y)|doy < o max o — /\u )|doy.

follows. So we get |(Tcu)(z)] — 0 for |z| — co. Because Qp is holomorphic up to the
singularity, Tgu is holomorphic in R™*? \ G. The Holder inequality leads to

1/q

1
|(Teru) (= / 190y = uwlde, < |l | [ 100ty = 2o,
G

The last integral is considered in Exercise 8.3.4. Repeated integration over G yields the
statement of the theorem.

(ii) Now let #,2 € R™™" and x # 2. We restrict ourselves to the integral T'u over
G =G\ B:(z ) Furthermore, let |z — z| < 5, then |y — z| > |y — z[/2 and we obtain

|n+1 |n+1

y—r y—=z

B Z—x )\y ly —
ly —z[**t |y — 2t

ot W7D Ny gy s

_‘Iy
=l =2l by =y ol )

‘Z__x‘
< + —
‘y ‘y aﬂn+uy dn+l

= |y =zt
2n+1

ly — x|+t

IA

|z — |

We apply Hélder’s inequality and get

1/p
, , ot — g do
(@wE - @@ <? P ), Q = oot

The last integral can be estimated in spherical coordinates by

1/q

R

Jn/rn_(nﬂ)qdr‘

£

Let GG be contained in a ball of radius R with center x. With a suitable constant C' we
obtain

n 1 7n+
(T'u)(2) = (T'u)(@)| < Cllullp|z — 2™V a < O(G,p,n)llullp|z - '

The limit € — 0 gives the assertion. O

For u € LY(G) it can be shown that the integral (Tgu)(z) exists everywhere in
R™*+1. This proof will be left to the reader (Exercise 8.3.1). Now the proof of a
very important property of the Teodorescu transform follows, namely that it is
the right-inverse of the d—operator :
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Theorem 8.2. Let the function u be continuously differentiable in G. Then Tgu is
also differentiable for all x € G with

0;(Tgu)(x) = —Uln / 0.0 Qo(y — x)u(y)doy + eis (f)l
G

In particular, we have the identity
0 (Teu)(x) = u(z).

The integral over G is strongly singular and exists only as Cauchy’s principal value.
That means one has to cut out from G the ball B.(x) and then to consider the
limit of the integral over G’ := G\ B.(x) for e — 0.

Proof. First we deal with real-valued functions wu, the general case of algebra-valued
functions can be done by addition. Let x € G, in a similar way as in the preceding proof
we consider

(Tou)(x) = (Tenp. (o) w) (@) + (T, (@)u)(2)-
Let e be small enough so that the ball B (z) together with its boundary is contained in
G. The integral (T g, (»)u)(x) can be transformed by Gauf’ theorem which we use in
the form (cf. Exercise A.2.3.9

)
/f(y)dy* = /(ayf)(y)day-
o G’

It is evident that

1 Yi — Tq 1
0, = —(n—1 =—0ia s
R T
1
0 = (-1l )

Yy — xfnt
which leads to

1

Tevse@u(@) =y, / (a

G\Bc:(z)

1 1
= - / Oyu(y)doy

(n—1)ow ly — "=t
G\Be(x)

+ 1 /7/ u®) g

(n—1)ow R

1

Yy — @t

) utvyds,

0G  9B.(x)

For ¢ — 0 the integral over 9B (x) tends to zero, because dy* includes the factor |y —z|".
Hence we obtain for ¢ — 0,

__ 1 1 W) do 1 uly) .
(e ==, ), G/ )~ s Q) <n1>0naé oy
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According to Exercise 8.3.3 the first integral can be differentiated under the integral sign.
The second integral is a parametric integral without singularities in the integrand and
may be differentiated very easily:

Gra(Tou)( / e G )doy + / ol "D

All integrals exist as improper integrals. Now we want to transform the integral over G
again by using Gauf’ theorem:

i — Xy *
Y u(y)dy

ly — x|+
OG 9B (x)
Yi — T Yi
= [ () Gnow | de
G\ B (x)
This leads to
1 Yi — Ti
iz (T = -
ouTan@) = — [P @,
Be(z)

1 1 i — T
- / 01,2 Qo(y — x)u(y)day + o / Y "

U
on ly — x|+t
G\ Be (x) 9Be (x)
where we used the relation
Yi — Ti 1

Yy — et = 00 gy gt = PRy =),

In the coordinates y — x = rt the first integral has the form

€

1 Yi 1

S e, == [ [ s@u o]
Be(z) =0 |t|=1

and converges to zero for € — 0. The second integral converges for € — 0 to the desired

Cauchy’s principal value as stated (cf. Exercise 8.3.2). For the third integral we may

decompose as follows:

[ mawar = [P ) - u(w)ly’

ly — [+ ly — x|+
9B (x) OB (z)
+u(z) by — [l dy";
9B (x)

because of dy* = (y — 2)|y — | *|do1| on 8B:(x) and u(y) — u(x) the first integral on
the right-hand side tends to zero for ¢ — 0. For the second integral on the right with

y — x = €t we obtain
Yi — T *
u(x) / ly — [nt1 dy” = u(x) / tidt,

OB, (z) =1
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and using Gauf’ theorem (see Exercise A.2.3.9)

1
On

= u(x) / (Oti)dor = u(z)eson / rdr = "t lu(:v)ei.
/<1 0

This proves our first assertion. Let us now study 9(T'u). Because of the holomorphy of
Qo the integral over 0Qy is zero and we find

n

O(Tu)(x) =Y e:di(Tu)(z) = u(x). 0

=0

The theorem just proved remains correct if only the continuity of u is assumed.
Starting from the result above we have to approximate the continuous function
u by a sequence of continuously differentiable functions and to prove the uniform
boundedness of Tgu.

It should be noted that the differentiability of I' does not matter. One can cut out
a fixed ball B from G and use the above proof. The integral over G \ B can be

differentiated as a non—singular parametric integral and added to the result in the
ball.

We are able to show even the sharper result:

Theorem 8.3. The operator
oTe : LP(G) — LP(G)
s continuous and in the bounded domain G it fulfils the estimate
|0 Teully < C3(Gpon)lully, (0> n+1)

with a suitable constant C3(G,p,n).
Proof. Theorem 8.2 yields for u € C*(G),

1
OTau(x) = — / Ok.xQo(z — y)u(y)doy + ek Z(f)l -
G

Now we apply the theorem of CALDERON-ZYGMUND ([108] XI, §3). It follows with

1,01
p+q—1that

1
o [ 0rCots = @)utwdan | < Clfllzacssnllul,
G

if only (with w := (y — z) /|y — z|)

flw):= o'ln ly — 2" 0k Qo(y — x) = ! (—ex — (n+ Dwiw)

n
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has on S™ a bounded g-norm with respect to w. However, this is the case since

q
/|f<w>\qwdoy\g/(”j2) doy| = 02=9(n + 2)7.
S‘VL

Sn

and so
1f(@)llzasny < (n+2)ay /7.

It is rather difficult to obtain an explicit estimate for the constant C. Because C'(G) is
dense in LP(G), the inequality can be extended to L?(G), i.e., it follows that

| < Clnt2)0 7 ull.

|, [0r0uie = vty
G

Moreover we have

1

Yl o<
» n+1

ekn+1

l[llp-

Adding up both the inequalities we conclude

|6 Teu], < Ca(G.p.mllulls

with Cs(G, p,n) = C(n +2)o, /7 + n_l,_l. O
Actually, it follows

Theorem 8.4. If G is a bounded domain, then
T : LP(G) — WHP(G)

18 continuous.

Proof. Because of Proposition 8.1 and Theorem 8.3 we have

| Tcul

1p < (C1(G,p,n) + (n 4+ 1)Cs(G,p,n)) [ullp

and the assertion is proved. O

8.2 Hodge decomposition of the quaternionic Hilbert space
8.2.1 Hodge decomposition

Here we limit ourselves to R?® = VecH; the functions should have values in H.
Then the Cauchy—Riemann operator 0 is transformed into the Dirac operator D
according to Remark 5.13. Let further X := ker D N L?(G) be the set of all holo-
morphic functions in L?(G). At first it will be shown that X is a closed subspace
in L(G).

Proposition 8.5. Let G C R? be a bounded domain with sufficiently smooth bound-
ary . Then X =ker D N L?(G) is a right-linear subspace in L*(G).
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Proof. Let (¢:)32; be a Cauchy sequence in X. Because of the completeness of L*(G)
a function ¢ € L*(G) exists with ¢; — ¢ in L?(G). The mean value theorem Corollary
7.31 for r small enough yields

1
Gi-sil@ < | [l ol + ridoy)
lyl=1

from which it follows that

|p: — jl(2z) < Cr |ldi — ¢l

and

sup |¢; — ¢;|(z) < Crllgi — d5ll2

zeG(r)

with G(r) = {z € G : dist (z,T") > r}. Hence, we know that the sequence (¢;) converges
uniformly on compact subsets. With Corollary 7.28 we obtain also that all-first order
partial derivatives on compact subsets converge, i.e., also (D¢;) converges (to zero). In
this way the assertion is verified. O

Remark 8.6. An analogous result is valid in LP(G) for (1 < p < 00) (cf. [55]).
We now study a basic theorem for all further considerations.

Theorem 8.7 (Hodge decomposition). The H-valued Hilbert space L*(G) allows
the orthogonal decomposition

L*(@) = (L*(G) Nker D) ® DW,*(G)

with respect to the inner product in L*(G) which is defined in Appendiz A.3.3.

Proof. We write briefly X := L?(G) NkerD and Y := L*(G) © X for the orthogonal
complement to X in L*(G). For u € Y we have v = Tu € W"?(G) by using Theorem
8.4. Tt is clear that u = Dv and, in addition, for any holomorphic ¢ € L*(G) we find

CZ ugdo = CZ Do(y)é(y)do = 0.

We select points z® in R? \ G and associate to them the singular functions

1 z—az®

o2 |z —x®[3"

di(z) =
The latter are H-holomorphic in GG. Hence,

[@owstis=o.

G
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Since ¢; = —¢; and using Gauft’ theorem the representation

0 = / Du(y)u(y)do = / 6(4)(DV) (y)do = / (61D)(w)v(y)do
G G G
/ b1(y)dy o(y) = —(Fro) (=)

follows. If we choose {z('} to be a dense subset in R* \ G, the function (Frv)(x) has to
be 0 on R?®\ G for continuity reasons. So the trace trrv is holomorphically extendable
into the domain G. The continuation is denoted by h. Then we have trrh = trrv and
the trace operator trr describes just the restriction onto the boundary I'. Now we set
w = v — h. Obviously, w has the boundary value zero and we get w € W01’2(G). It is
now clear that

u = Dv = Dw,
which was to be proven. O
Remark 8.8. An orthogonal decomposition generates two orthoprojections on the
corresponding subspaces X and Y, i.e., we have
P:L*G) — L*(G) Nker D,
Q: L*(G) — DW2(@).

Moreover, the operator P can be seen as a generalisation of the classical Bergman
projection, which maps the functions from L?(G) onto the holomorphic ones in

L%(G).

We have tied together the Borel-Pompeiu formula with the behavior of a function
in the domain G by using Cauchy’s integral with its boundary values. Interestingly
the boundary values of T f are connected with the above mentioned orthoprojec-
tions. The following proposition gives us an entire characterization of the image

of Q.

Proposition 8.9. A function u belongs to im Q if and only if trr Tu = 0, where
im Q is the image of the operator Q and trr f is again the trace or restriction of
f onto T

Proof. At first let us take u € im Q. Then a function w € W, *?(G) exists such that u
has the representation

u = Dw.
Then the formula of Borel-Pompeiu Theorem 7.8 leads to
Tu=TDw=w— Frw = w,
and therefore trr7Tu = trrw = 0. Vice versa we assume that trr7u = 0 and so

trrTQu + trrTPu =0 .
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It is clear that trr7'Qu = 0, so we find trrTPu = 0. Using Theorem 8.4, TPu belongs
to Wh2(G), therefore TPu € W, *(G). Then we get D(TPu) € im Q. However, at the
same time we have D(TP)u = Pu € imP. From Pu € imP Nim Q it follows Pu = 0,
and the assertion is proven. O

8.2.2 Representation theorem

We already know that each component of a holomorphic function is harmonic.
In the following we look for a qualitative description of harmonic functions by
expressions as holomorphic functions. Thereby we also clarify the relation between
these important function classes.

Theorem 8.10 (Representation theorem). Let G be a domain in R?® with sufficiently
smooth boundary T', g € W’”S*Q(I‘) and k > 0, k € N. Every solution u €
WH22(@Q) of the Dirichlet problem

Au=0 in G, (8.1)

u=g on I,
is determined by functions ¢, € WF22(Q) and ¢o € WFHLL(Q) of the form
u=a¢1+T ¢,

where ¢1 solves the boundary value problem
Do =0 in G, (8.2)
trr¢1 = Prg on T,
and ¢o is a solution of the boundary value problem
D¢po =0 in G, (8.3)
trp T = Qrg on T
The functions ¢; (i = 1,2) are uniquely defined.

Proof. Let u € W**22(@) be a solution of the boundary value problem (8.1). Then the
Borel-Pompeiu formula leads to

u = Frtrru+ T Du = Frg + T Du.

We know that Frg € ker D and Du € ker D. Setting now ¢1 := Frg and ¢2 := Du
from v € WFT22(@) it follows immediately that ¢» € W*T5%(@). Using the mapping
properties of the Teodorescu transform we get Frg = u—TDu € Wk+2’2(G), so that the
regularity statement of the theorem is proven.

With ¢1 = Frg we have trr¢1 = trrfrg = Prg, and from trrT¢2 = trru — Frg =
g— Prg = Qrg, we obtain that ¢1 and ¢ really solve the boundary value problems (8.2)
and (8.3).

It remains to prove the uniqueness which is done as usual indirectly. The assumption of
two representations u = ¢1 + T2 = 11 + T2 leads to 0 = (¢1 — 1) + T(d2 — 12). The
action of D from the left gives directly ¢o = 1)2; using this ¢1 = 11 follows. |
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8.3

Chapter III. Integration and integral theorems

Exercises

. Prove that the Teodorescu transform

(Tou)(z) = — ! /Qo(y — z)u(y)doy

On
G

exists everywhere in R"*! under the condition u € L*(G).

Prove that the integrals
0.:Q(y ~ ulw)do, and [ Qoly~ )dyuly).
G\Be(x) ly—z|=¢

appearing in the differentiation of the Teodorescu transform in Theorem 8.2,
converge for ¢ — 0 locally uniformly in x.

Let the continuous function u be given in G C R"*!. Prove that

1 1
8”/ u(y)do :/8”( )u doy,.
) ‘y—l“"_l (y) Y » |y—x\"—1 (y) Y
G G

Is it possible to weaken the condition for u?

. For 1 < ¢ < (n+1)/n prove the inequality

(diam G)H1-an

—y)|?doy, <
[ 1906a = ptdo, <0, TD
G
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9 Power series

9.1 Weierstraly’ convergence theorems, power series

9.1.1 Convergence theorems according to Weierstrafs

In this section we will use Cauchy’s inte-
gral theorem and the integral formula to
derive results concerning the convergence
behavior of function sequences.

These theorems were discovered by KARL
WEIERSTRASS, who played an important
role in the development of complex analy-
sis.

3

Kar Weierstrafs

KARL THEODOR WILHELM WEIERSTRASS (1815-1897) left the University of
Bonn, where he was preparing for a career in Prussian administration, to dedi-
cate himself fully to mathematics. One year later he already received his certifi-
cation as a teacher in Miinster. After that he held teaching positions in Deutsch-
Krone (West Prussia) and from 1848 until 1855 in Braunsberg (East Prussia).
In 1854 the University of Konigsberg awarded him an honorary doctor’s de-
gree for his paper “Zur Theorie der abelschen Funktionen” (On the theory of
Abelian functions). In June 1856 he was offered a chair at the Industry Institute
of Berlin, later the Berlin Institute of Technology, since October 1856 he held
a professorship at the Berlin University and in 1867 he was elected fellow of
the Berlin Academy of Sciences. In 1861 with the help of E.E. KUMMER he
started the first research seminar for mathematics at a German University. His
lectures attracted numerous students from all around the world and had a big
influence on the development of mathematics, inside and outside of Germany.
He worked in the field of complex analysis and developed — in competition with
B. RIEMANN — a closed theory of complex analytic functions.

At first we recall the following proposition from real analysis which will serve as
a basic tool in the proofs:

Proposition 9.1. Let (f.,) be a sequence of continuous functions in a domain
G C R that converges uniformly to a function f. Then the limit function f
s continuous in G, and for a piecewise smooth manifold T' C G of dimension n
and a function g continuous in G the following equation holds:

tin_ [ fulo)do’g(a) = [ fa)da*g(a).
T

m—00

r
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The statement will remain true if f(x,s) depends on a real or paravector-valued
parameter s and if for s — so uniformly in r we have

fx,5) = f(x).

Since the functions can be split into its component functions, the proof is a direct
consequence of the real case. Now we will prove the following theorem covering
differentiation under the integral sign:

Theorem 9.2. Let the sequence of differentiable functions (f.,) converge pointwise
to a function f in a domain G C R"™*1; let the partial derivatives O;fm of fm
be continuous in G and converge in the local uniform sense to the functions g;.
Then f is partially differentiable in G and g; is the corresponding derivative 0;f .
A similar statement holds for a sequence of holomorphic functions f,.

Again the sequence of functions can be replaced by a parameter-depending func-
tion set, e.g., f(x,s) with the parameter s.

Proof. We will use the preceding proposition; differentiation with respect to z; at a point
z yields

h
fm(..,,zl'i+h,,,.)7fm(...,mi,.,,):/0 8ifm(...,xi+t,,..)dt.

Recall that it is sufficient to consider small neighborhoods of x — differentiability is a
local property. Taking the limit m — oo the sequences on the left-hand side converge and
on the right-hand side we can interchange the limit and the integration signs because of
the uniform convergence property. We obtain

h
f(,ml+h,)ff(,xl,):/0 gi(..,,xith,...)dt.

Thus f is differentiable with respect to x; and g; is the corresponding derivative.

Let fm be holomorphic in C. In a small disc with center zo consider the integral
Fn(2) = ) = [ (O
z0

This integral is uniquely defined since the f,, are also holomorphic. In addition the
Cauchy integral theorem yields that integrals over triangles with one corner at zp vanish.
This still holds after taking the limit m — oo, which we can exchange with the integral
sign:
1) = f0) = [ at0)ec.
Z0

We can differentiate as in the proof of Morera’s theorem and finally obtain f'(z) =
9(2). 0

Now we want to prove a different type of theorem where only the functions have
to converge uniformly:
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Theorem 9.3. Suppose that the functions f,,, m € N, are holomorphic in a domain
G C R"™! and the sequence (fy,) is convergent in G to a function f in the locally
uniform sense. Then f is holomorphic in G.

Proof. Let xo € G and the ball (disc) {|x — zo| < p} be a subset of G. We can then use
Cauchy’s integral formula,

fm(z) = / En(y — 2)dy" fm(y)-

ly—zol=p

Because of the uniform convergence we can exchange the limit m — oo and the integra-
tion. So we obtain:

f@= [ Euw- o)y s,
ly—zo|=p
Thus Cauchy’s integral formula holds locally and because of Corollary 7.30, f is holo-
morphic. g

We just showed that the set of holomorphic functions is closed with respect to
locally uniform convergence. The following corollary stresses this fact:

Corollary 9.4. Suppose that the functions f,, are holomorphic in a domain G C
R and the sequence (f,) converges to f in G in the locally uniform sense.
Then for every multiindex k the sequence of derivatives VX f,, converges to VX f
in the locally uniform sense.

It is recommended to prove this as Exercise 9.4.1.

9.1.2 Power series in C

Power series constitute a third approach to complex analysis, which was mainly
developed by Weierstraft. At the end of the 19th and the beginning of the 20th cen-
tury the Riemannian and the Weierstrassian approaches to complex analysis were
competing, with some mathematicians claiming one or the other to be the “proper”
way. Fortunately this conflict has long since faded away and both viewpoints are
sound and indispensable, the question about the better approach is superfluous.
At first we will consider the complex case, in which the main properties are clearer
to see.

Power series were introduced in Definition 4.17 as series of the type > a,2". It
was also shown that power series possess a disc of convergence |z| < p. Inside
this disc they converge absolutely to a continuous limit function. The radius of
convergence can be computed by

= lim sup |a, |*/"

n—oo

with the identifications Olc =0, (1) = 00.
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One could think of differentiating the power series term by term inside the disc of
convergence:

f(z)= Zanz” = f(z)= Znanz Z = (j+ Daj12°. (9.1)
n=0 n=1 7=0

We shall now prove that this is indeed possible:

Theorem 9.5. In the interior of the disc of convergence a power series can be
differentiated termwise (in the complex sense). The termwise differentiated series
18 the derivative of the given series and has the same radius of convergence. Thus,
power series are holomorphic inside their discs of convergence.

Proof. At first we want to show that the termwise differentiated series has the same radius
of convergence as the original series: The central series of formula (9.1) is multiplied by z
and this has no influence on convergence issues. Then the coefficients are b,, := na, and

1/n 1/n 1/n
b |/ =0 Jan VT
Because of n'/" — 1 if n — oo we obtain
1
lim sup |b, |*/™ = lim sup |a.|"/" =
n— oo n— oo 14

with the original radius of convergence p. Now we have to show that f'(z) is indeed
the derivative of f(z) inside the disc of convergence. The partial sum s, (z) of f and the
term by term differentiated partial sums s;,(z) converge inside the disc of convergence in a
locally uniform sense. Using Theorem 9.3, f is holomorphic inside the disc of convergence
and the termwise differentiated series is the derivative of f:

= Z nanz" " = Z(k + 1)ak+1zk. O
n=1 k=0
Obviously the differentiation process can be repeated and inverted — we will

include this in two corollaries. The first one will also describe the relation of f to
the coefficients of the power series.

Corollary 9.6. A power series

z) = Z an(z — 2z0)"

n=0

is differentiable infinitely often inside its disc of convergence and for all n > 0,

1
Ap = nl f(n) (zO)

The a,, are called the Taylor coefficients of f at zg.
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Proof. Differentiating n times gives

£ () =l f; ( / ) a;(z — 20)" "

Substituting z = zo completes the proof. a

Corollary 9.7 (Primitive of a power series). Inside ils disc of convergence a power
series

fz2) =) an(z —20)"
n=0

has a holomorphic primitive, i.e., a function F satisfying F' = f, which is unique
up to a constant:

_ n+l _ k
F(z) 7c+n§zon+1an(2720) —c+k§:1  Wo-1(z = 20)".

The proof is obvious. Before we multiply or divide power series, we want to prove
the uniqueness of the power series expansion:

Corollary 9.8 (Uniqueness of power series). A holomorphic function f can admit
only one power series expansion at a point.

Proof. Assume that a function f admits two different power series expansions, e.g., at

the origin,
oo o0
f(z) = Z anz" = Z bnz".
n=0 n=0

Let no denote the smallest index with a,, # b,. It follows that

oo

0=z"0 Z (an — bp)z"""0.

n=ng

For z # 0 we can divide by 2"°. Considering z — 0 leads to the contradiction an, =
brg- O

Using the multiplication formula for absolutely converging series we can derive a
multiplication formula for power series:

Proposition 9.9 (Power series multiplication). Suppose that

flz)= Z anz", g(z)= Z b 2"
n=0 n=0

are two power series with radii of convergence py and pg, Tespectively, with
0 < pr <pg. Then for |z| < p; we have:

oo

f@)g(x) =" (z kbk>
n=0 \k=0
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Proof. For |z| < py we can use the multiplication formula for absolutely converging series

oo n
bpz® = Z Z anz b, w2 F. O

0 n=0 k=0

W

F2)g(z) =3 anz"

=~
I

Dividing power series proves to be a little more difficult:

Proposition 9.10 (Power series division). Suppose that

flz)= Z anz", g(z)= Z bn2"
n=0 n=0

are two power series with radii of convergence py and pg, Tespectively, with
0 < py < pg and g(z) # 0 for |z| < p. Then for |z| < min{py,p} the equal-
ity

I

?) _ z:wcz”
RCE

1s satisfied with the recursion formula

1 n—1
Cn = b (an - Z Ckbn—k>
0 k=0

for the coefficients c,,.

Proof. The preceding proposition gives

Z anz" = f(z) = h(2)g(z) = Z (Z ckbnk> 2"

The uniqueness of the coefficients of the power series allows coefficients comparison:

n
an = g Crbn_k,
k=0

which leads us — taking into account by = ¢g(0) # 0 — to

n—1
1
Cn = bo <an — Z Ckbnk> s n Z 0.
k=0
Now it is an easy task to determine the ¢,; co = ao/bo is the first value. 0

9.1.3 Power series in C¥¢(n)

In Cl(n) or R™! the definition of the term power series and its convergence
is more complicated than in the complex case. Incidentally, functions admitting
a power series expansion are called analytic. But this term is used under many
different aspects, so we want to avoid it if possible.
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Definition 9.11 (Power series in C?(n)). Generalizing Definition 4.17, a power
series in C/f(n) with variables in R"*! is a series of the form

> Pi(x)

with homogeneous polynomials

Here k = (ko, ..., k,) denotes a multiindex and z* := xlgo -

said to converge absolutely if the series

Zﬁk(x)

-~ zkn. This series is

with .
Pe(z) = > |ax]|2¥]
|k|=k

converges.

We should explicitly point out that different combinations of the terms of such a
multi-infinite series are possible and lead to different definitions of convergence.
It is difficult to determine the domain of convergence and absolute convergence in
detail. Since |z;| < |z| is true, an estimation of the following kind holds:

P() < |al* [ Y lal | = Axlaf".
[k|=k

For the series Y, Ay|z|F we can use the results of the complex case. In this way
one obtains a ball of convergence {|z| < p} with

1
= lim sup | Az |V/*.
p

k—o0
We now show the following result:

Theorem 9.12. Inside its ball of convergence a power series can be differentiated
term by term and the differentiated series is the derivative of the original series.

Proof. The degree of a homogeneous polynomial in = is decreased by one (or becomes
zero) after differentiation with respect to x;. Hereby the factors k; < |k| = k appear, so
that one obtains

aTPk(x)( < klz[F! Ay

Similarly to the complex case the convergence for |z| < p follows.
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Thus the partial sums of the original series s,,(z) and the 0;sm(z) of the termwise
differentiated series converge uniformly to the functions

flz) = Z Py(z) resp. g(x)= Z 0 P(x).
k=0 k=0
Using Theorem 9.2 we have g(z) = 0; f(z). O

We shall soon encounter examples of these multi-infinite series.

Theorem 9.13. The power series expansion of a function f (which admits such an
expansion) is uniquely determined.

Proof. Suppose that P, and @ denote the first homogeneous polynomials that differ in
the two series for a function f. Since f(0) determines the values Py and Qo, we have
k > 0. A contradiction follows after differentiating with respect to a proper z;. |

9.2 Taylor and Laurent series in C
9.2.1 Taylor series

We shall again start with the complex case since it is relatively simple and leads to
important results. We shall again draw conclusions from Cauchy’s integral formula
and show that a function is holomorphic if and only if it admits a power series
expansion. Particularly Weierstraft preferred to use power series for his consider-
ations.

Theorem 9.14 (Taylor expansion ). Let f be holomorphic in the disc Br(zp) =
{|z = 20| < R}. Then f admits a converging power series expansion

f(Z) = Zan(z - ZO)n
n=0
with
_ 1 (n) _ 1 f(C)
= S E) = / (¢ = zgyn19%

[¢—zol=p
where p is arbitrary with 0 < p < R.

Thus a function is holomorphic in a domain G if and only if it allows a converging
power series expansion at any point zo € G. Consequently power series include all
holomorphic functions. Nevertheless for different matters, different representations
can be useful. We already deduced that the geometric series for 1/(1—z) at zg = 01is
only a viable representation in the unit circle, although the rational representation
describes the complete behavior in C without problems.
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Proof. We use Cauchy’s integral formula in Byt with p < p+e¢ < R,

1 £(0)
)= /K A

and expand the Cauchy kernel 1/(¢ — z) into a converging geometric series with respect

to (z — 20):
1 1 zfzo
C*Z_szol z—2z( Z 20n+1

¢—20 nO

In the closed disc B,(z0) this series converges uniformly. Thus it can be integrated term
by term. We obtain

e n _ 1 f(©)
2) = ;an(z —20)", an= o /Ic—zo|=p+s (€ = 2yt dg.

Cauchy’s integral theorem yields that the integral is independent of the radius, so that
we can substitute | — 20| = p. The radius p can be chosen arbitrarily close to R, so that
the representation is correct in the whole disc Br(z0). The calculation of the coefficients
by using derivatives of f has already been discussed in Corollary 9.6. O

We will continue with an important theorem for holomorphic functions. Such a
function is already determined uniquely by its values on a sequence of points.

Theorem 9.15 (Uniqueness theorem). Let f be holomorphic in a domain G and let
us suppose that (z,,) is a sequence of points from G with z, — zo € G. If f(z,) =0
for all z,, then f =0.

We can also reformulate the statement as follows:

The zeros of a holomorphic function, different from the zero function, are isolated.

Or alternatively:

Suppose that the two functions f and g are holomorphic in G and identical on
a sequence of points with an accumulation point in G. Then the functions are
identical.

Proof. Using Corollary 9.8 a holomorphic function admits a uniquely determined power
series expansion. Since f is continuous in G, f(zo9) = 0 holds and we obtain for the power

series in zp,
oo
E an(z — 20)"
n=0

that ag = 0. Now we define

fi(z) = /) Z ant1(z — 20)"

zZ — 20

Since f(zn) = f(z0) = 0, this function also fulfils the requirements, we thus deduce
a1 = 0. Induction with respect to n yields the assertion inside the convergence disc of
the power series. If there was another point z* in G with f(2*) # 0, we would use the
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already well known proving principle: We connect zg and z* by a polygonal curve. Let
: 2** be the “last” point between zo and z* satisfying f(z**) = 0; it has points 2z’ with
f(2') # 0 in any small neighborhood of 2**. We repeat the same at z**. Compactness
arguments lead to a contradiction. O

The following definition is a direct consequence of this theorem:

Definition 9.16 (Holomorphic continuation). Let G; and G2 be two domains with
non-empty intersection, let f and g be holomorphic in G and in G5, respectively.
If f(2) = g(2) in G1NG> (or on a sequence of points with an accumulation point in
G1NGa), g is called a holomorphic continuation of f to G (and f a holomorphic
continuation of g to Gy).

Because of the uniqueness theorem there can only be one holomorphic continuation
of that type. Thus the term is defined properly. Recall the geometric series in the
unit circle: its holomorphic continuation to C\ {1} is 1/(1 — 2).

One can imagine the holomorphic continuation in the following way: Consider
a function f defined on a disc Bg,(20) and find a point z;, where the disc of
convergence of the Taylor series in 21, e.g., Bg, (21), extends Bg,(20). By repeating
this process we obtain a sequence of discs; the original function f is continued
by using this process. Each disc and the corresponding holomorphic function is
called a function element. If the centers of such a chain of discs are connected by a
polygonal curve (which does not leave the discs), f is said to possess a holomorphic
continuation along a polygonal curve.

Unfortunately it is not clear that one obtains the original function by continuing
f along a closed polygonal curve. Therefore the following result will be useful (the
term simply connected domain is explained in Definition A.2.19):

Theorem 9.17 (Holomorphic continuation to simply connected domains). Consider
a holomorphic function element f in Br,(z0) C G, where G denotes a simply
connected domain and zg € G. If f admits a holomorphic continuation to G, the
obtained function will be uniquely defined and holomorphic in G.

Considering the example /2, it is easy to see that in a not simply connected
domain the theorem does not necessarily hold. By continuing /z along the unit
circle starting from zy = 1 around the origin, we obtain a function that differs
from the original one by a minus sign.

Proof. We will only sketch the proof and leave the details to the reader.

Let us assume the function obtained by holomorphic continuation not to be uniquely
defined. Then there is a closed polygonal curve, so that we obtain a function not equal
to the original one after holomorphic continuation along the path. We can assume the
polygonal curve to be a Jordan curve: If the path contained a self-intersection we could
split it into a closed polygonal curve and a second curve with one self-intersection less,
and so on. Holomorphic continuation along at least one of them must not be unique.
Otherwise the continuation along the original path would be unique, too.
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Now we cover the plane with a sufficiently close grid parallel to the axes. For continuity
reasons the original polygon can now be substituted by a polygonal curve parallel to the
axes. The small squares of the grid which are adjacent to the boundary of the polygo-
nal curve should of course be inside the discs on which our function elements used for
holomorphic continuation are defined. The interior of the closed polygonal curve parallel
to the axes cannot contain exterior points of G: Either there are no exterior points of G
or there is exactly one, so we can assume it to be at z = oo, or there are more exterior
points, so we can assume one to be at z = oo. In the last case no point can belong to
the interior of the polygonal curve, because in this case the boundary points covered
by the open sets of the interior or the exterior of the polygonal curve would be part of
the exterior. But these open sets would be disjoint, so that the boundary would not be
connected and GG would not be simply connected.

Figure 9.1

Now we can get rid of the interior squares of the polygonal curve one by one until there
is only one remaining. Since each of these squares is a subset of one of the function
elements’ discs, the continuation along its boundary cannot lead to a different function.
Thus this property has to be true also for the original polygonal curve — the holomorphic
continuation of a function element results in a uniquely defined function f in G. g

We shall draw one final conclusion from the Taylor series expansion:

Corollary 9.18. If a holomorphic function has the power series expansion

f(z) = Z an(z — 20)"
n=0

with radius of convergence p > 0, it cannot be holomorphic at all boundary points
of the disc, i.e., of the circle |z — zo| = p.

Proof. If the function f was holomorphic at every point ¢ of the circle |z — zo| = p, it
would also be — by definition — holomorphic in a small (open) disc around . The circle
is a compact set covered by these discs, so that we can select a finite number of these
discs still covering the circle. This finite number of open discs overlap each other and
cover a small annulus p — e < |z — 29| < p + €. Thus one could apply Cauchy’s integral
formula to a bigger disc By+<(20) and one would obtain a converging power series in this
disc. This is a contradiction with the assumption of the theorem. d
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9.2.2 Laurent series

We can extend the Taylor series principle to functions holomorphic only in an
annulus, the behavior inside the interior disc is arbitrary. We have the following
theorem.

Theorem 9.19 (Laurent series). Suppose that [ is holomorphic in the annulus
G ={z: Ry < |z— 20| < Rz}, in which Ry =0 and/or Ry = oo is possible. Then
f can be represented by a Laurent series

oo

f(z) = Z an(z — 20)"

n=—oo

in the annulus. The coefficients are given by

! 1)

where p is arbitrary with Ry < p < Ra. The convergence of the two-sided infinite
series is defined by the convergence of the two series with positive and negative
indices, respectively.

The series of negative powers

-1

Z an(z — z0)"

n=—oo

18 called the principal part of the function f in zg, the series of positive powers is
called the Taylor part.

If the function f is holomorphic in the whole disc |z — 29| < Ra, all coefficients
with negative indices vanish and the coefficient formula coincides with the one of
the Taylor series. Hence Laurent series can be interpreted as extensions of Taylor
series.

Proof. In the smaller annulus R1 < p1 < |z — 20| < p2 < R the function f is also
holomorphic on the boundary. So we can use Cauchy’s integral formula

_ 1 f(©) 1 f(©)
12 = 2mi /IC—20\=/)2 ¢— ng - 2mi /IC—20\=01 ¢— ng.

In order to have the annular region on the left we have to integrate over the inner circle
clockwise, so that a minus sign shows up in front of the second integral. Analogously with
the proof of the Taylor series we expand 1/(¢ — z) into a geometric series: This leads to

1 1 i zfzo
C—z_C—zolf - ¢ — z)ntt’

n:O
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for the outer circle and to

1 1 __i (¢ —20)"
(—2z 2—201_2:22_ nzo(z—zo)nﬂ

for the inner one. Both series converge in a little smaller, resp. greater, disc uniformly,
so that we can substitute integration and summation:

_ Y Q)
fe = Z - ZO 2mi ‘/\‘C*zo\Pz (¢ — zo)n+! a“

n=0

oo

—(n+1) 1 n
I P R LIRS

The first sum represents the Taylor part of the Laurent series, the second one can be put
in its final form by substituting the summation index n =: —m — 1 :

]

n 1 f(¢
fE) =Y anz—w), an= /‘HO‘ZP (Cfiognﬂdg.

n=-—o00

Because of Cauchy’s integral theorem the circle of integration with radius between R;
and Ry is arbitrary. Since the circles of integration can be chosen sufficiently close to
the boundaries of the annulus, the formula remains true in the whole annular domain
Ri < |z — 20| < Ra. O

Example 9.20. a) In example 4.19 b we introduced a series which now is recognized
as being the Laurent series in 1 < |z| < oo:

1 —n
1—2z Z o
n=1
b) The function
fo)="

is also a (very simple) example of a Laurent series in the annulus 0 < |z] < co.

c¢) Let the function f be holomorphic in the annulus 1 — & < |z| < 1 + ¢ where it
possesses the Laurent series expansion

(oo}
Z apz".
n=-—oo
On the boundary of the unit disc we have z = €’¥ and the Laurent series transforms

into
(o)
E ane'’™¥

n—=—oo
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with coefficients

1
_ up 7zmp
2m‘/ e 1<n+1 / fle de-

This turns out to be the Fourier series of the periodic complex function f(e?),
which can be decomposed into sine and cosine series in the usual way.

As for the Taylor series the function f cannot be holomorphic on the whole bound-
ary of the annulus of convergence. Otherwise our annulus could be expanded.

9.3 Taylor and Laurent series in C'¢(n)
9.3.1 Taylor series

In this section we want to generalize the results of the complex plane to higher
dimensional spaces. The Fueter polynomials introduced and discussed in Section
6.2 will serve as generalizations of the usual powers z™ in the complex plane.

Let us recall Fuler’s formula for homogeneous functions:

Suppose that the function f is homogeneous of degree k in R™*1. Then we have

x-Vf(x) =kf(z).

This is proved by differentiating f(tz) = t* f(z) with respect to ¢ and substituting
t = 1. Now we are able to prove a first statement concerning the representation
by Fueter polynomials:

Proposition 9.21. Every homogeneous holomorphic polynomial of degree k can be
written as a Cl(n)-linear combination of Fueter polynomials:

OEDY ilpk(w)(VkP)(O), k= (0, k1, ... kn).

k|=k

Proof. Let P be a left-holomorphic homogeneous polynomial of degree k. We obtain the
formulae

BoP(x) + Zela P(x

and

2000 Pz +ZxaP kP(z),

since P satisfies the Cauchy—Riemann equatlonb and Euler’s formula. These yield

n

kP(x) = Z(m — z0€;)0; P(x Z 2;0; P(x

i=1

This can also be regarded as a justification for introducing the variables z; = x; — xoe;
in Section 5.2 when we defined holomorphic functions. Because of Corollary 7.29 each
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derivative 0; P is holomorphic. 9; P is a homogeneous polynomial of degree k — 1. After

k steps one gets
n

i1yeensip=1
Now we combine all derivatives belonging to a multiindex k. The order of differentiation
does not play any role in computing the derivatives, but in computing the z;. Every
distribution of the z; occurs only once in the k£ components. These are also to be permuted
with each other in the Pyx. We get a factor k! in the denominator and obtain

1
P = > i Sz - Figg VEP(2)

k|=k  oecperm(k)

3 ;'Pk(x)vkp(x) (k= (0,kr, ... kn)).
k|=k

This relation can be seen as the justification for introducing Fueter polynomials. Since we
obtain constants by differentiating a polynomial of degree k exactly k times, the desired
representation follows:

P(x) = Z Pr(z)ax, ax = (v P)(O). O

k!
|k|=k

Let us now consider the Taylor series in C¢(n). For left-holomorphic functions it

is of the form
Z Z Pr(x)ax,

k=0 |k|=Fk

for right-holomorphic functions the ay are on the left side. If this series converges
absolutely, we can exchange summation and differentiation. Thus a series of the
given form is holomorphic in case it converges absolutely. This condition can be
checked by using the estimates of Corollary 6.5.

The further considerations require the introduction of another kind of special
polynomials.

Definition 9.22. The function

o= £ ()t Yo

is called a Gegenbauer polynomial (due to LEOPOLD BERNHARD GEGENBAUER
(1849-1903)).

Special cases are Cfy(s) =1, Ci'(s) = < —1,u ) < } > (—2s)t = 2pus.
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[5]

Proposition 9.23. (i) The polynomial C}(s) = (k;_—uj) <kk__2jj) (—2s)F=2
j=0

contains only powers of s with degrees k,k —2,....

(Ve

(i) The Taylor series expansion for (1 — 2st + t2)™H with respect to t converges
for |t| <1 and —1 < s <1 in the locally uniform sense.

Proof. (i) With k —m =: j we get 0 < j < %, the result follows. [%] denotes the largest
integer smaller than or equal to ’;
(i) For small ¢ the binomial series (see Exercise 9.4.4) for (1 — 2st 4 t?) ™" converges in
the locally uniform sense. For 0 <t < 1,0 < s < 1 we obtain the strict inequality

1>t(t—2s)=(t—s)° =5 > —1,

so that the series converges for these s and 0 < t < 1 in the locally uniform sense.
According to Exercise 9.4.2 the radius of convergence is 1. In a similar way one can prove
the convergence for negative s with negative ¢, so that for all s the series in ¢ has the
radius of convergence 1. O

Theorem 9.24 (Taylor series). Let the function f be left-holomorphic for |x| < R
in Rt where then it can be expanded into the converging Taylor series

:Z Z ’Pk(x)ak, k:(O,kl,...,]{?n)

k=0 |k|=k

with .
ak_vf - /Qk Yy* f(y).

\y\ p

p is arbitrary with 0 < p < R, the Qx are given in Definition 7.26 as derivatives
of Qo(x) = o Epn(x). For right-holomorphic functions we need to interchange the
terms ax with Pk and the Qyx with f.

Proof. As usual Cauchy’s integral formula is the starting point. For |z| < p < R we have
S = [ Bty =y )
yl=p

The Cauchy kernel E,(y — z) or rather Qo(y — z) = 0n En(y — x) needs to be expanded
into a power series: We choose p arbitrarily with 0 < p < R, so that the expansion
converges in |z| < R due to Cauchy’s integral theorem. We calculate as follows:

0, = — O ly —
" |y — ajn-1 2 Jy—aprr T

= -1, Y0 =(n-1)Qo(y - ),

ly — [+t

1 n—1 1 2
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i.e., we find the Cauchy kernel with a factor. Consequently it is sufficient to determine
the series expansion of |y — x|~ ™. Defining z =: w.|z|, y =: wy|y| we get

2 2 yx || ‘37|2
y—zx|” =y 1-— )(1 )* (172@11-@1 + .
by = al” =l ( jy? ) = (2 @)

Finally setting

||
lyl’
we get 0 <t <1, —1<s<1and with u:= (n—1)/2 we obtain

t.= S i= Wz Wy

11 1
ly —a|r=t  fynt (1 2st 4 82)m

The binomial series expansion yields
1 _ - — K 2\m
(1= 2st+2)n 2 ( m >(_25t+t )
m=0

This series converges for |725t+t2| < 11in the locally uniform sense. Thus it also converges
for sufficiently small ¢ in s and ¢ in the locally uniform sense. Since (—2st + t2)™ leads
only to a finite number of terms, we can reorder by powers of ¢:

(1—2$t+t2 ii( )( j >( 2st)7¢20m =9

m=0 j=0

The factor preceding t* can only be non-zero if 2m — j = k or 2m > k > m, meaning for
those m satisfying [ } <m < k that

(17231“2)# :itk i ( e )( - )(—25)2m—k.

k=0

3
W%
N

Since the series converges in the locally uniform sense, we can differentiate term by term.
Taking into account 9,C{'(s) = 0 this leads to

y—x — 1 ||
Qo(y —z) = = 0,08 (wy - w .
w=2)= 7 212 p o OOk @z w) T
By defining
1 " |x‘k+1
_ lazck+1(w1 )|y|”+k = Pk(xay)a
one gets finally

Qo(y —z) =

|n+1 Zpkﬂiy

Due to the preceding Proposition 9.23 Py (x,y) contains only powers of x having the form

\ y—

(wa - wy)" TV 2]
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S0 it is a polynomial in z with terms (see Proposition 9.23)

0u (- w,) ).

These are homogenous polynomials in z of degree k. Since the series for Qo(y — x) is
bilaterally holomorphic, this property must be fulfilled by the terms. These are homoge-
neous polynomials of degree k, so that differentiating by 9, no terms cancel each other.
Using Proposition 9.21 the Py (x,y) can be decomposed into linear combinations of Fueter
polynomials Py with k| = k:

Definition 9.25. The functions Qk(y) are defined by
> Pu@)Qu(y) = > Qxly = Pi(z,y).
[k|=Fk [k|=k
We have
Qu(y) = .
x=0
The Qx are thus homogeneous of degree —(n + k) in y. In the series expansion of Qg

no terms cancel the functions Py (xz, y) by differentiation with respect to y, so that Qi is
bilaterally holomorphic. Now we want to show their equality to

1 |ZE‘k+1
(n—l)k' Vids [C’“rl(w”” w9)| |tk

(=DM
Q) =", V Qo)
introduced in Definition 7.26: For arbitrary j we get
_pll . =1
Qj(y*fﬂ):(j[) VyQo(y —z) = VJQO kZJ,VJPMy)
=0
= Z Z VJ Pi(2)Qr(y).
k=0 k= I

Setting # = 0, V3P, (0) = j! 6jk (see Exercise 9.4.5) yields
1. - -
Q;(y) = ; | VaPi(0)Q5(y) = Qs(y)-

Consequently Qi = Qi holds and for |z] < p < R we obtain the series expansion for f,

flz) = / S5 Pul@)Ox(y) | dyf(y):
lyj=p \F=OIKI=Fk

Since it converges in the locally uniform sense we can integrate term by term and get

0=3 3 A

=0 |k|=k
with Kk
= 10— [ oy s

lyl=p
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This is completely similar to the expansion in C; the negative powers of z are replaced
by Q. O

In analogy to the complex case we want to prove a uniqueness theorem. But it
will have a different form than in C since the zeros of a holomorphic function in
R"*! may not be isolated. Consider the simple example f(r) = z;, where the
(n — 1)-dimensional plane xy = 21 = 0 equals the set of zeros of f. By combining
the z; every lower-dimensional plane can be obtained as the set of zeros. We will
start with a proposition used in the proof of the uniqueness theorem in C¢(n):

Proposition 9.26. Suppose that f is holomorphic in a domain G C R"*! and the
equality f(x) =0 is valid for all x from a ball {|x — x| < p} CG. Then f =0 in
G.

Proof. xo can be connected to every z* € G by a polygonal curve IT in G. As a compact
set the polygonal curve has a distance 6 > 0 to dG. Thus at an arbitrary point of II the
Taylor series converges at least in a ball with radius §. On II we choose a point z; with
0/2 < |z1 — mo| < 0. In a small neighborhood of z; we have f(z) =0, so that all Taylor
coefficients in x; equal zero and f(z) = 0 for |z — z1| < §. Repeating this process a finite
number of times will lead us finally to z*, so that f(z*) = 0 holds. Thus we have f =0
in G. g

A possible uniqueness theorem reads as follows:

Theorem 9.27 (Identity theorem). If a function f is holomorphic in a domain
G C R"! and equals zero on an n-dimensional smooth manifold M C G, the
equation f =0 s satisfied in G.

The dimension has to be at least n, as the example f(x) = z; shows. The manifold
can be composed from an arbitrarily small piece, the focus lies on the dimension
n. A more uniqueness-theorem-like formulation is the following:

Two functions holomorphic in G coinciding on an n-dimensional smooth manifold
in G are identical.

Obviously this theorem remains true in C, but since the zeroes are isolated the
statement can be more general.

Proof. Let z* denote an arbitrary point in M and z(t1,...,t,) =: 2(t) be a parametriza-
tion of M in a neighborhood of z* with z(0) = z*. Since f(z(¢)) = 0 holds for all ¢ we
have

3 0%i o fa*) =0, j=1,... n.
22 ot

These are the tangential derivatives of f in the direction of the manifold. For our manifold
we assume the matrix
83:,-
( ot; )
to be of rank n. Thus in the mentioned system of equations we can express the 9; f(z*)
by the do f(x*) with the help of suitable real-valued aj,
Oif(z") = aidof(z™), i=1,...,n.
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Substituting into the Cauchy—Riemann equations yields

<i e;a; + 1> aof(x*) =0.

i=1

The term in brackets is obviously not zero, consequently 9o f(x*) = 0 holds. This yields
dif(z*) =0, i =0,...,n. Taking into account the correctness for all z* € M all first-
order derivatives of f vanish in M. The 0; f are also holomorphic, so that we can expand
our considerations to higher-order derivatives of f with the use of induction. Thus the
coefficients of the Taylor series in 2™ are zero, so that the function f equals zero in the
ball of convergence of the Taylor series. The preceding proposition gives f =0in G. O

9.3.2 Laurent series

After considering the Taylor series for functions holomorphic in a ball, we want to
consider functions holomorphic in a ballshell, i.e., the multi-dimensional analogue
of an annulus. A corresponding Laurent expansion will be derived proceeding
similarly to the complex case.

Theorem 9.28 (Laurent series). Let f be left-holomorphic in a ballshell domain
G ={r <|z| < R} with0 <r < R < oco. Then f admits the following Laurent
series expansion in G,

f@)= @)+ fa@) =D Y Pu@)ac+ Y > Oxlz)bi

k=0 |k|=Fk k=0 |k|=k
with
1 *
o = [ edwiriw.
[y|=p
1 *
b = / Pi(y)dy* f(y).
[y|=p

p is arbitrary with v < p < R; the series converge uniformly in any closed sub-
ballshell. Furthermore f1 is holomorphic in Br(0) and fa is holomorphic in R" 1\
B, (0) with
lim fo(x) = 0.
x| — o0

f1 is called the Taylor part and fo is called the principal part of the Laurent series.

Proof. In the ballshell » < 7’ < |z| < R’ < R Cauchy’s integral formula yields
* 1 *
f@=, [ w-odsw- ) [ oty i)

On n
ly|=R' ly|=r’
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’
N
>

Figure 9.2

The sign in front of the second integral appears reversed due to the orientation of the
boundary of the ballshell. The first integral, denoted by f1, possesses the already known
Taylor expansion

i)=Y Pul@)ax
k=0 |k|=F
with
a= | oy fw).
lyl=p

p is an arbitrary number between r and R in view of Cauchy’s integral theorem.

Now we will focus on

1 *
@ == [ Q- 1)
lyi=r"
Similarly to the Taylor series
1 1
_QO(?J - 33) =0y

n—1|y—z»!
has to be expanded into a series. Since |z| > |y|, we have

I | 1
ly—alnt T felrt (1 25t 4+ 2)n

with t = |y|/|a] and s = (s - w,), we = a/l2], w, = y/Jyl, 4 = "3". One gets

ZOO 1 " ly|*+
Qo(y - JZ‘) = - P n— 16y0k+1(wx : wy) ‘$|n_1+k’
and with
1 yl*+?
Ri(z,y) := - layC,ﬁL_,_l(wz “wy) a—
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we have -
Qo(y—z) =—>_ Ri(z,y).
k=0

The Ry have the same properties as the Py from the proof of the Taylor series after
exchanging z and y. We obtain

Ri(z,y) = Y Pe(y)Qu(@) = Y Qu()Pi(y)

|k|=Fk |k|=k
and hence we have

fl@) =3 Y Qul)bi
k=0 |k|=F
with .
bk = - Pi(y)dy™ f(y)-

[yl

Again p is arbitrary with r < p < R (Cauchy’s integral theorem). The statement fi(z) —
0 for |z| — oo is left as Exercise 9.4.7. O

P

As a conclusion we want to point out some orthogonality relations of the Py and
the Qi which correspond to similar properties of the z** in C:

Proposition 9.29. For any positive p the Fueter polynomials Py and the Qyx satisfy
for arbitrary j and k the following orthogonality relations:

1
o Qs i) = g,

lz[=p
1
o Pj(x)dz* Qu(x) = O,
" lei=p
1
” Pj(z)dx* Py (x) =0,
" lei=p
1 *
h / Q;()dz" Qu () = 0.
lz|=p

Proof. The first line follows from the Taylor expansion of a polynomial P;. All Taylor
coefficients of P; have to vanish for k # j and a; = 1. The second line is the corresponding
statement for right-holomorphic functions since Qk and f are exchanged. The third line
represents the bk of the Laurent expansion of Pj, they have to vanish. Finally the fourth
line shows the coefficients ax of the Laurent expansion of Qj, they have to equal zero,
too. g

The Fueter polynomials are recognized to be left- and right-holomorphic generalizations
of the positive powers z®, but constructing higher-dimensional generalizations of the
negative powers proves to be a more difficult task. We chose the derivatives of the Cauchy
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kernel, but other approaches are possible. The powers =" introduced by H. Malonek in
1990 [101] are not left-holomorphic. In [14] higher-dimensional left-holomorphic powers
with negative exponents are computed similarly to our way. It was also shown that
the values of Qx do not leave the paravector space. After tedious computation in [73]
a recursion formula was obtained. It was also possible for R. S. Kraufhar to get an
estimation for the Qx (see Proposition 7.27).

9.4 Exercises

1. Suppose that a sequence of functions (f,,) is holomorphic in a domain G C
R"*! and converges to a function f in G in the local uniform sense. Show
that for every multi-index k the sequence of derivatives (VX f,,) converges to
VX f in the local uniform sense (see Corollary 7.28).

2. Assume a power series (at the origin) converges at a fixed point zg. Show that
it does converge absolutely for all |z] < |zo|. Explain the connection with the
radius of convergence.

3. Obtain the two possible power series for the function f(z) = z—13i at the
origin.
4. Show that
1+2)¢= . )27 (aeC
arar=3 (%) @eo
Jj=1
is a Taylor series. Use this to show

(14 2)* = exp(alog(l + z))

with the principal argument of the logarithm that equals zero for z = 1 (see
Section 11.4 and Definition 11.8). Evaluate the radius of convergence.

5. Show

a)
VIP Ko e for j<k

k = . k—j Ior J = K,
(k—jr
b) )
V‘]Pk = k! 5kj for ‘k| = |j|

for Fueter polynomials with multiindices j and k. j < k denotes j, < k, for
all pe{0,...,n}.

6. Show the following uniqueness theorem: Suppose that a function is holomor-
phic in a domain G C R™*! and different from the zero function. Then it
does not have a zero of infinite degree. A function f is said to have a zero of
infinite degree in x if

|f(@)]

|z—20|—0 ‘.’K — 1’0|]C
holds for all k£ € N. (Hint: Taylor coefficients.)

=0
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7. Show that the principal part fs(x) of a Laurent series converges to 0 for
|x] — oo.
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10 Orthogonal expansions in H

The approximation, resp. the representation, of quadratically integrable functions
by Fourier series requires the knowledge of complete or closed function systems in
the Hilbert space as well as of the general representation of functionals.

10.1 Complete H-holomorphic function systems

As the quaternions are non-commutative we have to define a new closedness and
completeness. First we prove the following version of the Hahn-Banach theorem:

Theorem 10.1. Let X be a right vector space with norm over H and let Xo C X
be a closed subspace. Let [ be a bounded, right-linear, H-valued functional on X.
Then there is an H-valued right-linear extension F of f to X which is bounded on
X.

This theorem was proven first in 1938 by G. A. Suchumlinov [151]. A corresponding
theorem for locally convex spaces with values in a real Clifford algebra was proven
in 1982 [14].

Proof. The idea of the proof is that an arbitrary H-right-linear functional always has the
form

3

f(x) = fo(z) — Z fo(zei)e;.

=1
To prove this we start with the representation
f(@) = fo(z) + fi(z)er + fa(x)ez + fa(x)es.

Since f(ze;) = f(z)es (i =0,1,2,3) we have the relations

Ji(z) = —fo(zer), f2(x) = — fo(we2), fa(x) = —fo(zes).

Let now Xor C Xo be a real subspace and fy the restriction of f to X¢ r. Following the
classical Hahn—Banach theorem, fo can be extended to an R-linear bounded functional
Fp on X. The needed H-valued functional F' is then given by

F(z):= Fo(x) — Fo(zer)er — Fo(zez)ea — Fo(xes)es.
Finally we just need to prove the corresponding properties: We obviously have
|F ()] < 4] Follll=]],

i.e., F' is bounded. The additivity follows from the additivity of Fy. The proof of right
homogeneity has to be done individually for each component. We now calculate the norm
of F: we choose a point " € X so that ||z*|| =1 and ||F|| < |F(z")| + €. Since ||F|| # 0
we can assume that F(z") # 0. We define © := F(z*)/|F(z")| and ™" = 2"© and get
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From Sc F'(z) = Fo(z) it follows Fo(x™*) = F(z™).
So we have

Fo(z™) < [ Follllz™" || = I Foll

and
IEl < l[Foll +e.
Since ¢ > 0 is arbitrary,
IE1 = lIFoll
holds. We still have to prove [|[F|| = ||f]| but this follows from [[Fo| = || foll = || f]]-
Therefore F' is a norm-preserving H-right-linear extension of f. g

Definition 10.2. Let X be a right vector space with norm over H. A set {z(V} C X
i € N, of elements of X is called H-complete if and only if for all x € X and for
an arbitrary & > 0 there is a finite right-linear combination R.(z) of the {z(V} so
that

[z = Re(z)]| <e

holds. The set {z()} is called H-closed in X, if for every bounded H-right-linear
functional F' on X with values in H always from F(z(®) = 0 (i € N) it follows
that F' = 0.

Analogously with the real analysis a set is H-closed if and only if it is H-complete.
The proof of this statement is left to the reader, with a strong recommendation
to become familiar with the special right-linear structure of the spaces considered
(see Exercise 10.4.2).

Theorem 10.3. Let F' be an H-right-linear functional over LP(G). It then has the
representation

F(u):/f(x)u(x)da
G

with f € LY(G) and 113 + ; =1.

For the proof for real Clifford algebras we refer to [14], in which the proof is related
to the classical proof for complex-valued linear functionals over LP(G). For p = 2
we simply write F(u) := (f, u).

A first and simple complete system of holomorphic functions can be given in R3
with the help of “shifted” fundamental solutions of the Dirac operator:

Theorem 10.4. Let G, G, be bounded domains in R® whose boundaries I' and T'y

are at least C2-surfaces. Moreover let G C G and let {xV} be a dense subset of

Ty. The system {¢;}52, with ¢i(z) = (v — 2D)/|z — 2D [* is then H-complete in
3

L*(G)Nker D, where D = Y €;0; is the Dirac operator.

i=1
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Proof. The proof is given by contradiction. We assume there is a function v € L*(G) N
ker D, different from the zero function, with (¢;,u) = 0 (¢ = 1,2,...). It then follows
that for the Teodorescu transform the relation

x—x(®
T do: =0
(Tau)( 03/\33—33(1)\3 z)do

holds on the set {z(V}, dense in TI'1. Since Tgu is continuous in R*\G it follows
trr, Tgu = 0. Further, Tgu is holomorphic in R*\G, thus from Proposition 8.1 it fol-
lows that I llim (Tew)(z) = 0. From theorem 7.14 we have (Tgu)(z) = 0 in the exterior

of T';. Being a holomorphic function in R*\ G, the Teodorescu transform Tgu has to be
zero in the exterior of G by the identity Theorem 9.27. Because of the continuity it holds
also for the boundary values on the boundary I' of G,

trrTgu = 0.

From proposition 8.9 we have that v € im Q. We had assumed that u € ker D = im P.
Since im P Nim Q = {0} it follows that w = 0, this is the contradiction. O

The theorem just proved ensures that we can approximate with arbitrary accuracy
in the L?-norm the solutions of the Dirac equation by special simple solutions.
Our function systems are arbitrarily differentiable, but they unfortunately are not
orthogonal. It is easy to see that an orthogonalization would destroy the simple
structure, not to speak of the difficulties coming from the numerical instability.
In the next subsection we shall try to construct polynomial systems which do not
possess these disadvantages.

10.1.1 Polynomial systems

It is this section’s goal to provide orthogonal polynomial systems for approximation
purposes. Following the results we proved in Section 9.3, the shifted fundamental
solutions Qq(xz — a) of the generalized Cauchy—Riemann operator in C¢(n) can
be regarded as analogues of the functions 1/(z — a) in C. Our statements on
approximation and completeness are then related to the rational approximation
in complex analysis and lead us to the theorems of Walsh and Runge.

Up to now we have not clarified completely the question about analogues in C'¢(n)
of the positive powers of z in complex analysis. The results of the development into
Taylor series of left-holomorphic functions in Theorem 9.24 give us the first ideas.
We had proved that a function f, left-holomorphic in the unit ball B,, 1 := B1(0)
in R"*!, can be developed into a convergent Taylor series

x) = Z Z Pr(x)ax
k=0 |k|=k
with N
ax = v f / Qx(y)dy” f(y).

\y\ p
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From this development we can conclude that f is locally approximable in the
sense of locally uniform convergence. But a global completeness statement, e.g.,
in L?(Bp+1), does not follow from this theorem.

Let us first have a look at the complex case. We assume a holomorphic function
f to be in L?(B). This function then possesses a locally uniformly convergent

Taylor series in Bsy,
(oo}
e SP0)
=0

* constitute an orthogonal system in the space L?(B,), and after

The functions z

a normalization an orthonormal system in the form \/ kjr'l 2k, A function f can be
developed into a Fourier series relative to this orthonormal system,

Hi \/k+1k)\/k:12k Z(f’ )k+1k

=0 k=0

With the usual assumption that there is a function g € L?(Bzy), which is orthogonal

to all 2%, it follows from the above considerations that the system {\/ kil zk}
keN

is complete.

The reason for this easy result is the fact that the functions used for the Taylor
series in C are “spontaneously” orthogonal, though orthogonality played no role
for the Taylor series and we only used differentiation properties. Before we seek
convenient higher dimensional generalizations of the powers z* we will first state
the properties of the complex powers as functions of the real variables x and y to
get a frame of reference:

e The functions (z + iy)* are R-homogeneous (holomorphic) polynomials.
e R-homogeneous holomorphic polynomials of different order are orthogonal.
e We have 2* € ker 981\ ker 9%.

e Moreover 0,2% = kzF=1, [2F = kilzk“‘l holds, i.e., differentiation and in-
tegration of basis functions deliver again basis functions. These properties
ensure that the derivative of a power series is again a power series, and that

the derivative of a Fourier series is at least formally a Fourier series.

Unfortunately these properties are not self-evident in the higher dimensional case.
If we restrict ourselves for better understanding to functions f : R3 — H, for the
degree k, we then have just k+1 linearly independent homogeneous H-holomorphic
polynomials. This satisfies indeed the requirements of a Taylor expansion as there
are also k + 1 partial derivatives of degree k,

MOy, kit ky=k.
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But the requirements of a Fourier development are not satisfied as the £+ 1 Fueter
polynomials Py from Definition 6.1 are not in any case orthogonal. But we can
show that homogeneous holomorphic polynomials of different degree are indeed
orthogonal, so we have to orthogonalize “only” in the subspaces H,j of the H-
holomorphic homogeneous polynomials of degree k. But as desired the derivatives
0;Px of the Fueter polynomials of degree |k| = k from Theorem 6.2 are again
Fueter polynomials

0iPx = ki Px—e,
with the vector e; having a 1 in place ¢ and zeros otherwise.

Another attempt would be to use instead of the complex variable z, in R? the
quaternionic variable z = zg + z1e1 + T2e, and in R* the variable z = g +
r1€1 + xoes + w3es. Unfortunately both variables are not H-holomorphic. If we
assume symmetry between the “imaginary” variables x1, x2, x3 the next candidates
would then be the H-holomorphic variables x = x¢ + %(:Elel + x9e9), resp. x =
zo + é(xlel + x2e9 + x3e3). Such variables have been studied, e.g., in [100] (see
Exercise 10.4.4).

In view of these problems we start with the Fueter variables z; = x; — xge;. These
variables are equal to the complex variable z up to an isomorphism. A simple
calculation shows that the positive powers zzk are H-holomorphic as well. Away
from the zeros of the z; also the negative integer powers are H-holomorphic (see
Exercise 10.4.5). Such variables, which are called totally analytic by Delanghe in
[31], have been studied in Remark 6.7, where we pointed out the fact that the

H-holomorphic variable
3

z = Zakxk, ar € H,
k=0
is totally analytic if and only if a;a; = ajas, 4,j =0, 1,2, 3. If we now examine the
3
functions u(x) = > w;(z)a; we have the product rule for the Cauchy-Riemann
i=0
operator 9 in its classical form O(uv) = (Ou)v + u(Ov). Restricting ourselves to
functions with range span{a;}, we then can carry over almost the complete clas-
sical function theory. For a better understanding of this fact one should show (see
Exercise 10.4. 6) that the condition a;a; = aja,, i,j = 0,1,2,3, means that the
range of z(z) is only a two-dimensional plane.

However this simple construction has significance in principle. We have defined in
Remark 6.7 the following interpolation polynomial:

k
Lyu(z) = Z (TTl= () = 2(00)) (2(b5) — 2(b0) "] uy. (10.1)

J=1 i#j

This polynomial generalizes the classical Lagrange interpolation polynomial. The
significance is that we can now show that for k arbitrarily given different points



10. Orthogonal expansions in H 191

b; and k given values u; at these points, there is always a holomorphic function
which takes the given values at the given points. For H-holomorphic functions this
statement is in no case obvious. It would still be desirable to show that always a
totally analytic variable could be defined such that for the given points also the
condition z(b;) # z(b;) for i # j is satisfied.

The above Lagrange interpolation polynomial is not appropriate to interpolate
general H-holomorphic functions, since in view of the restricted range of z(x) no
complete polynomial system is given.

10.1.2 Inner and outer spherical functions

Before we seek complete H-holomorphic systems of possibly orthonormal poly-
nomials, we will state some properties of Fueter polynomials which are already
known. A question is whether the orthogonality relations from Proposition 9.29
can be useful in our context. We start with a definition:

Definition 10.5. (i) Let H,j be the space of holomorphic, paravector-valued, ho-
mogeneous polynomials of degree k. An arbitrary element Py of this space is
called an inner spherical polynomial of degree k.

(ii) Let M, be the space of holomorphic, paravector-valued, homogeneous func-
tions in RGTH = R™F1\ {0} of degree —(k +n). An arbitrary element Qy of
this space is called an outer spherical function of degree k.

(iii) Let Hy = H,j U H, ; the unions over all k are denoted by H™, H™, resp. H.

In Proposition 9.21 we have already proved that these P}, are spanned by the
Fueter polynomials Px. In view of the Laurent expansion the Q) are spanned by
the Q. In Proposition 7.27 we have shown that the Qy are paravector-valued,
this has to be proved also for the Py:

Proposition 10.6. The Fueter polynomials Py are paravector-valued, they span the
space of the inner spherical polynomials. The Qx are also paravector-valued and
span the space of the outer spherical functions.

Proof. We need only to prove that the Fueter polynomials are paravector-valued. We use
induction on the degree k = |k|. For k = 0 or k = 1 we have only the functions 1, resp.
zi, which are paravector-valued. To prove the assertion for k we use Theorem 6.2 (ii),

0;Px = kjPx—e;,

with k; from k and €; which has a 1 in place j and otherwise only zeros. If Px had a
term not in R™*! then this term upon suitable differentiation would not be zero, but
it would not change the property not to be in R"*! as the latter is not affected by
convenient differentiation. This would be a contradiction with the property stating that
the differentiated polynomial is paravector-valued. O
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It remains to consider whether the relations of Proposition 9.29 are orthogonality
relations relative to L?(B,1). To investigate this we define a mapping between
H* and H~: For 2 € R"*!, 2 # 0, and f holomorphic in Ry we let

If(z) := Qo(z)f (z71).

The reader is left to prove in Exercise 10.4.7 that If is a bijective map between
H* and H~. We now can show:

Proposition 10.7. The spaces H™ and H~ are orthogonal in L*(S™).
Proof. Let P; and Qi be arbitrary elements from both spaces. Then there is a P, with

Qk(w):IPk(x):Qo(x)Pk( ¥ )

|=[?

We are interested in the scalar product in L?*(S™), where Qo(y) = y and therefore

/ Qu(y) P (y)|don| = / yPL(y) P ()| dou | = / Pu(y)dy” P;(y) = 0.

Sn Sn Sn

The last statement follows from the right-holomorphy of P (y) and the Cauchy integral
theorem. Moreover for the Fueter polynomials we have Py (z) = Pk(z), as only the order
of the products of the z; is inverted. But as we sum over all orders nothing changes. The
individual z;’s will be conjugated twice, they do not change either. We then see that the
last integral is just the third one given in Proposition 9.29. O

We see that the statements about Fueter polynomials proved up to now are not
very helpful for the orthogonality problem. We therefore have to go deeper into
this question, and we restrict ourselves finally to holomorphic functions in C¢(2),
which map R? into H. We then have only the two variables z; and zp, and we
are able to write down all formulas explicitly to make things clearer. We look
for convenient H-holomorphic polynomials which constitute a complete system of
functions. Malonek in [100] and [101] has done this with symmetric polynomials
which differ only slightly from the Fueter polynomials.

In this case we have z; and 25 as the Fueter polynomials of degree 1; those of
degree 2 are:

1
73(2,0)(:8) = Z%, P(l,l) (ZL’) = 2(2122 + ZQZl), P(O,Z) (ZL’) = Z%

We already mentioned that the Fueter polynomials constitute a basis for the holo-
morphic polynomials in 'H,j. To get a statement about the completeness of the
system of the Fueter polynomials we need an assertion regarding the decomposi-
tion or the splitting of the space L? N ker 0.

Theorem 10.8. We have

L*(Bs) Nkerd = P H;-
k=0
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Proof. The orthogonality of the subspaces of different degrees follows from the orthogo-
nality of the homogeneous harmonic polynomials of different degree, which we have yet
to show. If we now assume that the asserted splitting does not exhaust L? N ker 9, then
there must be a function f which is orthogonal to all subspaces. This function can be
developed into a Taylor series in a neighborhood of the origin. In some ball this Taylor
series converges uniformly, and in a smaller ball it also converges in the L?-norm. Let
this ball have the radius € < 1; we then study the function f* € L?(By,.(0)) Nker 0 with
f*(z) = f(ex). On the one hand the Taylor series of f* converges in L?(Bs). On the
other one we have from the orthogonality to the subspaces that

[ 15 putoto e [ 1 () () ao =0

B3 B3

thus with a suitable ¢ the function f* would be orthogonal to all subspaces 'Hz'. From
both statements it follows that f* = f = 0. O

We have thus also proved the needed completeness theorem:
Theorem 10.9. The Fueter polynomials are complete in L?(Bs) Nker 0.

The above results show that we are able to develop holomorphic functions into
a Taylor series using Fueter polynomials, but we do not know precisely the ra-
dius of convergence of the power series. In the sense of best approximation any
H-holomorphic function, which is quadratically integrable in a ball, can be approx-
imated with arbitrary precision in that ball. Unfortunately this is not sufficient for
practical purposes, as the best approximation by arbitrary complete systems may
not be stable numerically. For theoretical questions one often uses the Schmidt
orthogonalization procedure, but this is also not numerically stable for such a sys-
tem. So, we have to deal with the explicit construction of complete orthogonal
systems. The system of Fueter polynomials, so important for the Taylor develop-
ment, is not appropriate for such a construction. To show the non-orthogonality
of the Fueter polynomials we cite a result of the article [18] (without the extensive
proof), from which we also take some of the following constructions:

Theorem 10.10. For |v| = |u| = n we have

(Pews,va)s Pl ua) 22y = @
where a = ag + a1 €1 + as es + az ez € H as well as
(i) ap = a1 = a2 =0 and az # 0 for |v1 — p1| and vy — usg| odd,
(ii) a1 = as =a3 =0 and ag # 0 for |11 — p1| and |va — ua| even,
(iii) a € RT for vy —pu; = 0.

Here we can see that the Fueter polynomials are in general not orthogonal. But
if we work with the scalar part of the scalar product at least some of the Fueter
polynomials are orthogonal:
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Corollary 10.11. [19] If [v1 — p1| and |v2 — po| are odd we then have

(P(Vl,V2)7 P(#hﬂz))Q,Lz(S?) =0.

Here (.,.)o is the scalar part of the scalar product.

As a shorthand we will denote both these scalar products by

(f.9) = / f(@)g(x)dz
B3

and

(f.9)0 = Sc / F(@)g(x)dz. (10.2)
B3

We refer explicitly to Exercise 10.4.8, which shows that the scalar products relative
to Bz and S? are equal up to a factor. For approximation statements both scalar
products are equivalent as they generate the same norm and so the same notion of
convergence. But if we consider the structure of the space more in detail we then
see that both the above scalar products are very different. (f, g)o generates a finer
structure for the space; more functions are orthogonal, as we have seen already
with the example of the Fueter polynomials. Viewed from the constructive side it
seems to be easier to look first for orthonormal systems relative to the real scalar
product. We shall do that and shall see later that the result delivers quite easily
also orthonormal systems relative to the quaternion-valued scalar product.

If we have constructed these orthogonal polynomials, we are able to work in com-

plete analogy to the complex system {\/ "Il z"}. Due to the higher dimension the

calculations are much more complicated, but they are necessary. For the practical
application it is useful to think about a software solution of this formal problem.
The CD, attached to the book, contains a Maple package QUATPACKAGE, which
solves the generation problem of the polynomial basis for the 3-dimensional case.

10.1.3 Harmonic spherical functions

The idea of the following construction is to start with harmonic spherical functions,
for which we have relatively simple explicit formulas. If we apply the operator d to
these functions we then get homogeneous holomorphic polynomials because of the
factorization A = 0 0 of the Laplace operator. We introduce spherical coordinates
as follows:

rg = rcosl
r1 = rsinfcosyp |,

To = rsinfsing |
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where 0 < 7 < 00,0 < 0 < 7,0 < ¢ < 2m. Every z = (29, 21,72) € R®\ {0}
possesses the representation already repeatedly used,

x=rw, |z|=r |wl =1

If we transform also the Cauchy—Riemann operator we then have
1
0= L+wi,
r

with
2
L:Ze,ra—xz , W—szz
1=0

The reader is asked to show that d,, = 0, in Exercise 10.4.9; the adjoint Cauchy—
Riemann operator O can now be written in the form

1
0=wod,+ L,
T
where

1
L = (—sinf—e; cosfcosp—es cosfsinp)dg+ . (e1 sinp—es cosy)d,. (10.3)
s

infd

Every homogeneous harmonic polynomial P, of degree n can be represented in
spherical coordinates in the form

P.(z) =r"P,(w), weES> (10.4)

The restriction to the boundary of the unit ball P,(w) is called a harmonic
spherical function. Analogously and according to Definition 10.5 we will denote
H-holomorphic homogeneous polynomials by H,(z) and the restrictions to the
boundary H,,(w) by holomorphic spherical functions or by inner spherical polyno-
mials.

Our starting point is the well-known complete orthogonal system of harmonic
spherical functions ([128]),

Un11(0,¢) = Pati(cos), (10.5)
Uyi(0,0) = P (cos ) cos mep, (10.6)
i1(0,¢) = P (cos@)sinmy, n=0,...,00;m=1,...,n+1. (10.7)

Here P,,4+1 denotes the Legendre polynomial of degree n + 1, given by

(3]

Popi(t) = Y anpru "7 Py(t) =1, tel-1,1],
k=0
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with

1 (2n + 2 — 2k)!

_(_1\k
@tk = U gt f (1= B (1 — 201

As usual [k] denotes the largest integer < k.

The functions P)% ; in (10.7) are called associated Legendre functions defined by

dm
P () = (1= )72

dthnH(t), m=1,...,n+1 .

For m = 0 the associated Legendre function P2, (t) is identical with the cor-
responding Legendre polynomial P, 11(t). For the calculation of derivatives and
norms below we need some properties of the Legendre polynomials and of the asso-
ciated Legendre functions. The proof of these properties is in part very technical,
but it can be done with basic knowledge from analysis. To continue smoothly our
considerations we put the necessary results into Appendix 4. We recommend to
prove these properties as exercise, see Exercises A.4.6.1, 2, 3, 4.

10.1.4 H-holomorphic spherical functions

We will proceed as follows: The harmonic spherical functions will be continued
to harmonic homogeneous polynomials in the unit ball. To these polynomials we
apply the operator 0. The holomorphic homogeneous polynomials obtained in
this way will be restricted again to the boundary of the unit ball, and the latter
describe the holomorphic spherical functions we are looking for. As an exercise the
reader should deal with the construction of applying the adjoint Cauchy—Riemann
operator directly to the harmonic spherical functions (without continuation and
restriction). The differences should then be discussed, see Exercise 10.4.10.

We consider the continuations of the harmonic spherical functions:
{r Ul U etV me= 1 4 ey, - (10.8)

For n € Ny we apply the operator 0 in spherical coordinates (10.3) to (10.8). After
restriction to the boundary we get the following holomorphic spherical functions:

X0 Xm Y™ o m=1,...,n+1,
given by
Xy = 00" UL )]z
A% 4 BY%" cospe; + BO™sinpes, (10.9)

1 d
A0 = ) <sin2 0 dt [Prs1(t)]t=cose + (n+ 1) cos 0P, 1 (cos 0)) , (10.10)
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1
BOn . ) (sin@costt[Pn+1(t)]t:cosg — (n+1)sin 0P, 1 (cos 9)) , (10.11)
and

Xpo= o0t ] -
= A™"cosmyp
+(B"™" cos p cosmep — C™ " sin p sinmep) eq
+(B™" sin ¢ cosmyp + C™" cos psinme) ez (10.12)
Y= a0t 1)1
= A™"sinmyp

+(Bm,n cos @ sin me + ™" gin p Ccos mg@) €1

+(B™" sin g sinme — C™" cos ¢ cos me) ez (10.13)
with the coefficients
m,n 1 22 d m m
A =, |sin 0 dt [P (t)]t=coso + (n+ 1) cos@ Py (cos 6) (10.14)
m,n 1 : d m : m
B™" = ) sin 0 cos 0 dt [P 1 ()]t=coso — (n+1)sin® P\ (cosf) | (10.15)
cmnoi= ! m ! P (cos®) (10.16)
T2 Tsing Tt ' ’

m=1,....,n+1.
To proceed safely with the indices in the following calculations we formulate a
simple observation as a proposition:

Proposition 10.12. The holomorphic spherical functions X" and Y,* are the zero
function for m > n + 2.

Proof. We have A™" B™" C™" =0 for m > n+2; as for these m and all ¢t € [—1, 1],

() = (1— )™ P (1) = 0. O

A little numerical example may help to motivate the next lengthy calculations.
Since the known dimension of 'H:;H is n + 1 we take the real space to have the
dimension 4n + 4. This is simple to prove: From the property that the Fueter
polynomials P, ,,, v1+v2 = n, constitute a basis in H,, we get at once that every
holomorphic homogeneous polynomial of degree n can be represented uniquely as
a linear combination of the polynomials P, v,, Pu, €1, Pui €2, and Py, €3
with real coefficients. Therefore these polynomials constitute a basis in H:;R, and
the real dimension indeed is 4n +4. But by the above construction of the functions
X0 Xm Y™, m=1,...,n+1, we get at most 2n + 3 holomorphic polynomials,



198 Chapter IV. Series expansions and local behavior

which may not be linearly independent. In no case is the system complete, as none
of the constructed functions has a component of ez different from zero. The idea
now is easily expressed: we look at

(X0, xm v X0, XMe; , Ymesm=1,...,n+1}, i=1 ori=2, ori=S3.
These systems look equivalent but this is not the case. A numerical calculation of
the condition number of the Gram matrix shows the following results:

system degree condition number

{XU{X"e1} n=1 13,93
n=2 69,99
n=3 292,02
n=4 1158,92
n="17 70718,72

{Xmru{XMes} n=1 3,00
n=2 5,00
n=23 7,00
n=4 9,00
n="7 15,00

Thus these systems will react quite differently when orthogonalized. Taking into
account these numerical results further on we shall deal with the system

0 m m 0 m m . . _
{X,, XY X, es, X es, Y, "es; m=1,...,n+ 1}.

We introduce the following notation:

m — m mo . m —_
no = X', X =Xes, m=0,...,n+1,
m P m mo.__ m —
no = Y, Y=Y ""es, m=1,....n+1.

Every subspace H,I contains at least two linearly dependent functions which we
will delete. This can be seen if we analyze the last two elements of every system.
We have

n+1 __ n+1 n+1 __ n+1
)/n,S _Xn,O and Xn,3 - _}/'IL,O .

This result is obtained from the explicit representations

X = _Onth cosnpe; + C"TE sinng ey
and
Y;LH = —C""Msinnge; — cntln cosnyesy .

A multiplication by e3 gives

1 1 In o 1
Yidl = =0 cosnpey + CMTU sinng ey = X8

n?
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and
n+l _ n+1
Xn,S __Yn,O .

In the following we shall work for all n € Ny with the 4n+ 4 holomorphic spherical
functions

0 m m 0 l l
{X n,07 tn,0° Xn,?n X Y,

n,0 n,37+n

som=1....n+1,1=1,...n}.
(10.17)

Using this system we construct the desired orthonormal basis in H:{’R, first relative
to the real scalar product (., .)o,z2(p,). The starting point is described by the
following theorem:

Theorem 10.13. For all n € Ny the subsystems of holomorphic spherical functions
X0, X, resp. Y,y (m =1,...,n+ 1), are orthogonal systems relative to the

inner product (10.2) with the norms

HXS,O lo,22(s2) = Vr(n+1) (10.18)
and
m ™ (n+ 1 —I—m)'
X ollo,L2(s2) = [Yoollo,L2(s2) = \/2 (n+1) (nt1—myy ™= Loontl

(10.19)

The calculation of the norms is only possible with great effort. This effort is neces-
sary as we want to explicitly orthogonalize our polynomials. To continue it suffices
to know that the norms can be calculated and to know the result. Also this proof
has been shifted to Appendix 4.2 to be able to smoothly continue the exposition.
An analogous result can be proven for the second subsystem, see Exercise 10.4.11:

Theorem 10.14. For all n € Ny the systems X 3, X} 3 and Y. 3 (1 =1,...,n)
are orthogonal relatively to the inner product (10.2), and the norms are given by

1X0 sllo,r2(s2) = V/w(n+1)
and
T (n+14+10)!
1X}, sllo,z2(s2) = |1V, sllo,2(s2) = \/2 (n+ 1)(n+ L) l=1,....n.

The second fundamental problem is to find the relations between the subsystems
examined so far and to calculate, if possible, the inner products and thus also the
angle between the subspaces.
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Theorem 10.15. For alln € Ny and m=1,....,n+1;1=1,...,n, we have

(Xn 0> Xn 3)0 L%(S2) ( n,07 n 3)0 L2(s?%) — (Xg,Ov K£,3)0,L2(52)
(Xn 0 Xn 3)0 L2(52?) ( n, 07 n 3)0 L2(S2) = (Y;TO’ X2,3)0,L2(52)

= (Yn,Ovyri,S)O,L2(S2) =0

and
0, m 1,
m ,Yl . _ ym ,Xl _
( n,0 n,d)O,Lz(Sz) ( n,0 n,3)0,L2(S2) (n+m+1)! e

(n—m+1)!> -

The proof has again been shifted to the appendix as it is completely technical,
no new ideas are necessary. Using the explicit representation of our holomorphic
spherical functions all necessary integrals can be easily calculated.

We see that only very few functions from the different systems are not orthogo-
nal. The Gram matrix is only sparse, and a chance remains to have an explicit
orthogonalization.

We now denote by

0 m m 0 l Y
XnO7XnO’YnO7Xn3’X Yn,37

n,3 9

m=1,....n+1;l=1,...,n

the normalized polynomials arising from (10.17). From the above investigations
we see that the systems

{X00, X, Vs m=1,.n+1} (10.20)
’ ’ neNg
and
{X70L37X£L37}/7€37l 17...,7’7/} (1021)
neNg

are both orthonormal systems. The relations between these subsystems seem to
be easier after the normalization. For all n € Ny all polynomials of the systems
(10.20) and (10.21) are orthogonal apart from

(X'IZL 0> Yri,3)0,L2(Sz) = (wa Xn 3)0 L2(82)
l
= l=1,...,n.
n+ 1 5 5 ,

We see that for increasing n the angle between the subspaces spanned by the
functions (10.20) and (10.21) converges to zero. Thus the parallel projectors onto
these subspaces will not be uniformly bounded in L?, and we cannot avoid the
orthogonalization of the complete system. As the result of the orthogonalization
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we get:
Xon = Xio» (10.22)
X = Xy (10.23)
Y= Y, (10.24)
Vis = s ((0+1) Vig—1 Xhg) (10.25)
Xy o= Xpg, (10.26)
X = e (1) X+ VL) (10.27)
with
Sn,l = ! (10.28)
T )2 -2 :

m=1,....,n+1,l=1,...,n.

This is easy to see: The first 2n + 3 functions in (10.22)—(10.24) are already an
orthonormal system. For the next 2n+3+1 (I =1,...,n) functions we calculate
stepwise: Let [ be fixed and let Y;,; be the not yet normalized function which
comes from step (2n + 3 + 1) of the orthogonalization procedure. This function is
calculated explicitly as follows:

_ ol 0,% 0,% <,
Ynl - Yn,37Xn,0(Xn O’Yn 3)0 L2(S2)
n+1 n+1
m * m EEEY, m, * m,x 1l .
=) X (X Y s)oracsz) — Y Yoo (VG Vil s)o.pe(s2)
m=0 m=0

= YTlL,S _XL’:B(XTZL O’Yn 3)0 L2(52),

here we have used Theorem 10.15. From the construction of the functions in (10.23)
it follows that

Yo = Y- X5 0(X50Yas)or2s2),
and the substitution of the scalar product’s known value gives

~ l
1 L,*
Ynl = Yn,S - n4+1 Xn,O'

Yi; has to be calculated by normalization of Y;,;. The step (3n+4) gives (10.26),
and the remaining procedure leads us to (10.27) in analogy with the calculations
just described.
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10.1.5 Completeness in L?(B3) Nkerd

We will now examine whether the constructed orthonormal system (ONS) is com-
plete in L?(B3)r Nker 9. Because of Theorem 10.8 we know that any holomorphic
function can be developed into an orthogonal series with functions from the sub-
spaces H;". The spherical functions, constructed in the last subsection, can be
extended with the help of the relation (10.4) to an orthogonal system in ’H;R, and
then can be normalized again. We get the system

1 n v 0,% 1 n v m,* 1 nysm,x
43 0 gn 3" Ano0r g L 3T tn0
1 1% 1 0,* 1 1%
nylbs nx 0 nxlx 10.29
on43 Y o3l T gp g3t s (10.29)

Every element in ’H+R can be represented by the ONS of the 4n + 4 holomorphic

n,
homogeneous polynomials (10.29). So we have proved the result we wanted, and

we can formulate the corresponding theorem:
Theorem 10.16. The system (10.29) is complete in L?(B3z)g Nker d.

We will try to construct from the ONS in the real Hilbert space L?(Bs)g N ker d
an ONS for the quaternion-valued scalar product in L?(Bs3)g N ker 0. We shall see
that it suffices to select suitable functions from the ONS in L?(B3)r N ker 0.

Theorem 10.17. For all n € Ny, the n + 1 holomorphic homogeneous polynomials

* * * 1
" X2:07 r" Xi{"olv ’ " }/7L2,§27 ) kl = 17' EER) |:n;_ :| y k2 = 17' B |:;L:| (1030)

constitute an orthogonal basis in H:{H,

This result raises the question whether it is possible to define an ONS for H;"
using odd indices. This question is answered by the following theorem:

Theorem 10.18. For all n € Ny, the n + 1 holomorphic homogeneous polynomials

_ n n+1
T'nXZ{COl+1’*7TnYnz’]§2 1’*7 k]zo,,[2i| s k2—1,...,|: 9 :| s

constitute an orthogonal basis in H:;H.

In Appendix A.4.4 the first of these theorems is proved, the second proof is quite
analogous.

Corollary 10.19. Both systems

{\/2n+3rnX0’* Von + 377 X2k \/2n+3rnYn2,’;2’* :

n,0’ n,0

) (10.31)
k1—1,...,{”+ ]1@—1["”
2 2 n€eNy
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and

{\/Qn +3r" Xiﬁ)lﬂ’*, Von + 31" Yi’?fl’* :

n n+1 (10.32)
=0,... =1,...
kl 07 ) |:2:| ) k2 ) ) |: 2 :|}neNO

are complete orthonormal systems in L?(Bg)u Nker d.

10.2 Fourier expansion in H

After the above extensive preparations the Fourier expansion of a quadratically
integrable holomorphic function is merely a formal business. We formulate here
only the result for L?(Bs)g Nker d and leave the case L?(Bs)uNker d to the reader:

Theorem 10.20. Let f € L?(B3)r Nkerd. The function f can then be represented
with the ONS (10.22)—(10.27):

oo

Jo= Y Vo3t [ X0 an + X056

n=0

n
m,* m,* m,* m,*
+ g (Xn,O Yn,m T }/”70 6n,m + Xmg En,m + Yn,3 @n,m)
m=1

n+1,x n+1,x%
+Xn,0 Tn,n+1 + Yn,O 67L,n+1] .

Obviously f may be characterized by its coeflicients using the Parseval equation:
Theorem 10.21. f € L?(Bs3)g Nkerd is equivalent to

oo

n
Z azl + ﬂ?z + Z (7721,m + 5721,m + 6721,771 + Qozz,m) + 7721,n+1 + 5?1,n+1] < oo.

n=0 m=1

10.3 Applications
10.3.1 Derivatives of H-holomorphic polynomials

In the introduction to Subsection 10.1.1 it was pointed out that the complex
powers z" have the advantage that their derivatives belong to the same system of
functions. We now shall examine what happens when the holomorphic functions
of our orthonormal systems will be differentiated. We denote by 9°X2, ' X™ and
d'Y,™ the holomorphic spherical functions which arise by an i-times differentiation
of r" XY, r"X™ and r"Y,™ by the operator 0 followed by the restriction to the
boundary (here we have to pay attention to distinguish 9° and the partial derivative
0;). It suffices to examine first the derivatives of the functions X" and Y,7*. With
their help we can easily calculate the derivatives of the functions of the orthogonal
systems.
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Theorem 10.22. We have

8X’r7;n — 8(7,"ILX::L)‘
(1)
= A™"™ cosmep
(1) (1)
+ (B™" cos p cosmp— C™" sin psinmep) e1
(1) ) :
+ (Bm,n sin ©cos m<p+ ™™ cos s m<p) €.

r=1

Proof. Formal differentiation of X gives the expression

oxXy = "Xy
(1)
= A™" cosmp
(1) (1)
+ (B™" cos pcosmep— C™™ sin psin mep) e
(1) (1)
+ (B™" sin g cosmep+ C™"™ cos psin mep) es

(1)
+ E™" sinmypes

r=1

with the coefficients

& 1 d d 1 1
P - o AT . B B™n m,n
2( bmed@ +C059d0 +sin0 +msin00
+ncosA™™ + nsinB™"), (10.33)
Bg”)" ! i QdBm" GdAm” oB™" ingA™" 10.34
= 2(fsm 40 —cost + ncos — nsin ), (10.34)
= 2(7 sinf tm o + ncos ), (10.35)
o 1 d 1 1
ETon _ _ . m,n B™n _ m,n . m,n
2( cos@dGC’ meo sinGO nsinfC"™") |
(1)
m = 1,...,n + 1. The coefficient functions E™" (m = 1,...,n 4+ 1) can be calculated
with the help of (10.14), (10.15), and (10.16) to show that they vanish. O

The fact that also the derivatives of the functions X' take only values in
span{eg, €1, €2} as the functions themselves is remarkable. For the functions ¥,
we have an analogous result. If we analyze the coefficients of the last theorem more
precisely we get a sharper statement:

Theorem 10.23. Let n > 1. We then have

oX)' = (m+m+1)X]" m =

n—1»

a,* = (n+m+1DY,",, m=1,...,n.
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Proof. Because of the analogous form of the polynomials and their derivatives it suffices
to show that

€Y

() A™" = (n+m+1)A™" m=0,...,n,
(ii) Bgl)’” = (n4+m+1)B™ m=0,...,n,
(iii) O(’Q’” = (n+m+1DC™" Y m=1,...,n.
This calculation is explicitly carried out in Appendix 4, Theorem A.4.4 O

Indeed the derivatives of our polynomials turn out to be polynomials of lower
degree in the same system up to a constant. By iterated application of this result
we get corresponding expressions for the derivatives of higher order.

Theorem 10.24. Let n € Ny, i = 1,2,.... We then have

X" = (H(n+m+1(h1)> moom=0,...,n+1—1

h=1

oy,

(H(n+m+1(h1)> Y™, m=1,...,n+1—i.

h=1

Proof. The proof can be done by induction. The case ¢ = 1 is the claim of Theorem A.4.4
(see Exercise 10.4.12). O

Contrary to the complex case it may happen that the derivative of a polynomial
vanishes before the order of the differentiation exceeds the degree of the polyno-
mial:

Corollary 10.25. For arbitrary n € Ng we have
XM =9V =0,i>n—m+2; m=1,...,n+ 1.

Proof. The proof follows from the last theorem, the representation formula for the deriva-
tives, and Proposition 10.12, see also Exercise 10.4.13. g

Finally we have to convince ourselves that the derivatives of a basis polynomial
do not vanish earlier as described in the last corollary.

Corollary 10.26. For arbitrary n € Ng we have

X0 € (ker 9"\ ker ") Nkerd,
rr Xmoopn Y™ e (ker "2\ ker ") Nkerd, m=1,...,n+1,

where 8° should be identified with the identity.
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Using the above theorems the proof involves only calculations, see Exercise 10.4.14.

We still need to examine the derivatives of the functions in our orthonormal sys-
tem. As the functions in the orthonormal system are described relatively simply
by the functions X" and Y, the task brings no serious difficulties:

Theorem 10.27. The derivatives of the functions in the ONS (10.22)-(10.27) can
be expressed in the same ONS as follows:

8X2:8 = Vo +1) X2f1,07 (10.36)
AxXTE = L (10.37)
e R SV ‘

n 1
o = v 10.38
0 \/n +1 \/Sn,m n-1,0 ( )
1, n+1 1 1% l 1%
yy = \/ " (\/Snl,l Vilia+ Xl (10.39)
0X,3 = Vit 1) X0, (10.40)
L,* n+1 1 1% [ 1%
8X"73 = \/ n (\/Snl,l X'IL—1,3 - n -+ 1 Yn—l,O ) (1041)

where Spm is given by (10.28), and m=1,...,n,1=1,...,n— 1.

Proof. The only interesting case is Yi:; and analogously X,ll‘z, the remaining steps are
formal calculations.

VS = smi o ((n+ 1Y, es —zaxi)
’ X7 ollo,22(s2)
Xt 2092 - -
_ \/Sn,l H nl 1,0 |0,L (S2) (n+l+ 1) ((n+ 1)Y’Vifl,3 —ZXL,1’0>
HXn,O| 0,L2(S2)
n ol ol
_ \/n+ , ((n+ DY, — an,LO) . (10.42)

Following the construction we get

Xle—l,O = Xrliil,o
and

1
N./Sn—1,1
substitution of these relations into (10.42) gives (10.39). The range of the indices has to
be explained yet: The index m runs from 1 to n since

l

ol
Yn71,3 = n

1, L% )
Yn—1,3 + Xn—l,O )

n4+1l,% n+1l,% _
AX[ = oyt =o.



10. Orthogonal expansions in H 207

The index I runs from 1 to n — 1 since the linear dependent functions Y, 5 and BXZ";
can be excluded. We indeed get

Sn,n
o)y = n‘/ [(n+1)2n+ 1)V, 153 —n(2n+1)X,_; o]
HXn,OHO,L2(s2>
Sn,n
= Y (24 1) [(n+ VX1 — nX7_, o]
HXn,o |0,L2(s2)
Xr
_ von g 1 Kollosaen o

11X 0

n *
= \/n N 1X§’_1,0.

Using the result (10.37), already proved, we have

|0,L2(S2)

Y,y = /sn,n 0X)) (10.43)

and analogously
6X:;’§ = —\/Sn.n aYer* . (10.44)
d

In Exercise 10.4.15 the reader is asked to show that the calculated derivatives
(10.36)—(10.41) constitute a basis in Hiﬁl,R. As the number 4n is equal to the
dimension it suffices to prove the linear independence.

10.3.2 Primitives of H-holomorphic functions

Using the above constructed orthonormal systems of holomorphic functions we now
will begin to define holomorphic primitive functions of holomorphic functions. In
the complex plane we are able to describe primitives very easily by line integrals.
This does not work in higher dimensions as in such case line integrals depend on the
curve. We will define primitive functions by using inversion of the differentiation.
More precisely, we seek a right inverse operator of the hypercomplex derivative 0,
which maps holomorphic functions into holomorphic functions

Definition 10.28. Every holomorphic function F' with the property
oF = f (10.45)

for a given holomorphic function f is called a holomorphic primitive of f. If for a
given f € ker 0 such a function F exists, we write shortly Pf := F.

The idea we shall use is to define the operator P for the functions of our or-
thonormal system and to extend it to the whole space L2. It should be remarked
that also extensions of this definition are of interest, e.g., an algebraic primitive
of holomorphic functions is given by the conjugated Teodorescu operator T fol-
lowing Definition 7.10. The operator T¢ is also a right inverse of 9, but it maps
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holomorphic functions into harmonic functions. This operator is important for the
solution of elliptic boundary value problems, but this will not be pursued here.

Sudbery [152] proved the existence of holomorphic primitives for the class of holo-
morphic polynomials using vector-analytic methods. Using an ansatz in Fueter
polynomials the explicit form of polynomial holomorphic primitives was con-
structed in [53] for given C¥(n)-valued holomorphic polynomials. But the bound-
edness of such operator has not been proven. In [14] holomorphic primitives of
holomorphic functions have been shown to exist in a suitable domain, but this
method was not constructive.

We further remark that holomorphic primitives of one holomorphic function differ
by H-holomorphic constants, i.e., by functions f € kerd N ker d which are only
functions of the form f(z1,x2) and which satisfy the equation

Df = (((9161 + 8262)f =0,

here D is the Dirac operator from Theorem 5.12. As in real and complex analysis
we speak sometimes of the primitive, meaning that we delete the constants in our
calculations.

In a parallel way to the calculation of the derivative of homogeneous holomorphic
polynomials we proceed to determine the primitive of a spherical holomorphic
function by first extending it into the ball, calculating there a primitive, and then
restricting the result if necessary to the surface of the ball. In this manner we can
also determine primitives of holomorphic functions.

Definition 10.29. The operator P : H:LF’R — Hi 41r Is defined by

P(X)5) = Jin+ 11)(” . X% o, (10.46)
P(X55) = \/Z If Snttm X o0 (10.47)
P, = \/Z If VSnt1m Yol o (10.48)
P(X)5) = Jin+ 11)(n . X%, (10.49)
P(X.5) = \/ Z I; Vn,l (Xf;im + i | VSn Y,ﬁfw) , (10.50)
P(Y)%) = \/Z I; NZS (inl’g - i | Vot Xﬁ;il,o) , (10.51)

withneNyg,m=1,...,.n+1landl=1,...,n.

An analogous definition can be given for the basis (10.30) of H:;H:
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Definition 10.30. The operator P : HZ’H — HZH,H is defined by

1
P )(07»< = X07* R
( n,O) \/<n+1)(n+2) n+1,0
2k % n -+ 2 2k,
P)(‘Xn,()1 ) = \/TL+ 1 \/Sn+1,2k1 Xn+11,07
Va5 n+1 Uiy, 2ks Uss
P(Yn,; ) = \/nJrQ V/5n,2ks (Yn+21,3 Tt V/Sn+1,2k, Xn+21,o )
withn € Ny, ky =1,..., ["'2"1] and ko =1,..., [g]

Our intention is to extend the operator by continuity to the whole space. For this
purpose we need the norms of the primitives of our orthonormal basis.

Proposition 10.31. The norms of the primitives of the holomorphic spherical func-
tions are given by the following formulas:

1
|O,L2 S2) = )
T i+ D+ 2)
HX:LLI},; — /Sn+1,n41 erfll,b*| 0,L2(S?)

= IX0 105 + Vsnan Yoo llo.cas?) = V14 sntimt1,

0,
1P X0l

0.02(s2) = ||P X5

2% 2,%
HX:LLILO |0,L2(S2) = H)/'I:L-:_LO HO,L2(52) =1,
n+2
1P X5 lo,L2(s2) = 1P Y, 5" llo,22(s2) = \/n+ 1\/3n+1,ma m=1,...,n+1,
1,% 1,% n -+ 1 2
1P X, 5llo,22(s2) = |I1P Yy allo,L2(s2) = \/n+ 2\/3n,l\/l T (n g 1) S
l=1,...,n.

Proof. The calculation can be done using the known norms of the elements of our or-
thonormal system. O

Theorem 10.32. The linear operator
P : L*(B3)r Nker @ — L*(B3)g Nkerd
is bounded.

Proof. Let f € L?(Bs)z Nkerd. We consider the Fourier series relative to the ONS
(10.22)(10.27) in L?(B3)r Nker 9:

Fo= >0 V430" [X0han + X0 Bn

n=0
+ Z (X Ynom + Y06 Onm + X5 €nm + Yo'3™ Pnim)

=1
X0 Ynnr + Y S ] (10.52)
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where ap, Bn, VYn,m, On,ms En,ms Pn,m, Ynn+ls Onntl €E R, n € Noy,m=1,... n.
The formal application of the operator P leads to the series

- 2n + 3 n+1 0,% 1
Pf = \/ \/2n+5r+ X, Qn
; 2n+5 TV + 1) (n+2)

1 - n+2
“’3\/(n+1)(n+2)ﬁ Z[ “*°< n1Vomim

m=1

n—+1 m « n—+ 2
- n,m n m ¥n,m Ym’ n 'm(sn'm
\/n+2\/3, n+1\/5+1, <P,>+ n+1,0<\/n+1\/3+1, ,

n+1 m _— n+1
n,m n m n,m X ! n,m n,m
+\/n+2\/s, n+1\/s+1, 6,>+ n+1,3\/n+2\/s, €n,

1, n + 2
+X:LLII,S\/ \/Sn+1,n+1 In,n+1

. n-+1
+ Ynnilﬁ\/n 42 \/Sn,m Pn,m n+1

n41,% n+2
+ Yn+170 \/n +1 \/5n+1,n+1 5n,n+1} . (1053)
On the right-hand side we see again a series development with the complete orthonormal
system in L?(Bs)z Nker d. To be able to apply the Parseval equation we have to prove

the convergence of the following series assuming that the series development for f is
convergent:

Nt 2n+3{ 1 anl? + 1 18
m+5 | (n+D)n+2)' " T ) +2)7"

n=0
+2
m=1

2

n+2 n+1 m
\/TL+1 \/5n+1,m7n,m - \/Tl+2 \/Sn,mn+1 \/5n+1,m<,0n,m

2

+

n 4+ 2 n+1 m
\/n+1\/5n+1,m5n,m+\/n+2 \/Sn,mn+1 \/5n+1,m5n,m

n+1 2 n+1 2
+ n + 2 Sn,m ‘En,m| + TL+ 2 Sn,m |S0n,'m‘ :|
n+2S | ‘2+n+28 15 |2
n+1 n+1,n+1 |Yn,n+1 n+1 n+1,n+1 [On,n+1 .
(10.54)
To simplify we estimate: For all n € Ny we have
2n + 3 1 2 2
10.55
2n+5 (n+1)(n+2)|a”‘ < lan] (10.55)
and
2n+ 3 1
1Bal* < 1Bl (10.56)

2n+5 (n+1)(n+2)
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The inclusion of $p4+1,n+1 from (10.28) simplifies the coefficients with v, nt1 and 0n nt1:
For all n € Ny we have

2n+3 n+2 | ‘2 . n 4+ 2 | |2
on 45 1 TR 2n +5)(n+1)
< sl (10.57)
2n+3 n+2
m45nt 1 Snttnd1lOnns1l? < [Onmsr]? (10.58)
For all other terms we estimate s, . roughly: For all n € N we have
1
W S = ) (1059
1
X, S = o L (10.60)
m n
= . 10.61
Thus we find
2
2n+ 3 n+1 m
M + 5 '\/n+ 1 \/Sn+1,m Yn,m — \/TL+ 9 \/Sn,mn+ 1 \/Sn+1’m ©n,m

2

n+2 2 n+1 m )
< 'rnzzl (n +1 5n+1,mhn,m| + n4+2 Sn,m (n+ 1)2 8n+1,m|<,0n,m|

m
+ 25‘n+1,m \/Sn,m n+1 |'Yn,m‘ ‘ﬁpn,m|)

(10.59)—(10.61)  p 4 2 n n2
<

= n+12z|7”m‘ A(n +2)(2n + 1) (n + 1)2 Z‘“"”’"'

n
+ n,m n,m
An+1)2v2n + 1 mz::lh o lenm]

n n n
S Z |'Yn,m‘2 + Z “pn,m‘Q + 2 Z "Yn,m| |<,Dn,m‘ (1062)
m=1 m=1 m=1

n n n 1/2 n 1/2
<Y el + D lonml® +2 (Z I%,m|2> <Z Ison,m2> :
m=1 m=1 m=1 m=1

To resolve the quadratic terms we used the Cauchy—Schwarz inequality. Since

" 12, 1/2 " n
2 <Z vn,m2> (Z son,m|2> <Y Paml+ Y lonml®
m=1 m=1 m=1 m=1

we get from (10.62) for all n € N,

2n + 3

2n+5 —=

<23 Pl 42 lonml®. (10.63)
m=1 m=1

n+2 n+1 m
\/n+1\/3n+1,m7n,m7 \/TL+2 \/sn,mn+1\/3n+1,m ©n,m
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Analogously for all n € N it follows that

B
Z S| 42 Z len.ml?, (10.64)
m=1

and
2 ~ 1 (10.60) 9 1)
2Z 12 mzzl Zi g Smm lenml® < (2n (+ Z)zrgi +n1+ (n+2) Z lenml®
< Zn: len,m?, (10.65)
m=1
as well as
;Z i 2 mil ZI; Snm [on,m|* < mil [, m|”. (10.66)

If we now collect (10.55)—(10.58) and (10.63)—(10.66) we get the estimate

Janl* + 181" + D (2lvmm® + 3lon,ml” + 206nm | + 3len.m|?)

m=1

+"Y’n,n+l ‘2 + |6n,n+1 ‘2

n
<3 [Ian2 18+ > (nml® + lonml® + 8n,m | + len,m]?)

m=1
+ |7n7n+1‘2 + ‘5n,n+1‘2 :|

for all n € Nog. We know from the Parseval equation for f that

32 [lan 18+ > (niml® + lonml® + [8n,m|? + len,m]?)
m=1

2
s + s | } = 31f122 -

Thus the series (10.54) is convergent, it then follows that Pf € L?(Bs)g Nker . Moreover
we proved that

1Pfll2my) < V3 IFlL2(py > | € L*(Bs)r Nker, (10.67)
so that indeed the operator P is bounded. O

The above estimate can be sharpened easily and leads then to better estimates of
the norm of P. But already the rough estimate shows how important the orthog-
onal system is for us as it allows the application of the Parseval equation. If we
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tried to give a definition using the more easily defined Fueter polynomials and the
Taylor series, we would have had to deal with the eigenvalues of the Gram matrix
of the Fueter polynomials, which would have been a quite more difficult task.

10.3.3 Decomposition theorem and Taylor expansion

Let us have another look at the Taylor expansion of a holomorphic function in
C. This expansion can also be seen as a splitting or decomposition of the space
of quadratically integrable holomorphic functions relative to the kernels of the
derivatives 0" /9z™. This splitting is direct and orthogonal as we use the functions
8n+1 on
n
2" € ker §ani1 \ ker Py
We now seek an analogous approach for holomorphic functions in C¢(2). With the
Corollaries 10.25 and 10.26 we have the appropriate tool.

We start with the investigation in L?(B3z)gr Nker 8. From Corollary 10.25 we know
that

" X, T X € ker 0" Nker 0 (10.68)
and
Pt X Yt € ker d Nker 8. (10.69)

Moreover we have from Corollary 10.26,
r’ Xg?(’)*, r’ Yﬁ)’*, rh X;’?é*, r’ Ynmd* € ker 0" ™2 Nker 0, (10.70)
n>1,m=1,...,n.
For n = 0 obviously r" Xg”g , " Xg:; € kerd holds. This case is contained in
(10.68). With these considerations we are now able to formulate the decomposition
theorem:

Theorem 10.33. The space L?(B3z)rNker 9 allows the following orthogonal splitting:
L*(B3)g Nkerd = @ ((ker 0" © ker 0" ') Nkerd) . (10.71)

n>1

Proof. For all k € N the intersection ker &* Nkerd is a closed subspace of L?(Bz)g N
ker 9. With the induced inner product of the Hilbert space L?(B3)r Nker d the subspace
ker * Nker d is also a Hilbert space. On the other hand ker &~ Nker d is also a closed
subspace of ker 8* Nker & and in this space possesses an orthogonal complement,

ker 3" Nker & = (ker 3"~ ' Nkerd) @ ((ker " ©ker ') Nker 8) , (10.72)

where (ker 9 © ker 0" ~') Nkerd = (ker9*~' N kera)L.
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The equation (10.72) implies that for all & € N the finite decomposition

k
ker 0" Nker & = @) ((ker 0" © ker 9" ~") N ker 9) (10.73)

n=1

can be written. Let us now look at a function f € L?(Bs)g Nker d, which is orthogonal
to the subspace @®n>1 ((ker 0" © ker 0"~ ') Nkerd). Then f is orthogonal to all terms
(ker 0" © ker 9" ') Nkerd (n € N) and thus also to every finite direct sum of these
subspaces, i.e., for all £ € N we have

fL (@ﬁzl(ker 8" Okerd™ )N kera) .
From (10.73) it follows again for all k € N,
f L kerd" Nkerd. (10.74)
If we analyze our complete orthogonal system

{(V2n+3r" X085, V2n+ 30" X%, V2 + 37" X V20 + 30" YT
\/2n+3r"Xfl”*3, \/2n+3r"Y,i‘§:mzl,...,n+1,l:1,,,.,n}

neNg
in L?(B3)r Nker d, we then see with (10.68) that
V2 + 37" X 0o V20 + 31" X% € ker 8" Nker 8.
The application of (10.74) leads us to the statement
(FV2n 437" X8 Loy = (f, V20 4+ 37" X5 1, (Bs) = 0.

Analogously it follows from (10.69)-(10.71) and (10.74) that

(fsV2n 431" X0 o) = (F, V20 + 37" Y6 ) Ly (Bg)

=(fVon+3r" X" ) ey = (fs V20 4+ 37" Y5 ) 1,8y = 0.

We get that f is orthogonal to all basis elements of L?(Bs)g Nker D and thus f = 0
holds.

We have described the basis of every subspace (ker 8™ © kerd" ') Nkerd (n € N) by
elements of the complete orthonormal system. So it is clear that all these subspaces are
pairwise orthogonal. O

Here we will only state the analogous result for L?(Bs)g Nker . The proof follows
the same pattern:

Theorem 10.34. The space L*(B3)g Nker d allows the orthogonal splitting

L*(Bs)g Nker d = @ ((ker 0™ © ker 0"~ ') Nkerd) . (10.75)

n>1
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The representations of f following from this theorem are obviously reorderings of
the Fourier expansion and inherit the properties of the complex Taylor expansion
formulated at the beginning. But one should notice that the subspaces (ker 9" ©
ker "~1) Nker @ are of infinite dimension. This follows from the fact that also
polynomials of arbitrarily high degree may have the property that their derivative
of degree n vanishes. The importance of the theorem consists in substantially
simplifying the termwise differentiation of Fourier series. We refer these remarks
to the Fourier series solution of partial differential equations.

10.4 Exercises

1. Prove the quaternionic analogy with the theorem of the Riesz brothers: Let
F be an H-right-linear functional over the H-valued space L?(G). Then it
allows the representation

Plu) = / F@)u(z)do
G

with an H-valued function f € L?(G).

2. Prove that a function system in the right-linear Banach space is closed if and
only if it is complete.

3. Look for conditions for {z(V};cy that the system {pjen = Qo(x — 2(V)} is
closed in L?(G) Nker D.

4. Examine whether the powers of the variables z = g + }(z1€1 + z2€2) and
z=x0+ ;’(mel + xoes + x3e3) are holomorphic.

5. Show that the integer powers of the Fueter variables z; = x; — e;xg are
holomorphic, so that they are totally analytic variables.

6. Show that for the variables

3
z(x) = Z kT
k=0

the conditions a;a; = aja; for all 4, j = 0,1,2,3 mean that the range of z(z)
can be at most a two-dimensional plane.

7. Prove that the mapping
If(x) = Qo(x)f (z77)

from H* to H™ is one-to-one. To prove the holomorphy of If if f is holo-
morphic one should prove and use the equation

Axf) =20 f +zAf.
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8. For an orthonormal system of homogeneous holomorphic polynomials HY,
n=0,1,...; v=1,...n+ 1 show that

1
(Hy, Hy)r2(p,) = /O phtht (/52 Hy HY! IdOI) dr
1 v
— n+k+3(Hn,H]/j)L2(S2).

9. With the spherical coordinates = rw and |z| = r, w = z/|z| show that

2

0o =) widi =0,
=0

"
M)

€; (T'al — Izaw)

i=0
= (—sin 0 — e1 cos 0 cos v — eg cos 0 sin p)dy
1
i — 0.
Jrsin 9(61 sin ¢ — ez cos @)y,

10. Apply the spherical adjoint Cauchy—Riemann operator 0 directly to the har-
monic spherical functions and discuss the differences with the procedure used
in Subsection 10.1.4.

11. Prove Theorem 10.14: For all n € Ny the systems X0 XfL73 and Y,i3 (=

n,3
1,...,n) are orthogonal relatively to the inner product (10.2), and the norms

are given by

HX2,3| 0,L2(52) = Vr(n+1)
and by
™ n+1+D!
1 allo x5y = ¥ allo cocsy = \/2 R E

12. Prove Theorem 10.24: Let n € Ng, 1 = 1,2,.... We then have

i
X! = (H(n—l—m—i—l—(h—l)) X, m=0,...,n+1—4,
h=1

o'y,

(H(n—l—m—i—l—(h—l)) yyr.,, m=1,....n+1—1i.

h=1
13. Prove Corollary 10.25: For arbitrary n € Ny we have
IXm=9Y"=0,i>n-—m+2;, m=1,...,n+1.
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14. Prove also Corollary 10.26: For arbitrary n € Ny we have

X0 € (ker" !\ ker ™) Nkerd,
X7 Y™ € (ker 0"\ ker 0" M) Nkerd, m=1,...,n+1,

where 0° should be identified with the identity.
15. Show that the derivatives (10.36)—(10.41) constitute a basis in H;LLR.
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11 Elementary functions

11.1 Elementary functions in C
11.1.1 Exponential function

The functions covered in this section are called elementary functions, although
they are not really so elementary. We will start by examining the exponential
function already known from real analysis, of fundamental importance since it
does not only serve as the generator for all the other elementary functions, but it
also plays an important role in applications.

Definition 11.1. For all z € C the exponential function or e-function is defined by

ZTL

oo
— —
e :=exp(z) := Z ol
n=0

The radius of convergence p = co can be evaluated easily (see Exercise 4.4.5), so
that e* is defined in C.

Theorem 11.2. The exponential function

(i) is holomorphic in C with

de®
= ez

dz
(ii) and for all z,¢ € C the functional equation
e*eb = e*T¢
holds.
(iii) For x € R we have € > 0 with ¢® =1 for all z € C the formulae
e =¢*, |e*|=e” <elfl aswellas [e] = 1.

are valid. €* # 0 for all z € C.
(iv) For all z € C we have
e = lim <1+ Z)n
= o)

n—oo

Proof. (i) Theorem 9.5 yields

z n—

de =
dz _;(n— )

after shifting the summation index by 1.

z
€
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(ii) Let ¢ be fixed. Define the function

with the derivative
9'(z) = —g(2) + g(z) = 0.
<

Thus g is constant. This leads to g(0) = g(z) = e° for z = 0 and consequently

z

Substituting ¢ = 0 the equality e* e™* = 1 follows. This gives the functional equation.

(iii) For > 0 the power series consists of non-negative terms and at least one positive
term, so that e > 0. The functional equation yields now e¢~* > 0. If we had ¢*° = 0 for
a zo € C we would obtain

0 —
l=¢ =¢e *°e*° =0.

The equality e = e* is easily obtained by remarking that the coefficients are real. The
proof of the remaining equalities is left as Exercise 11.33.

(iv) Considering () = 0 for k > n we have

=) =2 (b ()

bl
Il
<}

The coefficients

1 ny 1l 1 n n—1 n—k+1
k!’(k)ﬂv‘k!(l’ Cp T >>0

are positive, leading to

- (1+7) Si(;ﬁ( k )Jk>|zlkzelz‘_(1+|i|)n'

k=0

The term on the right-hand side converges to zero for n — oo in agreement with the real
case. O
11.1.2 Trigonometric functions

With the help of the exponential function the so-called trigonometric functions
can be defined quite easily, but the analogy with the functions of an angle and of
the unit circle known from the real case cannot be seen so easily.

Definition 11.3. The cosine and sine functions are defined by

1 , _ _
cos z 1= 2(6” +e7'%), sin z:= 9 (e —e™ "),

and belong to the previously mentioned trigonometric functions.
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Remark 11.4. The term “circle functions” (functions of an angle) usual in the
real case can lead to misunderstandings when using a complex argument, since
formulae like sin 7x = — sinh x and cos iz = cosh x hold, so that the hyperbolic
functions would be a subset of the functions of an angle.

The usual properties certainly continue to hold:
Theorem 11.5. (i) For real z = x we have
cos © = Ree®™, sin z = Ime™®
and thus
e = cos x +isin x (Euler’s formula),

as well as cos 0 =1, sin 0 = 0. Consequently every complex number can be
represented in the exponential form z = re'. Recall that ™| = 1 for all real
x (Theorem 11.2 (iii) ).

(ii) For all z € C we have the power series representations

oo z2n oo 22n+1
cos z = nzz;)(—l) (2n)1” sin z = 7;)(—1) (2n 1)

Furthermore cosine is an even function, sine is an odd function, so that

cos(—z) =cos z, sin(—z) = —sin z.

(iii) The following sum and difference formulas hold: for all z, z1, zo € C we have

cos(z1 + 22) = €O8 21 COS 2o — sin 21 sin 2o,

sin(z1 + z2) = sin 21 cos 2o + cos z1 sin 2o,

cos® z +sin? z = 1.

(iv) Cosine and sine are holomorphic functions in C satisfying

cos z = —sin z, sin z = cos z.

dz dz

(v) According to real analysis the smallest positive real zero of cos x is w/2. Then
for all z € C:

z42mi z

cos(z + 2m) = cos z, sin(z+27) =sin z, e = €.

It can be shown that the previous properties are sufficient to define sine and cosine
uniquely. According to the theorem the functions known from the real case coincide
with the complex ones.



11. Elementary functions 221

Proof. (i) Using part (iii) of the preceding theorem for real x we get

eir — eix _ e—ix

showing part (7). The values of cos 0 and sin 0 follow from e® = 1.
(ii) From i*" = (—1)" and "' = j(—1)" we obtain

4 oo . 22 oo L 2

= -1 ] -1 .

=2 (D" gy TN g 1y,
k=0 k=0

(iii) The proof is left as an exercise for the interested reader (see Exercise 11.3.1).

(iv) The chain rule yields

1d . » 1. » )
cos z = (e +e )= 2(@'@”—1’@ *) = —sin 2.

dz 2dz
The statement for sin z can be calculated in a similar fashion.

(v) We want to show the existence of a smallest positive zero of the cosine in a short
way: It is clear that cos 0 = 1. We use the power series to estimate cos 2:

9 92k 92k+2
cos2=1- (2_ 3) T ((%)! - (2k+2)!) T
Notice that the terms in brackets are positive. Indeed for k > 2 one gets
92k 92k+2 92k 92
@2k (2k+2)!  (2k)! ( T @k +1)(2k+ 2)> > 0.

Consequently cos 2 < —1/3. According to the mean value theorem of real analysis cosine
must have a zero between 0 and 2. The smallest is called 7/2. Such a smallest zero must

exist for continuity reasons. The sum and difference formulas yield |sin(7/2)| = 1 and
thus cos m = —1, sin m = 0, and finally we have cos(27) = 1, sin(27) = 0. This leads to
cos(z+2m) = cos z cos(2m) — sin z sin(27) = cos z,

sin(z 4 27)
T2 = Tt — o (cos(y 4 2m) + isin(y + 27)) = €. O

sin z cos(27) + cos z sin(27) = sin z,

11.1.3 Hyperbolic functions

As already mentioned the hyperbolic functions coincide with the trigonometric
functions after a rotation by /2.

Definition 11.6. The functions hyperbolic cosine and hyperbolic sine are defined by
1 _ . 1 _
cosh z := 2(ez +e7?), sinh z:= 2(6”‘ —e?)

for all z € C.

In order to complete this section the usual properties are listed:
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Theorem 11.7. (i) For real z = x the hyperbolic functions take real values, with
cosh 0 =1 and sinh 0 = 0.

(ii) For all z € C the hyperbolic functions admit the power series expansions

oo 2n oo 22n+1

z .
cosh z = Z (2n)" sinh z = Z (2n+ 1)

n=0 n=0
cosh z is an even function while sinh z is odd.

(iii) The sum and difference formulas hold: For all z, z1, 22 € C we have

cosh(z1 + 22) = cosh 21 cosh z9 + sinh z; sinh 2,
sinh(z1 + z2) = sinh 2; cosh 2z + cosh z; sinh 2z,
cosh?z —sinh?z = 1.

(iv) The hyperbolic cosine and the hyperbolic sine are holomorphic in C satisfying

. d .
cosh z = sinh z, sinh z = cosh z.

dz dz

(v) The hyperbolic cosine and the hyperbolic sine are periodic with the period 2.
We have the relations

cosh z = «cos iz, sinh z = —isin iz,
cos z = cosh iz, sin z = —isinh iz,
cos z = cos xcosh y—isin zsinh y,
sin z = sin xcosh y + icos xsinh y,

with x = Rez, y =Im z.

(vi) The only zeros of cos z are the real numbers z, = 7 + nm, n € Z; sin z
becomes zero only at the points z,, = mm, m € Z. Finally cosh z has the
zeros 1z, and sinh z vanishes at 1z,,.

The hyperbolic cosine is also known as catenary, since the shape of a flexible
chain is similar to the graph of the function. This can be obtained by solving
second-order ordinary differential equations.

Proof. (i) and (ii) follow immediately from the definition and the power series represen-
tation of e*.

(iii) and (iv): The sum and difference formulas can be computed similarly to the corre-
sponding ones of sine and cosine. The derivatives are a direct consequence of the prop-
erties of the exponential function.

(v) The proof is left as Exercise 11.3.2.



11. Elementary functions 223

(vi) part (v) yields
| cos z|> = cos” & cosh® y + sin® 2 sinh® y = cos® x + sinh® y.

This equals zero if and only if cos = 0, leading to the z,, and sinh y = 0, occurring only
if y = 0 according to the definition of hyperbolic sine. The case sine follows using similar
considerations. The zeros of the hyperbolic cosine and hyperbolic sine are obtained by
rotating by /2. O

Finally we want to mention that the well-known functions tangent and cotangent as
well as the hyperbolic tangent and the hyperbolic cotangent are defined as quotients
of sine and cosine, resp. hyperbolic sine and hyperbolic cosine.

11.1.4 Logarithm

Constructing complex inverse functions for the trigonometric functions proves to
be a lot more difficult than in the real case. We already encountered this problem
when dealing with the integer powers and their inverses in Section 6.1. Now we
want to consider the inverse of the exponential function. The formula w = e* =
e%e™ yields |w| = €® and arg w = y, so that

x=In|w|, y=argw
is the inverse. The problem is that the argument is not uniquely defined, in contrast
to the (natural) logarithm of the real line. At first we can state:

Definition 11.8. The principal value of the logarithm is defined by

log z:=In|z|+iarg z, —7<argz<m.

This definition is not satisfying, because the limitation of the argument was chosen
arbitrarily. A different limitation would be possible, too. We shall construct an
example of a Riemann surface in analogy to Section 6.1.

Obviously the principal value of the logarithm maps the plane denoted by FEjy to
the strip
Imw| < .

Taking into account that the exponential function is periodic we will map onto
the parallel strips of the w-plane by considering the z-planes

E, :log z=In|z|+iarg z, —7+2nmw <arg z<mw+2nw, n€Z.
The plane F,, will be mapped onto the strip
—m+2nt < Imw < 7+ 2n7.

All the planes FE, are cut along the negative real line and connected along the
transition of one n to the following or preceding one: the upper edge of Ey is glued
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together with the lower edge of E; and so on, so that the argument is continuous.
Fj is located above FEj, so that we obtain a helix surface that extends to infinity
in both directions.

The logarithm defined on the Riemann surface — called Fo; — is the reasonable
inverse of the exponential function:

Definition 11.9. The logarithm is defined on Fiog by
log z:=In|z|+iarg z, —w+2nw <arg z<w+2nm, z€ E,,

in a unique way. One is usually unaccustomed to dealing with such domains or
Riemann surfaces, but it serves as an appropriate way to deal with the ambiguous
argument. There follows:

Proposition 11.10. On Fioe the logarithm is a holomorphic function satisfying

1
log z =
z z

d

The proof is straightforward — differentiating the inverse function, de*/dz = e?,
yields:

1 B 1 _1
> ngielogziz'

d
The dealing with the surface Fiog is still incomplete as in Section 6.1. Since ev-
ery point on Fjoe possesses an ordinary e-neighborhood on one of the planes —
even on the connected edges by combining two semi-circles — the definition for
a holomorphic function can be used and the given function can be differentiated.
Only the origin common to all the planes has to be left out, such a point is called
a logarithmic singularity of a Riemann surface.

Finally we will use the logarithm to define the generalized powers:

Definition 11.11. For z,a € C the power is defined by

2% := exp(a log z).

This is only defined in a unique way on the Riemann surface of the logarithm; in C
one value of the logarithm has to be decided, usually the principal value. Only the
integer powers result in a uniquely defined function in C, because the exponential
function is periodic. For rational values of a things are not so complicated. Con-
sider, e.g., z!/2, after encircling twice the origin the same values are found again,
so that this function can be called “double-valued”.
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11.2 Elementary functions in C'(n)
11.2.1 Polar decomposition of the Cauchy—Riemann operator

Defining suitable elementary functions in the paravector space of R"*! proves to
be more difficult than in C. Some aspects coinciding in C need to be distinguished
and taken special care of. In this section we will introduce methods allowing us to
define suitable functions.

Therefore it is important to have an appropriate decomposition of the Cauchy—
Riemann operator. It should consist of one component along the radial direc-
tion and another component representing the tangential derivatives on the n-
dimensional sphere.

Definition 11.12. The usual notation is given by

n
L= eiLi(x), Li(z)=|x|0; — z;0.,
=0
n n T oy
&J:Zwi@i:w~v, w:Zwiei:‘x‘, wi:|;|.
=0 =0

L and 0, are the operators which allow an appropriate radial decomposition of
0. In order to create a better understanding for the representation, study of the
effects of the operators L and d,, proves to be useful.

Proposition 11.13. We have:
(i) 0= |i|L + wa,, resp. L = |z|0 — x0,,,
(i) Oifel = 25 = wi,

(i) dpx = w,

(iv) |z|0jwi = djk — wrwj,

(v) w-L=>" wL; =0.

(i) is the appropriate decomposition, (ii) serves as an auxiliary formula, (iii)—(v)
point out the effects of the newly defined operators.

Proof. Showing the parts (i), (ii) and (iii) are left as an exercise (see Exercise 11.3.8).
The quotient rule yields part (iv), and we have

Te  Ojr Xk ik — Wiwk
Qe = ;& = 9k _ -
||

[ faf? ||

Part (v) can be obtained by using Y27 jw? =1 as follows:

iwiLi = iwz(\aﬂ@, — 2;00) Z i ixjaj —0. 0
i=0 , :

=0
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The next proposition will cover the effects of our operators on functions depending
only on r = |z|, such functions are called radially symmetric.

Proposition 11.14. Suppose the function f € CH(RY) depends only on |x| and
maps to Cl(n). Then

() Lf=0  and (i) duf=  f=1"

d\l‘\

We can see clearly that L respects the tangential direction to the sphere, whereas
0., represents the derivative with respect to the radial direction.

Proof. (i) Let j € {0,1,...,n} be fixed. We have

[10; f(|2]) = 230 f(l2]) = || £ (|2])0;]2] — 25y widif(|z])

Lif(l)) =
o
= f(l=]) <$j$jzn:wz'2> =0.
(ii) We deduce o
f(l=[) szaf\ml Z:wif'(xl)wizf'(xl). O

Proposition 11.15. Suppose that ¢ is a real-valued function defined on the n-
dimensional unit sphere. Then it satisfies the relations:

(i) Ly =grad, ¢ —w(w - gradp) and (ii) Oup = 0.
grad,p:=>_1" ,e;0.,¢ denotes the gradient with respect to the variable w.

This is the counterpart of the preceding proposition; the function ¢ does not
depend on |z|, so that d,¢ equals zero and L takes effect.

Proof. Using the chain rule and 11.13 (iv) we obtain

[2ldip(w) = eIy diwid, p(w mz % ol Ouyp@)
Jj=1
= Oup(w) —wi(w - grad, ¢ )
and
- - Ojk — wWijw
dup(w) = ijajso(w): 7w TR o, p(w)

J,k=0 ‘JJ|

= ‘x| Z Wk‘:p( ) 0.

This proves part (ii). Thus the second term of L vanishes, so we have then

n

Lp(w) =Y _[eifu,p(w) — eiwi(w - grad,p(w))]. O

=0
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Definition 11.16. The operators E := |z|J, and I' := wL are called the Euler
operator and the Dirac operator on the sphere S™. The second one is defined as:

lp(w) = wlgrad p(w) — w(w - grad, p(w)] .
Let us now consider some properties of these operators:

Corollary 11.17. (i) Suppose that p(w) = w-v, where w is an element of the unit
sphere S™ in the paravector space, and v belongs to R"*T1. Then it satisfies
the often-used property of the spherical Dirac operator:

INw-v) = wev + wvg — 2wow(w - v) + w A v.
The restriction to R™ (vg = wo = 0) yields
Nw-v)=wAv.

For the wedge product A see Definition A.1.5 (iv) in Appendix 1.
(ii) The spherical Dirac operator is of the form
I' =woL +wLg + Z ejer(z;0k — xx0;).
1<j<k
When restricting to R™ the formula reduces to the sum.

(iii) The following anti-commutator-property holds:
(WL + Lw)f =(2—n—2ww) f.

In the special case of f(r) = w we have: (wL)w = (1 —n)w.

Proof. Before the actual proof we want to recall some useful formulas when dealing with
paravectors a = ag + a,b = bg + b. For vectors we have

ab=-a-b+aAb.
This calculation gets a little more complicated when dealing with paravectors:
ab = aobo + aob + bpa + ab

aob+boa—a-b+aANb
aob +boa —a-b+ Z eiej(a,-bj — ajb,-).

1<i<y

This yields
ab + ba = 2(aob + boa — a - b).

Now we will use this for our proof:
Define a := w and b := grad ¢ — w(w - grad ).
(i) Using Definition 11.16 we get

Pp(w) = wLp(w) = w [grad, p(w) — w(w - grad o ()]
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This leads to

Tp(w) = wograd,p() + wdyp(w)
+w A grad, p(w) — (1+w?)(w - grad, p(w)).

Using 1+ w? = 2wow and p(w) = w - v it follows that grad, (w - v) = v and consequently
Nw-v) = wov+wvo+wAv— 2wow(w-v).
In R" (wo = wvo = 0) the special case holds:
Nw-v)=wAv.
(ii) Using the paravector formulas we obtain

I'=wlL=w)L+wLy—w-L+ Z eiej(wiLj —quLi).

1<i<y

The equality

wiLj — iji = :Eiaj — acjai
is easily proven, since w - L = 0 has been proven earlier. In R" only the sum remains.
(i) We have

(Liu)j) = (‘$|8¢ — J?iaw)u)j = |x\8iu)j — X Zwkakwj.
k=0

According to Proposition 11.13 (iv) we get d;w; = (di; — wiw;)/|z|, leading to
Ti
(Liwj) = 5ij — Wiwj — |xl‘ Z wk(5kj - wkwj)
k=0

n n
2
= 0ij — wiwj — w; E Wilkj + wi E WEWj
k=0 k=0
= 5ij — WilWj.

Consequently,

n

Lwf) = Y eiejLi(wif) = Y eiej(Liwj)f+ Y eiejwi(Lif)

i,j=0 i,j=0 i,j=0
= Y ee;(Law))f = Y ejeawi(Lif) = > eies(Liw;) f — (WL)f.
©,7=0 1,7=0 i,7=0

Finally we have

(Lw+wL)f = zn: eiej (0ij — wiwj) f

i,j=0

(1—n)f —w’f=(2—n—2wow)f.



11. Elementary functions 229

11.2.2 Elementary radial functions
We will start with defining an exponential function:

Definition 11.18. For paravectors z = x¢ + x € C¢(n) we define
- Z k'
k=0

This series converges absolutely for all z in analogy to the complex case, since
according to Section 3.2 we have |2"| < |z|™ for a paravector x. Because

exp(|z|)

converges, the comparison test yields that e” converges for all z. The newly defined
function is not holomorphic, which is a first disadvantage. This can be seen easily
by considering the powers of x which are not holomorphic. Nevertheless at the end
of this subsection we shall get around this difficulty.

Theorem 11.19. (i) For xy = yx we have the functional equation

eTTY = e%eY.

(if) With w(x) := x/|x| the exponential function admits the representation

e’ = e"(cos |x| + w(x) sin [x]).

e’ is paravector-valued.

Since the functions sine and cosine depend on |x|, the term elementary radial
function is justified.

Proof. (i) Unfortunately the elegant proof of the complex case, see Theorem 11.2 (ii),
does not work here. We have to consider the product (Proposition 9.9) of two power

series. The Cauchy product of the series expansions of ¢” and €Y in case of commuting z
and y yields

]

0o k
Zx-ﬁ-y _ Zkllgz(l;)wzyke
—0

k=0 k=0

(ii) Consequently, e” = e"0¢* and €* remain to be considered. In detail,

ok o (20 o 2041
];O Ko ; (24)!+Z (20 +1)!
_ e ‘x‘2£ e |X|21+1 _ ] .
= Z( 1) Z (204 1)! = cos |x| + w(x) sin |x].

=0 £=0 g
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Example 11.20. Suppose that e*™¥ = e%e¥. Then the equation zy = yz is not
necessarily satisfied. This can be shown via the following counterexample in H:

Suppose that = 37e; and y = 4me,. We then obtain zy = 1272%e1ep = —127%e5e, =
—yx. On the one hand we have

|z +y| =57 |z|=37 and |y|=4m~,

so that
3 4
eV = cos B + e e sin 57 = —1.
o7
On the other hand we get
e =cos 3r=—-1 and €Y =cosdr =1,

leading to e*TY = e%eY.
Corollary 11.21. (i) For all z € R"*! we have e %e* =1, €% # 0.

(ii) ek = (e*)* (k € Z) (de Moivre’s formula).

(ili) e¥CI™ = —1.
The proof is left as Exercise 11.3.10. Surprisingly the following statement holds:
Corollary 11.22. The usual limit representation works:

e’ = lim (1—1— x)m.
m—oo m

Proof. The proof is similar to Theorem 11.2 (iv) replacing |z| by |x|. O

With the help of the exponential function, trigonometric and hyperbolic functions
can be introduced.

Definition 11.23. Define for € R+,

ezw(x) + efmw(x) ) ezw(x) _ efzw(x)
= , = —w ,
cos T 9 sinx (x) 9
T —x T _ o~ T
coshzx := ¢ te , sinhz := ¢ ¢
2 2

Similarly to C the functions cosine and hyperbolic cosine are even, while sine
and hyperbolic sine are odd. The hyperbolic functions satisfy the sum and differ-
ence formulas if  and y commute — the proof is similar to Theorem 11.7 (iii),
the C case. Unfortunately the sum and difference formulas for the trigonometric
functions do not hold, since w(x + y) is not linear in x and y, respectively.
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Using the definition and Theorem 11.19 (ii) we obtain

e = cos x| + w(x) sin [x]|

and thus
cosh x = cos|x|, sinh x = w(x)sin|x]|.
Using the sum and difference formulas, we get

cosh x = cosh zg cos|x|+ sinh 2y sinhx,

sinh # = sinh zg cos |x| 4 cosh zy sinhx.

Similar formulas can be derived for the trigonometric functions by taking into
account that

rw(X) = Bow(x) + xw(x) = — x| + ow(x),
zow(x
o) = ) = (sgnzgo().
|0l
and
@) = e~ Ixl grow() — =Xl (cos g 4+ w(x) sin ).

Thus we have the representations

COsS & = C€OS Xy COSX — sin xp sinx,

sin x = sin xg cosx + cos xg sin x.

Consequently the hyperbolic and trigonometric functions are paravector-valued.
Considering w(x) = —w(x) one has

|cos 2> = cos®zg + sinh? |x],

|sin 2|2 = sin®zg + sinh? |x|.

Hence the only zeros are already known from the complex case.

Since e” is paravector-valued, an inverse function comes to mind.

Definition 11.24. For k € Z the paravector logarithm in C¢(n) is defined by

log e In |z| + w(x)(arccos ‘Ixo‘ +2km), |x|#0r |x|=0, 29 >0
&= In|z| + ey, |x| =0, 29 < 0.

Actually the notation log;, « would be more pleasing. For n = 1 this coincides with
the logarithm function introduced in Definition 11.8. One could also replace ejm
by ejm, so that different definitions are plausible. At least the previously defined
function inverts the exponential function:
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Corollary 11.25. The function log x satisfies the properties:

(i) The function is the inverse of the exponential function:

€8T =z log ® = 1.

ii logl=0, loge;=Te;, i=1,...,n.
2 g 2
(iii) Iflog = commutes with log y and x with y, respectively, using an appropriate

k in the definition, the well-known functional equation is satisfied:

log (zy) = log x + log y.

Proof. (i) Obviously,

. T0
elog x _ eln || ew(x) arccos || ew(x)27rk

|| (cos arccos |330‘ + w(x) sin arccos |330‘ >
T T

ol ([ + w0 ) =

|z| |z
Exchanging the functions yields

log e = log " (cos|x| + w(x)sin [x])

€”0 cos |x]|

In " + w(x) arccos ( ) =10 + ;‘ |x| = .

ero
(ii) is left as Exercise 11.3.11.
(iii) This proof is similar to the real or complex case. g

Definition 11.26. Let « be a real number. The generalized power function is defined
by the formula

T8 = eozlog T

We want to conclude our considerations of elementary radial functions with an
example.

Example 11.27. Suppose that x = x and o = § Then for the third root of a vector
we have:

1

1
X3 = exp (3 <ln|x + w(x) arccos‘io‘ +w(x)2k7r)>

1 2 1 2
= ¥Y|x| {005(3 arccos 0 + 3k7r) + w(x) sin(3 arccos 0 + 3k7r)}

= /|x||cos 7T—1—214571' +
6 3

T2
i =0,1,2).
x| sin (6 + Skﬂ')] (k=0,1,2)
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It would be more pleasing if the introduced elementary functions were holomor-
phic. As already mentioned, this is not the case, so that a huge difference with C
exists. Nevertheless our functions are of the special form

f(@) = folzo, [x]) + w(x) f1(zo, [x])
with real-valued functions fy, f1. Thus it is sound to introduce radially holomorphic

Sfunctions.

Definition 11.28. Abbreviating |x| =: 7,
1 1
Orad := 2(8() —+ w(x)@,«), Orad = 2(((90 — w(x)@r)
are called radial differential operators. The notation Orqqf =: f’ will be justified

later.

Similarly to the introduction of holomorphic functions in C we consider the dif-
ference f(x 4+ h) — f(z) for a differentiable function f which is given in a domain
G c R™*! and has the form

f(@) = folzo, [x]) + w(x) f1(zo, [x]).
Suppose that A has the special form
h:=hy + w(x)h,

where hg, h, are real. So x is really only changed in the radial direction. This leads

to
X 4+ w(x)h, x  |x[+h,
h) = = =
WO = L wh] T ] [+ w(h, )

for |h,| < |x|. This condition has to be satisfied anyway, otherwise the denominator
could become zero. In addition we have with respect to the variable |x|,

x +h| = [x] = x| + hr.

h,
1+|

X|

Using
9o = Orada + a’rad, U-’(X)ar = Orad — a’rada

and the ordinary differentiation rules we obtain
f@+h) = f(z) = dofo(x)ho + Or fo(x)hr + w(x)(0o f1(x)ho + Op f1(x)hy) + o(h)
= (Oraaf (@) (ho + W) + Braaf () (ho — (X)) + o(h).

One has to pay attention to the fact that w(x) does neither depend on zy nor on
r and has to be treated like a constant with respect to dy or 0,.. Finally we get

f@+h) = f(@) = Oraaf(®)) h + (Oraaf(x)) h + o(h).
The following definition and the proposition hold in analogy to C :
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Definition 11.29. Suppose that a function f, given in a domain G C R™*!, has
continuous first derivatives and is of the form

f(@) = folwo, [x]) + w(x) f1 (2o, [x]).

Then it is referred to as radially holomorphic in G if it satisfies

f(@+h) = f(z) = (Oraaf(x)) h +o(h)
for all x € G and h = hg + w(x)h, — 0.

This is equivalent to the existence of the limit

lim (f(z +h) — f(z)) h™" = Opaaf () =: f'(2).

h—0

Corollary 11.30. A function f is radially holomorphic if and only if it satisfies
a'r‘adf = 07

which is a Cauchy—Riemann type differential equation (CRD)
dofo =0rf1, Oof1 = —0rfo.

Proof. This proof is similar to the complex case if one considers that for A — 0 the term
h/h does not possess a limit. O
The notation drqqf = f' is justified by the following statements:

Corollary 11.31. The previously defined elementary functions are radially holo-
morphic and satisfy:

(i) (e*) =e",

(ii) (sin z)' =cos z, (cos x) = —sin z,
(iii) (sinh z)" = cosh z, (cosh z)" =sinhx,
(iv) (log 2)' =,

(v) (%) = az®"! for a € R.

The proof is left as Exercise 11.3.12 to the interested reader.

11.2.3 Fueter—Sce construction of holomorphic functions

In 1935 R. Fueter [47] developed a concept for creating holomorphic quaternion-
valued functions from complex functions which are holomorphic in the upper half-
plane. M. Sce [129] and T. Qian [121] extended Fueter’s concept to higher dimen-
sions. This is the basic idea:

Let © = xp +x € C¥(n) be a paravector and w(x) = x/|x|. Fueter’s concept
consists of associating a paravector-valued function A to every complex function
f holomorphic in the upper half-plane. In detail:
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Definition 11.32. (i) Suppose that a function f(z) = u(z,y) + iv(x,y) is holo-
morphic in the upper complex half-plane C*. The associated function is given
by

h(f)(x) = u(zo, [x[) + w(x)v(zo, [x]).
(ii) Furthermore we introduce the Fueter transform of f,

Tu(f) = rn A2 B(S).
f is called the primitive of 7,,(f), k. denotes a suitable constant.

For even n it is not a pointwise definition. The theory of pseudo-differential oper-
ators takes care of that matter. That is the reason for which we restrict ourselves
to odd cases of n. The normalization factor k,, can be evaluated in the calculation.

Theorem 11.33 (Fueter, Sce, Qian). (i) h(f) = u+wwv is a radially holomorphic
Sfunction.

(ii) Suppose that n is odd. Then 1,(f) is a right- and left-holomorphic function
in Cl(n). We use the shorthand notation |x| =:r. With k := "' we have

k

2= 10 = (L) o (a1) e

Part (ii) yields a partial differential equation for h. This formula will be of special
use for the case n = 3.

Proof. (i) According to Corollary 11.30 a function is radially holomorphic if and only
if it satisfies the differential equations corresponding to the CRD in C. Also, a radially
holomorphic function will lead to a holomorphic function in C™.
(ii) We have that A = 95 + >, 97, 0o affects only u and v; instead of w(x) we write
w:

doh = dou + wdov, oh = dgu + wdov.

For i =1, ..., n we notice that

2 2 2
€T 2 T A2 s xX;
Oiu="0ru, Oju= 70 u+ " Oru,
T T
n n
r2ei — ;X €T —n+1
Oiw = 3 , E Oiw = E e;0iw = ,
r ‘ r r
=1 =1
2 —r?x — 2r2x¢ei + 3ZE?X 2 -n + 1
8iw = 5 E 3 = w
T

This leads to

Ah = 85 (u+ wv) + 82 (u+ wv) + (n — 1) (i@rquwar (:)) . ()
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In order to show the formula for A*h, we define ug := u, vo := v and for m = 1,2, ...

2 1 " _ ™
U = mﬁrum,1 =2"ml ( Br) Uo, Um = 2mo, Um=1 _ gmm1 (BT ) 0.
r r r r
Using mathematical induction we deduce for m =0,1,2,...

OoUm = OrUm + 2mvm, Ortlm = —00Um,.
r

For m = 0 this transforms to douo = Orvo, Orup = —0ovo, i.e., the Cauchy—Riemann
equations for radially holomorphic functions. The step from m — 1 to m is obtained as
follows:

2 _
aOU'm - mar (arvmfl + 2(m - 1) o 1) = arvm + 2mvm
r r r
and
2
&Wz—a(m%%4>:wwW
r
We will show the next equality using induction, too,

(n—1)(n—3)---(n—2m+1)

A"h =
2m m)

(um + wvm) =: C’m(um + wvm)

For m = 0 the factor on the right-hand side becomes 1, so that h = wp + wvo, the
induction step is based on the preceding formula (x):

A"h = Cpmo1A(Um—1 + @WUm—1)
Cr1 [8§(um,1 + WUm-1) + 33(um71 + WUm—1)

*ann(i&mm4+w&(%;ﬁ>}

Since
2 -1 2 -1
Otm—1 = OrBoUm_1 + (m )30Um—1 = —0Um_1 — (m )arum—l
and v
Oovm—1 = —02Vm_1 — 2(m —1)0, ( W;;l) ,
we have 9 1
A™h = Cmfln_zrnr:—i_ (um + wWom) = Cr(Um + wom).

Substitution of tm,, vm by uo, vo yields
m 1 " 1\"
A"h=mn—-1)(n—-3)---(n—2m+1) ((T8T> u0+w(8TT) vo)

and with m =k = ”51,

1 k 1 k
AFh = 2F k! <( Gr) U+ w (ar ) v) .
r r

Showing that 9 7,(f) = 0 is left as Exercise 11.3.13. O
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Now we want to take a closer look at the effects of 7, (f), restricting ourselves to
the case n = 3:

Example 11.34 (Exponential function). Let f(z) = e®. The associated function is
h(exp)(x) = e*°(cos r + w(x)sin ).

This is exactly the radially holomorphic function e* introduced in the preceding
subsection, see Definition 11.18 and Theorem 11.19. The Fueter transform follows
by using the previous lemma and a suitable norm factor:

EXPa(a) =~y mlesp)(a) = (7 = i) (7 )) .

r r

Denoting
. sin r
sinc 1 1=
this can be expressed as

EXP;(z) = € (sinc r — w(x)(sinc r)").

This newly-defined exponential function has a different form than the other gener-
alizations of e* we consider. We gain a holomorphic function, but lose some other
properties. At least we have:

(i) EXP3(x) # 0 for all z.
(ii) lim EXPs(z) =
r—0
(iii) For real A the operator 9 gives

OEXPs(\z) = 2AEXP3(\z).

The factor 2 in part (iii) is based on using 0, which is equal to 20, in the C case.
Proof. (i) We have

2 . N2
|EXP3(3;)|2 _ o2 (bln r n (rcos r+sin r) ) ‘

r2 rd

This can only become zero if sin r = 0, but then we get cos r # 0 in the inner bracket,
so that EXP3(z) # 0 for all z.

(ii) It is well known that

yielding
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for r — 0.

(iii) Firstly we conclude that

2o [ SIn AT Ar cos Ar —sin Ar
EXPs(Az) = X ( e @) ( o2 >> ’

because the sign of A\ vanishes despite the fact that |Ar| = |A|r in some cases. But then

we have

and since EXP3(Az) is holomorphic, using 0 = 9y + D, we get
DEXPs3(A\z) = —90EXPs(\z) = —AEXP3(\z),
and because of 0 = 9y — D we deduce
OEXPs(A\z) = 2AEXPs(\z). O
This helps in solving the so-called 0-problem:

Proposition 11.35. Suppose that L,, = a, 0"+ - -+ a10+ag is a partial differential
operator with ar € R. If \i is a real root of the algebraic equation

ap A"+ -+ aA+ag =0,

the function

A
up = EXP; ( 2%)

represents a solution of the differential equation Lou = 0. We can obtain a system
of linearly independent solutions with different \y.

The proof follows from part (iii) above.

Example 11.36 (Trigonometric functions). This example will cover the trigono-
metric functions. The hyperbolic functions are dealt with in the exercises. We
shall start with the complex functions

cos z = cos xcosh y — isin xsinh y,

sin z = sin x cosh y + i cos xsinh y.
The associated functions are given by

h(cos)(x) = cos xgcosh r — w(x)sin g sinh 7,

h(sin)(z) = sin xgcosh r + w(x) cos xg sinh r,

which are, according to Definition 11.23, the radially holomorphic forms of cosine
and sine. Theorem 11.33 (ii) yields

1 1 inh
COS3(x) := —27'3(005)(33) =~ 08 Zo sinh r + w sin g (smr r> ,

1 1 inh
SINg(z) := *2T3(Sin)(l') =, sin xg sinh r — w cos xg <smr r) .
s
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The functions look a little strange, but they are holomorphic. Unfortunately we
have to pay for that and lose well-known properties, i.e.,

2
1
sinh r)

1 1
COS3(z) + SINZ(z) = sinh?r — (r cosh r — 2

r2

1 2 1
= — ,+ jcoshrsinhr— | sinh? r.
T r r
This is not very close to the expected result 1. The connection to the exponential
function is lost, too. The differentiation properties however hold:

800083(%‘) = —SIN3(JJ), 8osIN3(x) = COSg(l‘)

Because the functions are holomorphic, we get (dg+D)f = 0or 9 = 9y — D = 20y,
and finally

80083(1‘) = —QSIN3(.’L‘), 881N3(l‘) = 20083(1‘)

The factor 2 comes from using 0, since 0, = %8 in the complex case.

The list of examples could be extended arbitrarily. Tao Qian [121] generalizes
Fueters calculations for quaternions by processing the Fueter transform of z*. F.
Sommen [139] computed the Fueter transform of the geometric series

=14+z4+22+---,
1—=2

using the Fueter transform of z* calculated by Qian.

11.2.4 Cauchy-Kovalevsky extension

In this subsection we will deal with a completely different principle for creating
holomorphic functions. Real analytic functions defined in a domain G C R"™ will
be extended to holomorphic functions in R™*!. This is also known as the Cauchy
problem. Concerning this matter the Russian mathematician Sofya Kovalevsky
made important contributions at the end of the 19th century.

SoFyA KOVALEVSKAYA or Sofya Kovalevsky (1850-1891) could study in Ger-
many only after marrying, since studying was impossible for a female in Russia
at that time. After attending lectures in Heidelberg she became one of the most
well-known students of Weierstraft. In 1874 she graduated with a doctoral degree
in Gottingen dealing with the theory of partial differential equations. Ten years
later she became the first woman to be offered a professorship at the university
of Stockholm. She gained a high reputation due to her award-winning works.
She died of pneumonia at a very young age.
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Definition 11.37. Let G C R™ be a domain. In addition to G we define the domain
G* Cc R**! as follows: G* consists of all points of the form

x+tey, (t€R, xeGCR").

Given a real analytic function f(x) in G C R™ we are looking for a holomorphic
function f*(zp,x) in G** C G* with G C G** satisfying

Of (xg,x) =0 in G,
£7(0,x) = f(x), (initial condition).

This is called the Cauchy-Kovalevsky extension (CK extension) of the real function
f in the domain G** and is denoted by CK(f).

The idea for solving this problem is based on the relation following from
ICK(f) =0,

WCK(f) = -DCK(f).

Formally the equation

dpe TP = _emwPp
holds, so that we obtain:
e (—.Z‘ )m
Theorem 11.38. CK(f)(x0,x) := e "Pf(x) = Z mol D™ f(x) represents
m=0 :

the solution of the Cauchy—Kovalevsky problem in an appropriate domain G** C

G* with G C G**.

Proof. Since for a real analytic function all partial derivatives exist, all the D™ f(x)
are defined properly. Assuming the convergence of the above series, after shifting the
summation index we obtain

BOK(N)(ox) = = 3 T Dm0 = D OK(f) (o, %),

thus the series is holomorphic. The initial condition is satisfied — for zo = 0 only the
m = 0 term remains, yielding CK(f)(0,x) = f(x).

In order to have convergence it is important that real analytic functions possess absolutely
converging Taylor series representations at every point x. Denoting V = (91, ...,9») and
k = (k1,...,kn) the expression

ey = 3 R

converges absolutely for |h| small enough. Assuming h = (h, ..., h) with real h we have
h* = p™ and L
B ST [ VRGO = e,

|k|=m
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with a converging series ) ¢,,. We want to consider

n

DX = S en e O f) =ml S li!ekka(x),

1 penim =1 Ik|=m
where ex = ey, - - - ex,. This leads to the estimate

m m!
|ID™ f(x)| < ‘h|mcm.

Thus we obtain

o (—20)™ m o~ lzol™
mzzo ! D" f(x)| < mZ:O \hfm Cm-
For |zo| < |h| our series converges, determining the domain of existence of our solution,
G™ C G . O
Example 11.39 (Fueter polynomials). Let Pg,(x) =: x; (i = 1,...,n) denote the
special polynomials of a multiindex e; with a 1 in the ith place and zeros elsewhere.
Taking into account D Pg, = e;, we have

CK(x;) = z; = x; — x0€;.

Here the variables z; introduced by Fueter appear again.

Suppose that Pg(x) is a homogeneous polynomial of degree k with k = |k|, ax €
R and k = (ky, ..., k),

The Cauchy-Kowalewski extension is of the form

k
CK(Po)(xo,x) = » o

m=0

(=20)™ pm p (x).

The function CK(Pg) is constructed to be holomorphic, and it is homogeneous
of degree k, because every D decreases the degree of the polynomial by 1. The
polynomial D™ Py is of degree k — m, which is balanced out by x{*. Additionally
we have D! P, = 0. The initial conditions yield

CK(Pg)(0,x) = Pe(x).
In the special case of the polynomials xX we obtain
CK(x*) = k!Py,

where Py are the Fueter polynomials introduced in Section 6.1. The proof is left
as Exercise 11.3.15.
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Example 11.40 (Hermite polynomials). Let po(x) = e=IxI*/2 (x € R™) denote the

. . . . . 2
Gaussian distribution function. Because of |x|?> = —x? we have pg(x) = X /2.

Clearly the function pg is real analytic. The CK extension can be written in the
following form:

IO ey = o0 3 I ),
m.
m=0 m=0

with , ,
H,p(x) := (—=1)me > /2D™ (X /?).

These functions are called radial Hermite polynomials after the French mathemati-
cian CHARLES HERMITE (1822-1901). Using a different approach our definition
would give the so-called Rodrigues formula. The given functions are indeed poly-

nomials, as
HO (X) =1

and the recursion formula
Hyns1(%) = (x = D) Hon(x)
show. The last formula is proved as follows:
Hpaa(x) = (~1)"He/2Dmit(e/?)

= “DHyp(x) = (~1)"*1 (De/2) pr(ex/2),

since
n
2 2 2
De X /2 =%/ E ei(—x;) = —xe x°/2,
i=1

Radial Hermite polynomials are used for constructing higher-dimensional wavelet
transforms (see [15]).

We shall now consider the CK extension of the function
T(x):= |x\kex2/2Pk(w(x)) (we S" ! xeR").

Suppose that Py(w) is a (inner) spherical polynomial according to Definition 10.5,
a linear combination of Fueter polynomials Py (w) with w(x) = x/|x|. Thus the
degree of homogeneity is k = |k|. We write the CK extension as in the preceding
case in the form

ck@@ =Y T Do) =2 S W o P
m=0 : m=0 :
with . .
Hmk(X)Pk(X) = (_1)me—x 2pm (ex /2Pk(x)) .
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Again the last formula is referred to as Rodrigues’ formula. The functions H,,j(x)
are called generalized radial Hermite polynomials. Additional information can be
found in [139].

Example 11.41 (Plane waves). A complex-valued real analytic function i depend-
ing only on the scalar product x -y with (x,y € R") is called a plane wave. This
definition was introduced by F. John in 1955 [67]. Suppose that y is fixed and h is
a given plane wave. The corresponding CK extension in a suitable (open) domain
in R"*! reads as follows:

CK(h)(x) =: H(xo,x,y) = Z (7:10')mDmh(x -y).
m=0 :

Since h is complex, actually the CK extension would have to be written for each
of the two components of h. We have

Zezh’x Y)di(x-y) =N (x-y)y

with the derivative h’ of h with respect to its variable. Consequently we get the
representation

(o) 1 m
Z R (x - y) (woy)™,
m!

m=0

which can be decomposed as follows in view of y? = —|y|?:
H(zy) = Z l‘o\Y\ )P (x - y)
k=0 '
)2k+1 h(2k+1) (X . y)

y _
y
= Hl(X‘y,$0|y|) - ‘y‘H2(Xy7xO‘yD

H; and Hs are real analytic with respect to the new real variables x -y and
zoly|. Extending the variables to complex ones will lead to a function (complex)
holomorphic with respect to each variable. Holomorphic functions obtained in this
way are called holomorphic plane waves.

We will conclude with an interesting special case ([32]). Because of h(¥) = i*h the
CK extension Fog(xo,x,y) of the complex exponential function

hx - y) = ¢0Y)
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is defined as

xo\y\ (2k+1)

E _ ilxy) (930|Y|
CK(J;07X’ Y) € (Z (2]{7 |y| Z 2]{7 + 1

k=0

= ) (cosh(x0|y|) —iY sinh(a;oy)> .

lyl

This is a third possible version of an exponential function in C¢(n). According
to the construction this function is holomorphic with respect to the variable x =
o + X.

11.2.5 Separation of variables

All holomorphic exponential functions in C¢(n) yet covered were based on ex-
tending a given function in C or R” to R"*!. Considering Theorem 11.2 and the
possibility of defining holomorphic functions as solutions of a system of differential
equations leads to the idea of taking the properties

as the starting point for the generalization. Taking into account the complex case
;8 can be considered as the derivative of a holomorphic function f : R**! —
Ce(n).

We shall restrict ourselves to the case n = 3, f : H — H, f = foeq + fie1 +
foea + f3e3. We shall start by studying the role of zq; let D = Zle e;0; denote
the Dirac operator as in Theorem 5.12.

Definition 11.42. A function f : R* — H satisfying the properties:
1. 0f=0,
2 30f=1.
5. f0) =1,
4. f(x0,0) =e® for xp € R,
5. f(z) #0 for all z € H,
6. |f(xzo,21,0,0)] = |f(x0,0,22,0)| =|f(z0,0,0,23)] =e* fora; €R

and being periodic with respect to the variables x1, x2, x3 is called an exponential
function on H. The last property is required to define a Fourier transform later
on.

Theorem 11.43. Assume that a function u(x) : R® — H satisfies the differential
equation
Du(x) = —u(x).
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Then
f(@) = f(xo,x) = e™u(x)

satisfies the differential equations

1
5@ =0, L01@) = f()
Proof. With 9/0x¢ = do we get 9o+ D = 0,00 — D = 9 and
(B0 D) f(@) = Laoe™u(x) F ) (~D)e™u(x) = , (@) F , f(). O

Every holomorphic solution of %af = f must be of the form f = e®ou(x) with
the stated properties of u. This is left as Exercise 11.3.16.

Thus our task is reduced to solving the differential equation
Du(x) = —u(x).
The action of D in R? leads to
—Au=—-Du=u.
The Laplacian A in R? acts as a scalar operator and we have
Au; =—u;,, 1=0,1,2,3.
We suppose u; to be of the form
ui(x) = 1i(x1)s:(x2)t;(x3).
The action of A gives
Aui(x) = ri(@1)si(@2)ti(zs) + ri(zr)si (v2)ti(ws) + ri(z1)si(z2)t] (23)
= —ri(w)si(@o)ti(zs) = —ui(x).

This yields
ri(w) | si(w2) | t](xs)
ri(x)  si(xa)  ti(xs)
Clearly all quotients need to be constant. Assuming symmetry with respect to
r1,Ts,x3, we have

=-—1.

ri () _ sf(xe) _ tf(x3) _ 1

ri(z1)  si(we)  ti(ws 3
Using the general solutions of the ordinary differential equations for r;, s;, t;,

T . T
ri(r1) = ajcos /3 + b; sin /3’
€2 . X2
s; (x2) = c¢;cos /3 + d; sin 3’
t;(x3) = e;cos 3 + fisin 3

V3 V3’
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and after combining some constants we get

T T T T T T
u;(x) = A;cos \/13 cos 2 cos P + B cos ' cos \/23 sin \/3

V3 V3
i) X3

Tr1 . X2 T3 +D r1 . .
sin cos ; COS sin sin
V6 BV V- TV BRVE VA
.21 €r2 x3 .21 T2 . T3
+FE; sin cos cos + F; sin cos sin
BV SRVZ: SRV BNV RV SRV
. X1 . X2 3 . X1 . X2 . X3
+G; sin sin CcoSs + H;sin Sin sin .
SV BV BV B RVE BVE BV
Thus the function we look for has to be periodic and the period can “automatically”
be computed from the assumption. This supports the assumption of symmetry —
otherwise we would obtain different periods for different directions.

+C; cos

The condition f(0) = 1 means uo(0) = 1, so that Ag = 1, and u1(0) = uz(0) =
u3(0) =0 with A; =0 fori=1,2,3.

Since the structure of the function is clear now, we evaluate the differential equa-

tion Du = —u in each coordinate. Taking into account that the functions

( ) . Ty . T2 . I3 ( ) .Ty . X2 z3
g1(x) := sin sin sin . go(x) :=sin sin cos |,
V3 V3 V3 V3 V3 3

(x) . I T2 . I3 (x) . T2 3
g3(x) := sin cos sin ga(x) :=sin cos cos
V3 V3 Ve V3 V3 V3

( ) xr1 . X2 . X3 ( ) Ty . X2 xs3
gs5(x) := cos sin sin ge(x) := cos sin cos
’ V3 V3 V3 V3 V3 V3
T T2 . X3 Z1 T2 xs3

g7(x):=cos , cos  sin

/3 V350 g gs(x) := cos /3 cos /3 cos /3

are linearly independent, comparing coefficients yields 32 linear equations for the
remaining 28 free coefficients. We will skip the computation here and refer to

the corresponding Exercise 11.3.17. Solving the system of linear equations with
parameters B;, C; and G; yields

Ey = By — Cs, Ey =3 — B3 — (s,

Ey = —DBy + (1, E3 = By + Cy,

Dy = —V/3C3 — Ga, Dy =1-+/3Cy +Gs,

Dy = /301 + Go, D3 =+/3Cy — G,
Fy=—V3B;, —/3Cy+ Gy, Fy =3By — V301 — Gy,

FQZQ*\/?)Bg*\/?)CQJrGg, F3:\/3327\/3C37G2,
Hozf\/3+B3+2027\/3G3, HlZBQ*QCS*\/?)GQ,
Hy = —B; —2Cy + V3G, H3 = — By +2C; + V3 Gy.

The remaining 12 parameters B;, C;, G;,i = 0,1,2, 3, need to be determined. We
want to use the degrees of freedom left to generalize the property |e?| = 1 of the
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complex e-function. We require that
|u(z1,0,0)] = |u(0,22,0)| = |u(0,0,23)] = 1.

Using
+ E; sin 1

V3

x
u;(21,0,0) = do; cos \/13
with Kronecker’s symbol dp; we have immediately
(E2 + E? + E3 + E3)sin® o 2Ey sin T os 1

V3 M V3 V3 V3

Consequently we have Ey = 0 and E? + E2 + E2 = 1. The same conditions have
to hold for the B; and the Cj, following from the equations |u(0,0,z3)| = 1 and
|u(0, z2,0)| = 1. Since the variables need to be weighted equally we have

1

V3

Fortunately the conditions for the E; are satisfied anyway. Consequently the co-
efficients are

1 = |u(z1,0,0)|* = cos?

Bi=DBy=B3=0C1 =0, =C3 =

1
B():C():E():O, B1:32:33:C1:02:03:E1:EQ:E;;:

Dy =—~1—-G2, D1 =G3, Dy =1+ Gy, D3 = -Gy, V3
Fo=—-1+Gy, F1 =—1— Gy, = Gs, F3 = —Go,
Hy=—3Gs, Hy = *\}3 —V3Gy, Hy = *\}3 +V3G, Hz = \Z +v/3Go.
The functions g;, i = 1,...,8, have to be weighted equally. Thus Dy, Fy, Hy must
equal £1, the remaining D;, F;, H; equal + \}3. This requires
1

Go=-1,Gi=G2=0,G3==% .
0 1 2 3 3

We choose the minus sign and obtain

up = gs—gs—9g3—9g2+91,
1

up = \/3(97 + 96+ 94— 91— g5),
1

Uy = \/3(97 + 96+ 94— 91 — g3),
1

uz = \/3(97 + 96+ 94— 91 — 92),

with the formerly introduced abbreviations for the functions g;. Recall that

g5(%) = g5(x) = g5(x) — ga(x) = cos”"! Jr\x/?:;rxg,

g7(%) + g6(x) + g4(x) — 1 (x) = sin"! +323+ ",

from which finally:
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Definition 11.44. If we denote the discovered exponential function with £(x), we
have

xr1 + X9 + X3

. X1 . X2 . X3
E(x) = ¢€"| | cos + sin sin sin
(@) [( V3 V3 V3 ¢3>

+ L <(61 + e2 + e3)sin Lk T2H T3 €1 Ccos 1 in 2 gip *8
V3 V3 V3T V3 V3
. I T2 . X3 . T1 . X2 T3
—esgsin /3 cos 3 sin /3 — e3sin /3 sin /3 cos \/3> } .

In contrast to the other constructions of exponential functions &(x) is periodic
with respect to @1, s, z3 with the period 27v/3 and has the modulus e®® along
the imaginary line.

We want to examine the behavior of the function &:

Proposition 11.45. For all x € H we have

E(x) # 0.
Proof. Defining

:fE1+IE2+IE3 ylle y2:332 y3:fE3
V3o V3’ V3’ V3
we compute |£(x)|? by

2 2 2 .2 1, .9 .2 .9 .2 .o
E(@)|*=e ZO{COS s+ sin“ s + sin” 1 sin” y2 + sin” y1 sin” y3 + sin” g2 sin” y3

5 (
+6 cos ssiny; sinyz sinys — 2sin s [cos Y1 Sin y2 sin y3
+ siny1 cos y2 sinys + sinyi siny2 cos ys | ) } .

Using the sum and difference formulas for the sine we obtain

1 os . . . . . .
\5(az)|2 = 3 e2o {3 + sin? Y1 sin’ Y2 + sin’ Y2 sin? Y3 + sin? ygsm2y1

—2sin(y1 + y2) siny1 siny2 — 2sin(y2 + y3) sin y2 sin ys
—2sin(y3 + y1) sin yz sin y1 }

The right-hand side consists of three terms of the form
gij =1+ sin? y; sin® y; — 2sin(y; + y;) sin y; sin y;;
estimating from above |sin(y; + y;)| by 1 we obtain
gij > 1+ a’b* — 2ab = (ab—1)°.

This is zero only for a = b = |siny;| = |siny;| = 1, i.e,, y; and y; = £7/2. But then we
have y; +y; equal 0 or =7 and sin(y; + y;) = 0. Thus the modulus of £(z) can never be
zero. g
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Now we want to study some other properties of the £-function. For the proof we
refer to the exercises, since only computational skills and endurance are required.

Proposition 11.46. The function E(x) satisfies the properties stated in Definition
11.42 and:

(i) &(z) is also right-holomorphic, thus it is biholomorphic.
(il) 9E(zA) =0 for real . For A € H this is not valid in general.
(i) We get E(xN)0 =0 for all X € H, in addition we have

;(‘35(3})\) — AE(z\)

for all X € H.
(iv) J0E(zA) is right-holomorphic, AE(x ) is also left-holomorphic.

The function being biholomorphic is pretty surprising. We did not demand it and
not every left-holomorphic function is biholomorphic. The behavior of £(x\) and
E(A\x) for x, A € H is also very interesting. These functions are used for a solution
Ansatz for differential equations and for the Fourier transform. Recall that the
formerly considered generalizations of the complex e-function did only allow Az
with real A\. These results are in no way self-evident — we only wanted to con-
struct a left-holomorphic exponential function. We stated that £(x) is also right-
holomorphic. This property is invariant under the transformation x — xA. This
has some interesting consequences. We have that £(x\) is not left-holomorphic,
but AE(z\) is biholomorphic. The E-function satisfies more properties than origi-
nally intended. Looking back these properties do not appear really strange if one
considers functionals of transforms of the type

/ E(xN) f(x)do,.
R4

Derivatives pulled out from f to the left-hand side can only be transported in
E(xA) from the right-hand side — due to non-commutativity. We refer our reader
to Exercise 11.3.18 dealing with the &-function.

11.3 Exercises

1. Prove Theorem 11.5 (iii): For all z, z1, 22 € C the following sum and difference
formulas hold:

cos(z1 + z2) = €08 21 €OS 29 — sin z1 sin 2o,

sin(z1 + z2) = sin 21 cos 2o + cos z1 sin 2o,

2

cos® z +sin’ z = 1.
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2.

10.
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Prove Theorem 11.7 (v): The hyperbolic cosine and the hyperbolic sine have
the period 2mi. We have the relations

cosh z = cosiz, sinh z = —isin iz,
cos z = coshiz, sin z = —isinh iz,
cos z = cos x cosh y —isin z sinh y,
sin z = sin x cosh y + i cos x sinh y

with z = x + iy.

Evaluate |e?| and show that |e?| < el*l.

Compute |sin z|2. Use this to localize all zeroes of sin z.
Evaluate the first five coefficients of the power series of

sin z
tan z = .
cos z

Localize the zeros and singularities (i.e., the zeros of the denominator) of

sinh z
tanh z := .
cosh z

Determine the Taylor series expansion of the principal value of the logarithm

log(1+2) = i (_12;-5-1 z".

n=1

Prove the relations

1
0=, L+wd,,
||
Oilz| = i =w;, O, =w
|z

in R*+L,
Prove that Lwy = e, — wwy, and 9, (wy) = 0.
Prove Corollary 11.21:

a) e e’ =1, e” #£0,

b) ek = (e)* (k€ Z),

C) w0 — 1.
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11.

12.

13.

14.

15.

16.

17.

18.
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Show the statements of Corollary 11.25 (ii):

77
log1=0, loge; = o €i-

Prove Corollary 11.31: The elementary functions are radially holomorphic
and satisfy

a) (e") = e,

b) (sin z) = cos &, (cos z)' = —sin z,

¢) (sinh z)" = cosh x, (cosh z)’ =sinhz,
_ 1

d) (log z)" = ,,

e) (z%) = az®~! with a € R.

Prove that 7,,(f) is holomorphic for n odd according to Theorem 11.33 (ii):
o7 (f) =0.

Evaluate the Fueter transform of the hyperbolic functions denoted by COSH3(x)
and SINHj(x), respectively.

Establish the relation (see example 11.39):

CK(x*) = k!Pi(x).

Prove that every solution of 9 f = 0, @ f = 2f has the form (see Theorem
11.43)

f(z) = e*u(x).

Solve the 32 linear equations, appearing in determining the holomorphic ex-
ponential function £(z), for the coefficients A;, B;,C;, D;, i = 0,1,2,3, by
evaluating the derivatives of the functions g¢i,...,gs and comparing coeffi-
cients.

Prove Proposition 11.46:
a) &(x) is also right-holomorphic, thus biholomorphic.
b) 9&(xA) = 0 for real A. For A € H this does not hold in general.
¢) Show that £(z\)0 = 0 for all A € H, and in addition

;(‘35(3})\) — AE(z\)

for all A € H.
d) J0&(x) is right-holomorphic, A&(z ) is also left-holomorphic.
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12 Local structure of holomorphic functions

12.1 Behavior at zeros
12.1.1 Zeros in C

In this section we want to discuss mainly local properties of holomorphic functions.
First we use Taylor series in C. With their help we can extend to all holomorphic
functions the notion of order of a root, already known from polynomials.

Definition 12.1 (Order of a root). Let f be a function holomorphic in the domain
G C C and zp € G. Let in the neighborhood of zy the equation

f(z) = Z an(z — z0)"
n==k

hold, where aj # 0. For k > 0 we then say that f has a zero of order k in z.

The coefficients are uniquely determined in view of Corollary 9.8, and so this
definition makes sense. We can read off, that the quotient f(z)/(z — 29)* has a
finite limit for a zero of order k for z — zy. This limit is the Taylor coefficient
ar, = %) (29)/k!. We can factorize f in a neighborhood of a zero zy of order k as
follows:

f(2) = (z = 20)"g(2),

where g is a holomorphic function with g(z9) # 0. From the last formula it follows
then:

Proposition 12.2. Zeros of holomorphic functions are isolated.

This proposition is indeed the same as the uniqueness Theorem 9.15 for holomor-
phic functions, because a non-isolated zero enforces the function to be identically
equal to zero.

Example 12.3. For power series we can find the order of a zero only at the point
of expansion. We see that the function

o0
2,2n+1

sinz= ) (-1 (2n + 1)!

n=0

has a simple zero at z = 0. The other zeros are also simple, because of the peri-
odicity, but this is not evident from the power series.

There is no restriction for the zeros of a holomorphic function other than the
requirement of being isolated. To show this we want to prove WeierstrafS’ product
theorem for an entire function, that is a function holomorphic in the whole
complex plane. For this we need the notion of an infinite product.
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Definition 12.4 (Infinite product). (i) We call the symbol for a sequence of com-
plex numbers (a,) with 1+ a,, # 0,

H(l +an),

an infinite product. It is called convergent, if the limit of the partial products

8

(1 —+ ak)

lim H(l +ax) =:
k=1

k=1

exists and is different from 0 and co. Using the principal value of the logarithm
the product is called absolutely convergent if

Zlog(l +ay)

is absolutely convergent.

(ii) A product with a finite number of factors 1+ a,, = 0, n < ng, is convergent,

if
H(l + Gngng)

is convergent, in the sense of (i). To it we then assign the value 0.

A product is zero, if and only if finitely many factors are zero. We need some
properties of infinite products:

Proposition 12.5.
(i) A necessary condition for the product [[(1 + a,) to converge is that a, — 0.

(ii) The product [[(14ay) converges if only if the series > log(1+ay) converges.
Here too we use the principal value of the logarithm.

(iii) The product [[(1 + an) converges absolutely if and only if the series Y a,
converges absolutely.

Proof. (i) In the case of convergence of the product and in view of

n n—1
1+a, = H(l—l—ak) / H(1+ak)—>1
k=1 k=1

for n — oo it follows that a, — 0.
(ii) Using
H(l + ar) = exp <Z log(1 + ak)> ,
k=1 k=1
the principal value of the logarithm, and the continuity of the exponential function the

convergence of the product follows from the convergence of the series. The inversion is
left as Exercise 12.5.2.
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(iii) We can assume that |an| > 1/2 only for finitely many factors. For the other n we

use the Taylor series of the logarithm (Exercise 11.3.7) if a,, # 0,

1 2 akt = /1\" 1
nttee =1 =[S < 2 5) -

n

k=2
and therewith
1 - log(1 + an) < 3.
2~ an -2
We can ignore the terms with a, = 0 as log(1+an) = 0, then Y |log(1+ax,)| and > |ax|
simultaneously diverge, respectively converge. d

We are now able to prove the announced theorem:

Theorem 12.6 (Weierstraf’ product theorem). Let (zi) be a sequence of complex
numbers, where 0 < |zi| < |zk41|, k € N, and z, — co. Then natural numbers Ny,
exist so that

h(z) =[] Ex(z, 2)
k=1

is an entire function with zeros zi,za,.... The Weierstrals factors Ey(z,zk) are
defined by
N J
z 1/ =z
Ei(z, 2 :—(1 )exp < )
o= (12 e (25

Multiple zeros are expressed by repeated zi. The factors containing the exponential
function are called generating convergence factors, because the factors are not
necessary if Y 1/|zi| already converges.

In conclusion the distribution of the zeros of an entire function has no restriction.
So every entire function f can be written in the form

flz)y=2" e9(2) H Ey(z, zx),

k=1

where ¢ is entire and m is the order of the zero of f at zg = 0. We get the
justification of this formula, if we apply Theorem 9.17 to the quotient of f and
2™ ] Ex(z, zx). This quotient @ is an entire function with no zeros in C. So log @
can be continued in C with Theorem 9.17 and is an entire function g, i.e., Q = e9.
Now we will turn to the proof of the theorem:

Proof. For natural numbers Nj, and |z| < |zx| the equation

N, J o J
z 1/ =z 1/ =z
FEr(z,z) =exp | log (1 — + . =exp | — .
k(2, 2k) p< g( Zk) ;1](%)> p > ](Zk)

J=Np+1
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holds. If we assume |z| < R, then for the z; with |z,| > 2R and k > ko it follows that

. Ny, oo 1 Ny,
llog (2, 21)| < D <

zZ
k =

z
Zk
This estimate provides

i llog E(z, z1)| < i ( f )Nk < i (;)Nk,

k=ko k=Ko |2x] k=ko

and this is convergent for N = k. In general we can take smaller Ni. The convergence
for |z| < R is uniform, so that the limit represents a holomorphic function. The product

is an entire function since R was arbitrary. O
Example 12.7. The function sin 7z has zeros at z = 0,+£1,.... This results in the
product
sin(rz) ﬁ 1 22
Tz k2 )’
k=1
because

The function

has then the same zeros as sin wz. One can prove that this function is really the
function 7sin 7z.

12.1.2  Zeros in C¥(n)

For a holomorphic function in C¢(n) the problem concerning zeros is a little bit
more difficult than for the zeros in the plane. There are also still open questions.
In Section 9.3 we have already noticed that the zeros are not necessarily isolated.
In the identity Theorem 9.27 we have shown that the manifold of zeros has at
most dimension n — 1. But all lower dimensions can occur. This can be seen for
example by considering the following function:

f(x):=z1e1 + z0ea + -+ + zrep = kaxo+erxr + - +epxr (1< k<n).
This f is biholomorpic and has its zeros at the points with
xO:xlz"':sz:O,

i.e,, on an (n — k)-dimensional plane. For k& = n we get an isolated point, the
origin.
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The manifold, on which a holomorpic function is zero in a neighborhood of a point
a with f(a) = 0, depends among other things on the rank of the Jacobian

([ Ofi
s = (5%) '

In the case that the rank of J; is constant in a neighborhood U of the zero,
let it equal m with n +1 > m > 2, Hempfling [61] and in the quaternion case
Fueter [49] proved that exactly one manifold of dimension n + 1 — m through the
zero exists on which f(a) = 0. The case m = 1 cannot arise as we have shown
already in the identity theorem. We will not prove these results here, because we
would need theorems from the theory of ordinary and partial differential equations.
Additionally the examples of Zoll [161] show, that the rank of J; can vary greatly
even for isolated zeros.

Nevertheless in the case of Jy(a) with rank n+1 we can conclude from the implicit
function theorem that also this rank of J; is given in a neighborhood of the point
a and f denotes a local diffeomorphism. Then the zero at the point a is isolated:

Proposition 12.8. If the function f in a neighborhood U of the point a is holomor-
phic, if f(a) =0 and det Jy(a) # 0, then the zero of f at a is isolated.

Propositions about the behavior of a holomorphic function in the neighborhood of
manifolds of zeros do not exist. So we want to restrict to isolated zeros at a point
a. In this case even the easy notion of the order of a zero is more complicated than
in the plane. We know from the previous subsection, that the order of a zero is
equal to the index of the first nonvanishing term in the Taylor series. So we can
specify in C the three following characterizations of the order k of a zero:

1. k is the smallest natural number with f*)(a) # 0.

2.
1 !
k= _". / ') dz
2mi J., f(z)
holds with ~ a simple closed curve around a with no other zeros of f inside.

The formula above follows by Cauchy’s integral theorem, if we use the Taylor
series of f’ and f (see also Exercise 12.5.1).

3. The formula
1 / dw
k= .
21 J gy W

follows from the previous formula using the transformation w = f(z) in the
integral.

We cannot use the first definition in C4(n), because Zoll [161] provides examples
whose Taylor series do not give satisfying results. Also the second definition cannot
be applied for lack of a suitable derivative. But the third definition is suitable for
Ct(n) [61], [62]:
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Definition 12.9. Let f be left-holomorphic in the domain G and a be an isolated
zero of f. Moreover let B.(a) be a sufficiently small ball with radius & around a
and the boundary S:(a), so that no additional zero of f is in B.(a) U S:(a). Then

ord(f;a) == ! / Qo(y)dy”

n

F(S:(a))

denotes the order of the zero of f at the point a. Here we define

F= 2”: ei fi
=0

to be the restriction of the values of f to R™*!.

The ‘cutting’ from f to F is an effort, which would have to be analyzed in more
detail. We know that Qg is the ‘simplest’ singular holomorphic function having an
isolated singularity at the origin. We have introduced

Qo(y) = Y

|y‘n+1

in Definition 7.26, where we used it as kernel for Cauchy’s integral formula. It is
shown in Proposition 12.49, that the so-defined order is an integer, namely the
winding number of the manifold F'(S¢)(a) around the point a, which must still be
defined. So our definition meets the descriptive notion of order for zeros.

As the calculation of the order can technically be difficult, and in addition the
manifold is actually defined by S.(a), we can try to transform the integral with
the help of the substitution y = F(x) for the variable x. Zoll has realized this:

Letting
=~ OF
dy; = (%; dy,
k=0

it follows (cf. Remark A1.16 c))

—

4 - OF, OF; OF, .
duf = (—1) . d Adrr A Ad
Y (=1) ) om0 0wk Ty Avor Adag, A+ Ndg,

i

ko,. ks kn=0
O(Fy, ... i...,Fn)

(o, .. Tj...,xp)

Since
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are just the adjoints of Jp, in view of
Jat = (AY)T ) det Jp

we have finally the representation

and for the order the expression:

Corollary 12.10. With the assumptions of Definition 12.9,

ord(f;a) = Jln / |F(F:;()733+1 Z eiAijdx;

5.(a) 4j=0
holds.

Now we can introduce J5 ! but we encounter the additional restriction det Jp # 0.
Unfortunately this formula is not promising, because in practical cases the integral
is very difficult to calculate. Additional research is needed and hopeful approaches
are tackled by Kraufthar. But we will calculate the order of an isolated zero at
least in one case:

Example 12.11. We consider the function given at the beginning of this subsection:
f(z) = z1e1+ - + zne, = nxo + x, where x is the vector related to 2. We do not
need to cut f to F, as f is a paravector-valued function. So for i,7 =1,...,n we
have:

fo(z) =nxo, fi(z) =
and

Ofo, v_  Ofo,  _ Ofi =5
8x0 (.Z‘) - axz (.Z‘) N 0’ 8x0 (.Z‘) N 0’ 8xj N 6”.

We get the very simple Jacobian

n 0 - 0

0 1 0
Jp =

00 --- 1

with det J; = n and the adjoints (¢,j =1,...,n)
A% =1, A% =0, A” =0, AY =nj;.
From this it follows that
Z e; AY dz; = dxg + ndx”
4,j=0
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and

1 nryg — X

ord(f;0) = dxy + ndx™).

(f ) on / |7’L£L’0 +X‘n+1( 0 )
|z|=¢

Now we deform the sphere S. : |x| = ¢ continuously into the ellipsoid [nzo+x| = ¢,

not crossing any zeros of f. The order cannot change, as the order is an integer

and the transformation is continuous. Now we set

where y is the parametric equation of the unit sphere y = >""_, y;e; according to
Example A.2.17 ¢). Furthermore we have

Inzo + x| = ¢elyo + eryr + -+ + enyn| =&, nzo—x=cy.
Since xg occurs in dzj, ..., dz}, but not in dzj we have
dzy + ndx* = e"dy*.

Using Example A.2.17 ¢) we get dy* = y|do1(y)|, where y is the unit outer normal
vector on the unit sphere S™ and |do; (y)| is the surface element of the unit sphere.
Finally the order is

ord(130) = | [ysldorl = | [ldor)] = 1.
Sn

Sn

Of course we expected this value, but the calculation was very complex and for
other functions it could be even more involved. As mentioned further research is
needed.

Unfortunately in C¢(n) a theorem equivalent to the Weierstralt’ product theo-
rem cannot exist, as the product of holomorphic functions is not holomorphic in
general. New considerations are also necessary at this point.

12.2 TIsolated singularities of holomorphic functions
12.2.1 Isolated singularities in C

In this subsection we want to examine the behavior of a function f at points
in which f is not defined or not holomorphic. First we consider the case of the
complex plane. For simplicity we state that p; < |z — 20| < p2 means the annular
domain {z : p1 < |z — 20| < p2}.

Definition 12.12 (Singularity). If the function f is holomorphic in the punctured
disk 0 < |z — 29| < R, but not at zp, resp. not defined at zy, we say that f has an
1solated singularity at zo. These singularities are classified as follows:
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a) The singularity is called removable, if f is bounded in 0 < |z — 20| < R/2.

b) The singularity is called a pole, if it is not removable and an n € N exists,
so that (z — z9)" f(z) is bounded in 0 < |z — zo| < R/2.

c) Else the singularity is called an essential singularity.

d) If a function f is holomorphic in a domain G up to poles, which are not
accumulating in G, we call f meromorphic in G.

e) We also refer to an essential singularity, if the function f is meromorphic in
0 < |z — 20| < R and has neither a removable singularity nor a pole in zg.

Now we want to study these singularities, firstly the removable singularities. We
prove:
Theorem 12.13 (Riemann’s theorem on removable singularities). Let f be a holo-

morphic function in 0 < |z — zo| < R and let f have a removable singularity at zg.
Then a number ag exists so that the extended function

o) = { f(z), 0<|z—2]|<R,

ao, 2= 20,
is holomorphic in Bgr(zo).

Apart from the assumption that f is holomorphic in the punctured disk, it is
sufficient to show that lil’I(l) rM(r, f) = 0 with
T—

M(r, f) == max [f(2)]

|z—zo|=r

We recognize that in the case of a removable singularity the problem is only the
function value at the point zg. So we call the function f holomorphic continuable
at zp. The assertion of the theorem shows that M (r, f) cannot converge to oo for
r — 0. But sometimes it is easier to show the weaker assumption in applications.

Proof. The function f is holomorphic in the punctured disk 0 < |z — 29| < R. In it f has
the convergent Laurent series

9]

_ n _ 1 f(<)
f(Z) B Z an(z - ZO) b 2mi /\C—zo\=p (C - Zo)n+1 ac.

n=-—oo
We consider the coefficients with negative index n > 0:
1 M(p, f
ol < o f @ 14¢1
T Ji¢=z0l=p P
< Mp, f)p".

This expression converges with p — 0 and all n > 1 to 0, so that every coefficient of the
Laurent series of f with negative index is 0. In conclusion f has a Taylor series and the

value at zo is defined by
a0 — 1_/ f(©) dc. 0
28 Jic—zo1=p € — 20

A
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Example 12.14. Removable singularities appear mostly where a quotient of two
holomorphic functions is 0/0 or oo/o00, such as

sin z
er —1

for z — 0. If we know the power series, by factoring out z in the numerator and
denominator we can easily recognize that the quotient for z — 0 converges to 1.
The remaining function is obviously holomorphic, because it is the quotient of two
different power series different from 0 at z = 0. In more complex cases Riemann’s
theorem on removable singularities ensures that the quotient in z = 0 is really a
holomorphic function.

Next we turn to the poles:

Theorem 12.15 (Poles). If f is holomorphic in the punctured disk 0 < |z—zo| < R
and has a pole at zy, then a k € N exists so that

f(z) = 9(2)

(z — 29)F

with a holomorphic function g in Br(zo) and g(zo) # 0. The number k is called
order of the pole. The Laurent series of f around zy is then given by

f) =Y anlz—20)" = amk(z—20)""*, a_x #0.
m=0

n=— =

This series, which has at least one but only finitely many terms with negative
index, characterizes the poles of a function. The part of the Laurent series with

negative indices,
-1

Z an(z — 20)",

n=—=k
has been called the principal part of f at zg in Theorem 9.19.

The behavior of a function at a pole is clear, because f has the limit co in the sense
of the chordal metric and is consequently continuous. We want to emphasize that
we always consider the Laurent series of f, which converges in the punctured disk
0 < |z — 20| < R, i.e., in a neighborhood of the point zg. Poles are always isolated
according to their definition. In the case of zeros we have proved in Proposition
12.2 that they are isolated. The theorem shows again the result for poles.

Proof. For a suitable n the function (z — 2z0)" f(z) is bounded in the neighborhood of
zo and so this function has a removable singularity at zo. Let k be the smallest possible
such n, it follows then that

(2= 20)"f(2) = g(2)
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with a holomorphic function g in Br(zo). Necessarily g(zo) # 0, else we could rewrite g
in the form (z — z0)g1(z) and as a consequence k would not be minimal. From the Taylor
series for g we find

oo oo

—k m
Z z—zo = Z am+k(2’—20) s

n=0 m=—k

i.e., a Laurent series with only finitely many terms with negative indices. There should be
at least one term with negative index, else the function would be holomorphic at zp and
we would have had a removable singularity. Vice versa a function, which is representable
by such a Laurent series, has a pole (of order k, if aj # 0), because then (z — z0)* f(2)
is representable by a Taylor series, in particular it is bounded in the neighborhood of
Z0. O

Example 12.16. a) Rational functions have poles at the zeros of the denominator.
For example 1/z has a simple pole in z = 0, 1/22 a double pole and so on; rational
functions are meromorphic in C.

b) The cotangent

sin z
has poles of first order at the zeros of the sine, z,, = nw, n € Z, as the zeros of
the sine are simple. Consequently cot z is a meromorphic function in C.

Finally we want to turn towards the essential singularities. There are large theories
about the behavior of holomorphic functions in a neighborhood of an essential
singularity. We want to present only one theorem, which was found by the Italian
mathematician FELICE CASORATI (1835-1890), by KARL WEIERSTRASS, and by
the Russian mathematician YULIAN V. SOKHOTSKI (1842-1927):

Theorem 12.17 (Theorem of Casorati-Weierstraft—Sokhotski). (i) A function f
has an essential singularity at zo if and only if its Laurent series around zg
includes infinitely many terms with negative index.

(ii) In the nezghborhood of an essential smgulamty zo, [ gets as close as desired
to any value in C, that is for every ¢ € C there exists a sequence (zn) in
the punctured disk 0 < |z — zo| < R with z, — zo, so that f(z,) — ¢ with
n — oo.

The behavior in the neighborhood of an essential singularity is quite wild and very
hard to visualize. Therefore we need complex theories to handle this problem.

Proof. (i) The proposition with the Laurent series follows from the previous theorem:
Laurent series with finitely many terms with negative index characterize the poles.

(i) We now turn towards the harder part of the proposition: If a value ¢ # oo and
€ > 0,8 > 0 existed, so that in the punctured disk 0 < |z — 20| < €,

[f(2) —¢c[ 26 >0,
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then the function

1
flz)—c
would be bounded by 1/6 and so it would have a removable singularity:
1 1

f(z)—C:g(Z) = f(z):C+g(z)

with a holomorphic function g, so that f would have at the most a pole or a removable
singularity, which would be a contradiction. If the function f were bounded for ¢ = oo
then it would have only a removable singularity. Consequently f has to get as close as
desired to every value c. O

Example 12.18. We take

1/ — 2"

z __

€ o Z n!
n=0

as an example of an essential singularity at the point z = 0, because the given

Laurent series around z = 0 has infinitely many terms with negative index.

The example shows a gap in our considerations: How can the behavior of a function
f at the point z = oo be rated? This can be clarified by the following definition:

Definition 12.19 (Behavior at co). If the function f is holomorphic in the domain
|z| > R, then the behavior of f at z = oo is described by the behavior of

(¢)

at ¢ = 0: f is holomorphic or has a pole or an essential singularity at z = oo, if
and only if this is the case for f(1/¢) at { = 0.

The last example showed already that e® has an essential singularity at z = oco.
We have proved in Theorem 12.6 that the zeros of an entire function can be given
at any point with any order, and this holds also for the poles. The corresponding
theorem is due to the Swedish mathematician MAGNUS GOSTA MITTAG-LEFFLER
(1846-1927), from whom the mathematical Research Institute that he founded in
Stockholm takes the name. This theorem is important in constructing functions:

Theorem 12.20 (Mittag-Leffler). Let (a,,) be a sequence of complex numbers with
lan| < lant1] (n=1,2,...) and a, — oo. Furthermore let a sequence of principal
parts for every a, be given by

o (2) = Z ( Ank

=1\ an)*

with suitable constants An,y. Then a sequence (P,) of polynomials can be deter-
mined so that the series

f2) =) (ha(2) = Pulz)) (%)

n=1
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converges uniformly in every compact subset of C, which does not contain any of
the a,,. The P, are called convergence generating terms. Consequently the function
f is meromorphic in C and has poles at exactly every a, with the principal part
B -

Proof. If a1 = 0, then we set P, = 0. For every |an| > 0 hy, is holomorphic in |z| < |as|
and has a Taylor series

hn(z) = Z Cnr2”.
k=0

Now we can determine a partial sum P, (z) of this Taylor series, so that
1
() = Pa(e)| <

holds in |z| < |an|/2. From this the uniform convergence of the series () in every compact
subset of C not containing the point a,, follows. Indeed, if we include the compact set
into a disk of radius R, then we have to take only the finitely many |a,| < 2R out of the
series, and we have finally a series which is a holomorphic function in view of Theorem
9.3. The added h,, determine the desired poles with the given principal parts. O

The theorem of Mittag-Leffler can also be proven in any domain G. Finally we
can represent every meromorphic function in C with a series of the form

F(2) = fo(2) + Y (hu(2) = Pu(2))

where fo(2) is an entire function.

Example 12.21. The Laurent series of the function

7'('2

f(Z) = 2

sin® 7z

starts with (z — n)~2 at the zeros of the sine. If we construct the (uniformly

convergent) series
1
9(2) = n;m (2 —n)2’
then the difference h(z) := f(z) — g(z) is an entire function. The function h is
uniformly bounded on the boundary of the squares

1

2 )

where N is a natural number. The periodicity of the function f (period 1) helps
on the vertical sides of the squares. The function A is bounded in the whole plane
because of the maximum principle Theorem 7.32, consequently h is a constant,
see the Theorem of Liouville 7.33. Using the following identity we find that this
constant must be zero:

h(z) = ; {h (5)+n (z s 1)} (Herglotz).

1
QN5|1'|§N+2’ ly| < N+
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12.2.2 Isolated singularities in C'¢(n)

C'(n)-holomorphic functions behave considerably differently from C-holomorphic
functions at singularities as well as at zeros. A number of questions have to be
answered still. We restrict to isolated singularities, which we know at least in the
Qy from Definition 7.26. We can thus define analogously to C:

Definition 12.22. If the function f is (left- or right-)holomorphic in the punctured
ball 0 < |x —a| < R, but not at a, resp. is not defined at a, then we say: f has an
1solated singularity at a. These singularities are classified as follows:

a) The singularity is called removable, if f is bounded in 0 < |z — a| < R/2.

b) The singularity is called a pole, if it is not removable and an m € N exists
with m > n, so that |z — a|™ f(x) is bounded in 0 < |z — a|] < R/2.

c¢) Else the singularity is called an essential singularity.

d) If a function f is (left- or right-)holomorphic in a domain G except at poles,
which do not accumulate in G, then we call f (left- or right-)meromorphic in

G.

R. Fueter [45] transferred for the first time the concept of complex meromorphic
functions to higher dimensions, and he also described the development in a Laurent
series in a ballshell (see Theorem 9.28). Now we want to analyze the singularities.
For removable singularities we have the same theorem as in C:

Theorem 12.23 (Riemann-Fueter’s theorem on removable singularities ). Let f
be a holomorphic function in 0 < |z —a|] < R and let f have an isolated removable
singularity at a. Then a value ag exists so that the extended function

f(x) _{ f(z), 0<|z—a|l<R,

ao, T = a,

is holomorphic in Bg(a).

The proof is given as Exercise 12.5.7 and is analogous to the complex case. Similar
to the complex case we have only to require that " f(z) — 0 for r = |z — a| — 0,
which sometimes is easier to verify.

The poles cannot be described as simply as in C, but we can prove the following
theorem:

Theorem 12.24 (Poles in C¢(n)). An isolated singularity a of a (left-)holomorphic
function in 0 < |x —a|] < R is a pole if and only if the Laurent series in 0 <
|z — a] < R has only finitely many terms, but at least one term with a singular
function Qx(x — a):

m oo

flx) = Z Z Ox(z — a)bx + Z Z Px(z — a)ay.

k=0 |k|=k k=0 [k|=k
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If in the left sum at least one term with |k| = m is different from zero, then we
call m + n the order of the pole and the finite sum with the singular functions
Qx(x — a) is called the principal part of f at the point a.

We want to point out explicitly, that poles in C'¢(n) have always at least the order
n, as Qo is the weakest singularity in C¢(n).

Proof. We consider only the left-holomorphic case, the right-holomorphic case can be
proved in a similar way. First we assume the boundedness of |z — a|™ f(z). According to
Theorem 9.28 the coefficients of the Laurent series are

bk = Ul / Px(z — a)dz” f(z).
|z—al=p

At this point we use the estimate for Pk according to Corollary 6.5 and the assumptions
for f: It follows with k = |k| and a suitable constant C' that

1 " _ _
ol < / Clz — al*|dz"||z — a| ™ < CpFmm
n
lo—al=p

All coefficients by, must vanish for k > m — n, as p can be chosen as small as desired.

Now let the Laurent series of f have only finitely many terms with the Oy, then let m
be the largest of the |k|. With the estimate

Ck Ck
|Qk(m _a)‘ < |$ _ a|n+k; < |$ _ a|n+m

using Proposition 7.27 we get the result for f. g

Remark 12.25. The behavior of a function at poles in R™*! is very different from
the one in the plane: Of course Qo(z — a) = (z — a)/|z — a|™** converges to oo
for x — @ in the chordal metric as it does in C. But this is not always the case
and consequently a meromorphic function need not be continuous at a pole with
respect to the chordal metric. For example if we differentiate Qg (for simplicity
let us take a = 0):
|z|%e; — (n + 1)xz;

|x|n+3 ’

0; Qo(l‘) =

then we get a non-vanishing numerator and the derivative converges to oo for
x — 0. But this changes if we differentiate again, since in

_ n+1

;05 Qo(x | |5

{—(ejw; + exj)|z|® — dijz|x|® + (n + 3)aw;z; }

the bracket vanishes for z; = x; = 0 if ¢ # j. This second derivative of Qg is even
zero in an (n — 1)-dimensional plane and converges in this plane to 0 and not to
00.
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Unfortunately there are no available studies about essential singularities in C'¢(n).
But the theorem of Mittag-Leffler can be transferred to the case of meromorphic
functions in R"*1:

Theorem 12.26 (Mittag-Leffler). Let ax be a sequence of numbers of R"*1 and let
lak| < |akt1| as well as a — oo. In addition let Hy(x) be a sequence of principal
parts at the aj given by

Hy(z) = i Z Q;(x — ak)bjk.

J=0 |j|=j

Then a sequence (Py) of holomorphic polynomials can be determined so that the
series

flx) = (Hi(z) = Pi(x))
k=1

converges uniformly in every compact subset of R"*1, which does not contain any
of the ay,. The Py are called convergence generating terms. The function f is (left)-
meromorphic in R and at the points ay, it has poles precisely with the principal
parts Hy.

The proof is completely analogous to the complex case and is left to the reader as
Exercise 12.5.8.

12.3 Residue theorem and the argument principle
12.3.1 Residue theorem in C

The understanding of the local structure of holomorphic or meromorphic functions
achieved in the previous section allows us to extend the Cauchy integral theorem
and the Cauchy integral formula. Therefore we define at first:

Definition 12.27 (Residue). Let the function f, meromorphic in the domain G,
have at zp € G an isolated singularity. Let its Laurent series

oo

f)= 3 anlz—z)"

n=—oo
be convergent in 0 < |z — z9| < R. We then call
a1 = _ | / f(2)dz =: Res(f, z0)
lz—zo|=p

the residue of f at zp. We can choose p arbitrarily in the interval (0, R), in view
of Cauchy’s integral theorem.
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In the year 1814 the residue was introduced by CAUCHY in his famous work “Mem-
oire sur les intégrales définies”, but basic ideas could be found already in EULER’s
work.

As a precaution we want to point out that the concept of residues cannot be
applied if we consider an essential singularity, which is a limit point of poles. The
residue theorem was published by CAucCHY in 1825. The principle was that he
reduced quantities given by an integral to differential quantities.

Theorem 12.28 (Residue theorem). Let G C C be a finitely connected domain with
a piecewise smooth boundary. Let the function f be holomorphic in G up to finitely
many isolated singularities ai,...,a, and continuous in G\ {a,...,a,}. Then

/ f(z)dz = 2mi z”: Res(f, ar)
oG k=1

holds.

The residue theorem apparently is an extension of the Cauchy integral theorem,
because if the function f is holomorphic in G, then the residues are zero and the
residue theorem becomes the Cauchy integral theorem.

Proof. We cut out of the domain G little disks B:(ax), k = 1,...,n, which neither
intersect themselves nor the boundary of GG, each containing only the singularity a. Let
G: be the resulting domain and for this domain we can apply Cauchy’s integral theorem,
as only finitely many smooth boundaries were added. The function f is holomorphic in
Ge, and consequently

(2)dz=0= /ac: f(z)dz — ;1/‘2_%‘:5 f(z)dz.

This is already the assertion, because the last integrals are the residues at the points ay,
except for the factor 2mi. a

f
oG,

Before we deal with the calculation of residues, we want to consider the point
Z = 00.

Definition 12.29. If f is holomorphic in |z| > R, we call

Res(f, ) ::_27171‘ / f(z)dz
|zI=p

the residue of f at the point z = co, where we can choose p > R arbitrarily.

Also for z = oo the residue is equal to the coefficient a_; of the Laurent series of
f, which converges for |z| > R.
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Remark 12.30. We want to point out that this residue is not the same as the one
we would get if we calculated according to Definition 12.19: In this case we would
take the residue of f(1/¢) at the point ( =0,

1 1 1 dz
ori / f<g>d<_2m' / 1) o
[¢1=1/p |z|=p

This would just be the coefficient a; of the Laurent series around oo and in this
sense passably, as ajz is the first term generating the singularity in co. But the
definition above is more practical as the following lemma shows:

Proposition 12.31. Let f be holomorphic in C up to finitely many points ay, ..., an €
C. Then

ZRes(f, ar) + Res(f,00) =0

k=1
holds.
Proof. If |z] = p is a circle, which contains in its interior all ay, kK =1,...,n, then
/ f(z)dz = 2mi i Res(f,ar) = —2mi Res(f, 00)
lzi=p k=1
holds. g

If we now want to calculate integrals by means of residues, it is very helpful to
have a method for calculating residues without integrals. In the case of essential
singularities this is only possible if the Laurent series is known. Then we simply
take the coefficient a_1. Also in the case of poles, knowledge of the Laurent se-
ries implies knowledge of the residues. But in this case there exists also another
method:

Proposition 12.32 (Calculation of residues at poles). If the function [ has a pole
of order k at zy, we have

k—1
(k —1)!Res(f, z0) = lim jzk—l ((z — 20)" f(2)) .

Z—20

This formula is particularly easy to handle in the case of simple poles as it then
reduces to

Res(f, z0) = lim (z — z0) f(2).

Z—20

Proof. With
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it immediately follows that
(z=20)"f(2) = Y am-r(z—20)""
m=0

The coefficient a_; is the one with the index m = k—1. We get the assertion of the propo-
sition by applying the formula for coefficients of a Taylor series according to Theorem
9.14. O

Example 12.33. A first example is the calculation of

I := / (Z+2+Z_2.>dza
z+3 z+1

|z—i|=5

which with usual methods would only be possible by considerable effort. But ac-
cording to the residue theorem we only have to find the poles of the integrand,
which here are the points a; = —3 and as = —i. These poles are obviously simple
poles and both points are included in the circle of integration, as | —3 —i| < 5 and
| — 2i] < 5. We calculate the residues at both these points according to the above
formula:

—2
Res(f, —3) = lim <z+2+(z+3)z+i) — 1,

and

z——1

z+2
R —i)= 1l j -2 =-2—1.
es(f, —1) im ((z+z)z+3+z ) i
Finally we get the integral we are looking for:

I =2mi(—1—2—1i)=2n(1— 3i).

12.3.2 Argument principle in C

In this section we shall consider a further generalization of the residue theorem,
which is often called the argument principle. The most important result is the
following:

Theorem 12.34. Let the function f be meromorphic in the bounded domain G C C.
Further let I' C G be a piecewise smooth curve, which does not contain zeros or
poles of f, where z4 is the initial point and zg the endpoint of I'. We then have

/
exp </ f (Z)dz> _ flee)
r f(z) f(za)
Proof. Let v : [0,1] — G be a parametrization of I'. For every point y(t) € I" there

exists a small disk D(t) := B, not containing any zero or pole of f. Consequently f’/f
is holomorphic in D(t) and has a primitive function

R
F(Z)‘/Zl 0%
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where z1 € D(t) NT. If 23 is an arbitrary point in D(t) and
exp(F(z) — F(z2))

then g is holomorphic in D(¢) with the derivative
’ _ f'(2) / _
g'(z) = £(2) 9(z) + I (2)g(z) = 0.
Hence g is a constant. It follows for z = z2 that
o N [

The graph of I is a compact set, which can be covered by finitely many disks D(t). These
disks D(t) must intersect themselves; we can then find a decomposition 0 = to < t1 <
<o <tp—1 < t, = 1, so that the piece of the curve between y(¢;—1) and (t;) is contained
in one of the small disks. We choose the above z1 = y(t;-1), 22 = ¥(t;) and accordingly
F;, and we get

(¢ T exol Fs (v(£:)) — Fs (vt _ fOy(t) _ f(zm)
o ([ f@)cx)—jl]l B (1) ~ B = [T 0090 =120 o

Corollary 12.35. If the curve I" is closed, we have
!
/ / (Z)dz =2nmi, n € 7.
J 1)

This follows from the fact that for a closed curve the right-hand side in our Theo-
rem 12.34 is 1 and as a consequence the argument of the exponential function can
only be an integer multiple of 27i.

As a first important application we get the definition for the index or winding
number of a curve.

Definition 12.36 (Index, winding number). Let I" be a closed piecewise smooth
curve in C and z ¢ I'. We then define

1 d¢
[T, z) = 271 /C— z
r

to be the index or the winding number of the curve I' with respect to z.
The previous theorem provides

Corollary 12.37 (Integer index). (i) The indez of a piecewise smooth closed curve
' with respect to a point z is an integer.

(ii) In C\T the index is locally constant, thus also in every subdomain of C\ T
it is constant.
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Proof. (i) This follows directly from Corollary 12.35 using the function f({) = ¢ — z.

(if) On the one side the integral is a continuous function at z and on the other side it
is an integer, so it must be locally constant. In addition the graph of I' is closed and
so C\ T is open. This complement splits into open and connected subsets. As a locally
constant function the winding number must be constant in such subdomains. O

This urges us to introduce the following definition:

Definition 12.38 (Interior and exterior of a closed curve). Let T' be a closed piece-
wise smooth curve. We call

IT):={z: 2z C\T, I(T',z) # 0},
the interior of I' and respectively

Al):={z: ze C\T, I(T,z) =0}.
the exterior of T.

Now we introduce a generalization of Cauchy’s integral formula:

Theorem 12.39 (Extended Cauchy’s integral formula). Let G C C be a star-shaped
domain and T' C G a closed piecewise smooth curve. Let the function f be holo-
morphic in G. Then for all z € G\I" we have

I(T,z) f(z) = 2; / Cf(ozdc
r

The extension consists in the fact that now every arbitrary piecewise smooth curve
is allowed and not only the boundary of a domain. This means that I' can wind
around the point z several times or none. Here the common assertion of this
theorem is the simple connectivity of G, but we use Theorem 7.4 of Morera in
our variant of the proof. According to Morera every holomorphic function in a
star-shaped domain possesses a primitive.

Proof. The function

FO-F(2)
g(C)—{ e CFE

f/(Z), (=2

is holomorphic in ¢ for ( # z and for ( — z it is continuous. At this point ¢g has a
removable singularity and thus g is holomorphic in GG. As mentioned above the function
possesses a primitive F'(¢) in the star-shaped domain G in this case. Hence every integral
of g along a closed curve I' is zero, if z € G\I'":

[ o= [ 110 g

T
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) [ X = [ 19

i.e., the assertion, since the factor of f(z) is equal to 2wl (T, z). O

so that

The last point in this section is the already announced argument principle.

Theorem 12.40 (Argument principle). Let G be a finitely connected domain with a
piecewise smooth boundary. Let the function f be holomorphic in G up to finitely
many poles and continuous in G. Let f be different from zero on 0G. Then

1 ') =n —n(oo
oni | o)z = nl0.9) = i)
oG

holds, where n(0, f) is the number of zeros of f in G (counted according to their
order) and n(oco, f) the number of poles (counted correspondingly).

The argument principle is a possibility to represent the number of zeros and poles
of a function by an integral. This is of special importance for the examination
of meromorphic functions. The term argument principle is justified, because the
integrand is the logarithmic derivative of the function f:

dz = d(log f(2)) = d(In[f(2)[) + i d(arg f(2)).

But as we know, In|f(z)| is uniquely defined in G and the integral along the
contour JG of d In|f(z)| is zero, so that only the argument of f contributes to the
value of the integral. Then the theorem’s statement can be rewritten in the form:

[ dare 1) =n(0.5) < nloc. 1),

2
aG

Proof. The logarithmic derivative of the function f is holomorphic in G and continuous in
G up to the finitely many zeros and poles, which we denote by a1, ..., an, resp. b1, ..., bm.
As usual we exclude these points from G by sufficiently small disks of radius €. Now we
can apply Cauchy’s integral theorem to the remaining domain and get

), < 7@, L £,
oo £(2) ‘Z/ (LY N O

k=1"z—bk|=¢

The integrals along the small disks are the residues of f'/f at the corresponding points.
We then get:

Let f have a zero at a; of order p; and let g be the corresponding holomorphic function
with g(a;) # 0 and

F(2) = (2= ;)" g(2), J'(2) = pi(z = a;)" ' g(2) + (2 — aj)" g (2);
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thus

P& _ po 9@

flz)  z—a;  g(2)’
As aresult f'/f has a simple pole at a; with the residue p;. Similarly for a pole in by, of
order g we get the residue —gi. Finally we have the desired result

N HONE W -
oG
O

We conclude this section with a theorem of the French mathematician E. ROUCHE
(1832-1910), which allows us to compare the number of zeros of two functions:

Theorem 12.41 (Rouché’s theorem). Let the domain G be finitely connected with
a piecewise smooth boundary. Let f and g be holomorphic in G and continuous in
G. In addition let f be different from zero on OG and let us assume on 0G,

l9(2)] <1f(2)].
Then the functions f and f + g have the same number of zeros in G.
Proof. The function f + Ag is different from zero on 9G for 0 < A < 1. Then
_ 1 [ f(z)+Ad(2)
(0, f +Ag) = 2mi / f(z) + Xg(2) dz
oG

gives the number of zeros of f + Ag. The integral is continuous in A and is an integer,
thus it must be constant for all A, 0 < A < 1. The integral values for A = 0 und A = 1
give the assertion

(0, f) = n(0, f + g). 0

12.3.3 Residue theorem in C'¢(n)

In this section we can proceed in a parallel way as done in C, but only in the case
of isolated singularities. The theory referring to higher dimensional singularities
needs to be refined, maybe with the general theories of J. LERAY [89] and F.
NORGUET [112].

First we define:

Definition 12.42 (Residue). Let the left-holomorphic function f have a pole or an
essential singularity at the point a and let it have the Laurent series

o0 (o)
flz) = Z Z Px(z — a)ax + Z Z Ox(r — a)bk
k=0 [k|=k k=0 |k|=k
in 0 < |z — a] < R. We then call the coefficient

bo = 01 / dx” f(x) =: Res(f,a)

|lz—al=p



12. Local structure of holomorphic functions 275

the residue of f at the point a. The radius p can be chosen arbitrarily between 0
and R.

In the case of a right-holomorphic function f, the residue is defined by

bo = 01” / f(z)dx* =: Res(f,a).
|z—al=p

In the following we restrict ourselves to the left-holomorphic case, as the right-
holomorphic case presents no serious differences. As in the plane we have the

Theorem 12.43 (Residue theorem). Let G be a domain in R™' with a suffi-
ciently smooth boundary manifold. Let the function f be continuous in G and
left-holomorphic in G apart from finitely many isolated singularities ai, ..., Qm,.
We then have

/ dx* f(x) = oy Z Res(f, ar).
oG k=1
We omit the proof, as it is similar to the proof in C.

We can also define the residue at £ = oo as in C:

Definition 12.44. If f is left-holomorphic for |z| > R, we define

Res(f, o0) ::701 /dx*f(x)
|z|=p

to be the residue of f at the point x = co. In the formula we can choose p > R
arbitrarily.

The resulting lemma is also the same as in C:

Proposition 12.45. Let f be left-holomorphic in R™ apart from finitely many
points ay, ..., am € R We then have

m

ZRes(f, ar) + Res(f,00) = 0.
k=1

We also omit this proof, as it is nearly literally the same as in C. Interestingly
enough is the fact that there is also a parallel in calculating the residue at poles
according to Proposition 12.32:

Proposition 12.46 (Calculation of residues at poles). If the left-holomorphic func-
tion f has a pole of order m +n at a, then

1
Res(f,a) = il }1_1{(1) oMyt f ()

holds, where r := |z — a| and w := (x — a)/r.
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Proof. For simplicity of notation we set a = 0. The Laurent series of f in its Taylor part
is composed of terms like
Pr(z)ax = r"Pr(w)ax,

where k := |k| > 0. As terms depending on w will not be affected by differentiation with
respect to r, it follows that

1

1 7 MmN m 1M n
O P@)a = (o +’“) WPi(w)ax — 0

+k

with » — 0, because a factor r"™" — 0 remains after differentiation.

The first singular term Qg(x)bo becomes
ka(ZE)bo = bo =
in view of ww = 1, and thus we find as requested
1 m_m-tn 1 m_om
'E)T T on(at)bo = 'E)T T bo = bo.
m! m!
We apply Proposition 7.27 to the further singular terms QO (z)bk and get

Ow(z) = a(r) gu(w)

T opnt2k+1 T pntk
We obtain the expression (we have m >k > 1)

1 _
ammk

Wk (w)bx.

The differentiation of this term gives zero since m — k < m; thus the limit is 0. g

12.3.4 Argument principle in C'¢(n)

Also in this section we can proceed for many steps in a parallel way as in C, but
some questions are still left open. In particular we consider only the dimensions
0 and n, although there are theories for the dimensions in between. In this case
we would have to deal with differential forms of corresponding degree. We do not
want to consider this case and refer the reader to [33] and [138]. At first we define

Definition 12.47 (Index, winding number). Let M be an n-dimensional closed
sufficiently smooth manifold in R"*! with x ¢ M. Then we call

(M /dy Qo(y — ) /Qo —z)d

the (Kronecker) index or the winding number of the manifold M with respect to
the point z.

First we formulate the following proposition:
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Proposition 12.48. We have

d{g(dz; N dz)"f} = —{(0ig)dz” f + gdx™ (0, f)} + {(90)di f + gdi (Of)}-

The proof is a simple calculation and is left as Exercise 12.5.9. In addition we
have:

Proposition 12.49 (Integer index). (i) The index of a sufficiently smooth
n-dimensional manifold M with respect to a point x & M is an integer.

(ii) The index is locally constant, i.e., in every subdomain of R**1\ M it is a
constant.

First some remarks: We have shown in Example A.2.17 ¢), that
dy* = v|do

with the normal vector v. As we shall prove that the index is an integer, it follows
that

1 v-(y—x)
I(M,z) = 0n/|y_x‘n+1 |do]
M

with the dot-product between the quantities ¥ and y — = understood as vectors.
We recognize that this is the Kronecker index in topology, which is the number of
windings of the manifold M around the point z.

Proof. (i) The correlation of both specified forms of the index results from changing
to a parametric representation as in the previous remark because the dot-product is
commutative.

If & ¢ M then I(M,z) is a right- and left-holomorphic function, because the integrand
is differentiable. We use at the moment the right holomorphic form

1 *
I(M,z) = " /dy Qo(y — ).
"
This form can be expanded in a Laurent series for |x| > R with a large enough R:

IM,2) =" acPl@)+ Y Y bQu(x),

k=0 |k|=Fk k=0 |k|=k

where
e = 01 / I(M, w)du” O (w), by = 01 / 1(M, w)du* Pic(u).
- -
According to Example A.2.17 c¢) we have du™ = p"v|do1|, where v is the outer unit normal
vector and |do1| is the surface element of the unit ball. Furthermore let u = pw, so that

with k = |K],
Pulu) = P Pue)s Qulw) =, aelw)
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holds. As a consequence with a suitable constant C' we have

n 1

C
ax| < p —
‘ ‘ pn pk+n

as p — o0o. Thus we get ax = 0 for all k, as the coefficients do not depend on p.

We use the Fubini theorem to prove that also the bx vanish:

b = 012 /dy* / Qo (y — u)du™ Px(u).

n
Mo jui=p

Using Cauchy’s integral formula we get

1 *
b= — /dy Ply).
On

M

From the properties of the Fueter polynomials of Theorem 6.2 (ii) we have
OnPucte, (y) = (kn + 1)Pr(y),

where €, is a multiindex, which has only a 1 in the n-th place and else zeros. We apply
Proposition 12.48 and Stokes’ Theorem A.2.18 to the formula

1

b == o+ o / Ay O Prcse,, (4).

M

where we have to set g = 1, f = Pkye,, and i = n in Proposition 12.48. So we get

0= [ @y nd)' 5w =~ [ v 0. 5(w) = b
oM M
where the 0 arises from OM = (. Hence I (M, z) vanishes outside M. I(M, x) is an integer

also in the other subdomains of R™** \ M, because the value changes only by an integer
while crossing M.

The latter is obtained as follows: Let K be a sufficiently small ball with the center at
a regular point of M, then K is divided into two domains K7 and Ks3. The boundaries
of K1 and K> are given by 0K;1 = 0Ko1 + Mo and 0Ky = 0Ko2 — Mo, where My is
the intersection between K and M and the numbering is properly chosen. According to
Cauchy’s integral formula we have

1 *
o / dy Qo(y_x):L
naKl

where x € K;. So we get

I(M,m):;n/dy*Qo(y—x)zl—i- / - / dy* Qo(y — ).

M\M, 9Ko1
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The right-hand side of the formula is right-holomorphic in K; if the index in K; is
constant, then it must be constant in K according to the identity Theorem 9.27. The
index changes by the calculated value 1 while crossing M or by another integer number,
if My has to be counted several times.

(ii) It was proved just now, that the index is an integer, so it has to be constant in each
subdomain of the complement of M. d

Now we could define the interior and exterior of a manifold in a way similar to
the plane, but we will not do this. We could also develop the n-th homology group
with this index, but this is also not done here.

We point out further parallels to the plane, which are partly conjectures for which
a proof is missing. We conjecture the theorem.

Theorem 12.50 (Extended Cauchy’s integral theorem). Let the function [ be left
holomorphic in a domain G C R™*L. In addition let M C G be an n-dimensional
closed sufficiently smooth manifold, i.e., with no boundary. Then both

(i) the Cauchy integral theorem,

A[ dy* f(y) = 0,

(ii) and the Cauchy integral formula (x € G\ M),

1042 1(@) = [ Qoly 2y’ ).
M

hold.

An argument principle as in C is not known in C¢(n). An approach is given in the
definition of the order of a zero in Corollary 12.10. But to prove the step from this
formula to an argument principle will be a hard job. The inclusion of poles is not
possible at the present state of the theory, as no integral formula is available for
calculating the order of a pole.

12.4 Calculation of real integrals

/ab flz)dz

can often be calculated with the help of the residue theorem. Therefore we want
to give some hints and examples. The interval [a,b] can be finite or infinite, at
first we assume that it is finite. Now a Jordan curve I'V in the upper half-plane is

Real integrals of the form
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added to the interval, so that a closed curve I' = [a, b] + I arises, which bounds
the domain G. Let the function f be meromorphically continuable in GUT”, then

F/ F(2)dz = /b ) + F/ f(z)dzzQwizk:Res(f, o)

holds, where the sum includes all residues of f in G. The basis of all the fol-
lowing calculation is the next proposition, named after the french mathematician
CAMILLE JORDAN (1838-1922).

Proposition 12.51 (Jordan’s lemma). Let a be fized and let (Cr,) be a sequence
of arcs Cr, = {z : |z| = Ry, Imz > —a} with R, — oo. Let the function f be
defined on all arcs Cr, and let it converge for n — oo uniformly to zero. Then for
an arbitrary A > 0,

lim f(2)e™dz =0

holds.

Proof. Let M(R,) = max |f(z)] and assume at first a > 0. According to Figure 12.1
z€CR,

we see that a,, = arcsin(a/R,) is the angle between the segment connecting the origin
with A and the positive real axis. As (1/z)arcsin z — 1 for z — 0, the equation R, o, =
a(Ry/a)arcsin(a/Ry,) — a for n — oo holds. According to the figure we get the estimate

‘67)\2‘ _ e*)\y S ea)\

for the arcs I'1 from A to B and I'4 from D to E. From the latter it follows that
/f(z)eMzdz < M(Ry)e™anRn, j=1,4,
Ty

since o, R, is the length of the arcs. This term converges to zero, as M (R,) converges
to zero and an, R, is bounded by assumption.

We use the known estimate )
sinp> "o
™

on the arc I'2 from B to C and get

|ei)\2| _ e—/\Rn sin ¢ S exp (_ 2)\Rn 90) )

™

We then have

/2
/f(z)ei“dz < M(Ru)R» / exp (7”7?” ¢> dp = M(Ra) 3y (1— ).
Ty 0
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Im
C
T
2 rs
B B \' D p.
Iy —a Iy
A E
Figure 12.1

This integral converges to zero as M (R, ) converges to zero. The integral along the arc
I's from C to D is treated similarly. So the lemma is proven in the case of positive a.
In the case of negative a the proof simplifies and only the arcs I's and I's have to be
considered, but this has already been proven. d

The sequence of arcs Cr, can be replaced by a system of arcs Cr with a real
parameter R — oo without changing the proof. We then have

R—o0

lim /f(z)ei’\zdz = 0.
Cr

Let us consider some examples:

Example 12.52. This example is due to the French mathematician PIERRE SIMON
LAPLACE (1749-1827), whom we shall meet many times again. We will calculate
the following integral:

1::/ BT dr, ceR.
22 + c?
0

We continue the integrand into the complex plane by

1z

e

F = .
="

We have to choose A = 1 and f(z) = 1/(2? + ¢?) to apply Jordan’s lemma. In
particular we have for |z| = R,

O

_RQ_Cz,

and this term converges to zero independently of the argument of z for R — oo. If
we choose a = 0 in the Jordan lemma, then Cg is the arc of the half-circle around
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zero with radius R in the upper half-plane. Jordan’s lemma gives

/f(z)dz:/zziczeideHO

for R — co. We now apply the residue theorem to the upper half-circle:

R _ ,
eZI eZZ e*C T
dr + dz =2mwiRes(F,ci) =2mi _ . = e °
/ 72 + 2 / 22+ c? T ( ) ™o T e
R Cr

We have to consider that obviously the only pole is ic in the upper half-plane and
22+ ¢? = (z —ic)(z +ic). Finally for R — oo we get

oo

eiz T
) de: e ¢
xe 4+ c c

— 00

Then we have to split the integral into real and imaginary parts

oo oo
cos T T _ sin x
5, odr=e7¢ 5 | odr =0,
xe 4+ c c xre 4+ c
— 00 — 00

where the last integral follows noticing that sine is an odd function. As cosine is
an even function, we get finally for the required integral

Example 12.53. This example dates back to EULER in 1781. We need to evaluate
the integral

(o}

I::/Sinxdac.
x

This function has a simple pole at the origin. To apply Jordan’s lemma we have
to take f(z) =1/z with a = 0 and A = 1. We go around the pole at the origin, as
it is located on the path of integration, by integrating along a small half circle C.
with radius ¢ in the upper half-plane:
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Im

Figure 12.2

We apply Cauchy’s integral theorem to the two arcs Cg, C. and the two intervals

[—R, ¢, [¢, R],
—€ R eiz
(/R/Cf/g />

Because of |f(z)| =1/R — 0 on Cg, Jordan’s lemma yields
iz
lim “dz=o0.
R—o0 z
Cr
We still have to find an estimate for the integral along the arc C.. In the neigh-
borhood of the origin the equation
1 e — 1
F(z) = P P(z) =
()=, +P(), P()="

holds, where |P(z)| < K with a suitable constant K. The arc C. is parameterized
by z = ee®, 0 <t <, so that we finally get (cf. Theorem 7.13)

/f(z)dz - / ‘f + /P(z)dz — i+ 0(e)
C. C. C.

and that is the same as
—€ oo eiz
lim < / + / ) dr = mi.
e—0 oo c X

If in the first integral of the above formula we substitute =’ := —z, it follows that

oo

eiw _ efim ]
/ dx = i,
x

0
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where the integral is a proper integral, but it does not converge absolutely. Finally

we get
o0

sin x T
doe = _.
/ T v 2
0
Example 12.54. We consider a whole class of real integrals which have the form

o

/R(cos t,sin t)dt.

0
Here R(z,y) is a rational function of two variables, i.e., a ratio of two polynomials
in z and y with the additional assumption that R(cost,sint) is finite for all . If ¢

runs through the interval [0, 27, then z = €% moves along the unit circle. In view
of
cos t = ! (e +e7™), sint= ! (et — e~ )
2 ’ 29
we get
21 d
1 1 1 z
R(cos t,sin t)dt = R -, — 271 .
/ (cos t,sin t) ; / <2(z+z ) 22,(2 z )) :
0

|zi=1

Now the integrand is a rational function F(z) and by the residue theorem we have

21
/R(Cos t,sin t)dt = QWZ Res(F, ax),
) k

where the sum is taken over all residues of F' in |z| < 1. As a specific example let
us consider the integrand
1
R(cos t,sin t) = 9.
1+ 3sin”t

Here we get
1 1 —4z
F(z)= = .
) 32 3+ L) )

oz 1+ Pe—2h)?
In the unit circle the integrand has only the two poles 1/v/3 and —1/+/3 with the

residues
-1 1

Res(F, \/3) =

1 1
= , Res(F,
Vv 374 (

We thus find the required integral

21

/ dt

.9, =T
1+ 3sin“t
0
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12.5 Exercises

1.

Show that the order k of a root of a holomorphic function f at a point a is

given by the formula
_ 1 1)
b= 27Ti/ £(2) dz,
v

where v is a simple closed curve, in which no other root of f lies. For v a
circle centered at a with a small enough radius can be chosen.

Show that the convergence of the series Y log (14-ay,) follows from the conver-
gence of the infinite product [[(1 + a,). The principal value of the logarithm
has to be taken.

Show that
H 1— ~ e/
c+n
converges for all ¢ € C and n = 1,2,.. ., if the constant ¢ is a non-negative
integer.
. Find the isolated singularities of

and calculate the residues. Determine the first five coefficients of the Laurent
series around the point z = 0.

Describe the missing steps in Example 12.21, i.e., show the equation
2 o 1

71— = Z
.92 - o 2"
sin . (z—n)

T2
=—00

Prove the equation
1 > z
mcot mz =+ 2 .
z nZ::l 22 —n?

Prove Riemann-Fueter’s Theorem 12.23 on removable singularities: Let f
be a holomorphic function in 0 < |x —a| < R and let f have a removable
singularity at a. Then a value ay exists so that the extended function with

() :{ f(z), 0<|z—a|<R,

ao, T=a

is holomorphic in Bg(a).
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8. Prove Mittag-LefHler’'s Theorem 12.26 in Cl(n): For given aj with |ax| <
|ak+1| — oo and given principal parts Hy(x) at the ax holomorphic polyno-
mials Pyx(x) exist, so that the series

oo

f(z) = (Hi(z) - Pu(x))

k=1
is a meromorphic function in R" T with poles aj and principal parts Hy(z).

9. Prove

d{g(dz; N dx)" f} = —{(0ig)dz" f + gdz™(0; f)} + {(90)da7 f + gdai (Of)
(cf. Proposition 12.48).

10. Let R(x) be a rational function with no poles on the real axis. In addition
let R(z) vanish of order 2 for  — oo, i.e., let z%|R(x)| be bounded. Map the
complex z-plane with .

z2—1
z+1
to the w-plane. Determine the inverse mapping and the integral

w =

I= 7R(x)dx

by applying the mapping. By which residues can the integral be described?
Apply this procedure to the example

1

R(z) = L2

11. Determine the value of the integral

dz
I= / (z=1)(z+1)(z+1i)

|z42|=4

12. Calculate

13. Calculate Fresnel’s integrals:

o0 (o}

/ cos(z?)dx

0 0

Il
—
2.
B
8
N
U
5
Il
Q
ol
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13 Special functions

13.1 Euler’s Gamma function
13.1.1 Definition and functional equation

In this section we present and examine the first non-elementary function in C,
namely Fuler’s Gamma function also called Fuler’s integral of second kind. This
function was studied by Euler for the first time in 1764. His goal was to find an
interpolation of the factorial function.

Definition 13.1 (Gamma function). The function given by the integral

F(z):/ t*~te~tat,
0

where Re z > 0, is called the Gamma function.
In the integral the power with complex exponent is defined by

z—1 . z—1)In t
t = >l ,

since the basis is real. This power is a uniquely defined holomorphic function with
respect to z. We keep this definition in mind for the following similar integrals. Of
course we have to think about the convergence of the integral: Owing to [¢*~1| =
t*~1 and the e-function e~*, the convergence is obtained for t — oo for all . The
lower boundary causes bigger difficulties: As in this case e=* — 1 for ¢ — 0 only
the factor t*~! is important in the integrand. So the integral converges for x > 0
and the definition is usable in the case x = Rez > 0.

Now we want to prove the first properties of I':

Theorem 13.2. (i) The integral in the definition of I'(z) converges absolutely and
uniformly for 0 < p < Rez < R. As a consequence I' is a holomorphic
function for Rez > 0 and in particular it is positive for z = x > 0.

(ii) If Rez > 0, then the functional equation
F(z+1)=2T(2)
holds. More generally for all n € N we have

Fz+n)=z2(z+1)(z+2)---(z+n—-1T(z).

(iii) For all n € N we have
I'(n)=(n—-1).

I' is defined as a holomorphic function in the right half-plane; the definition in the
left half-plane will be dealt with after the proof. Indeed the function I" interpolates
the factorial function, as we will prove in (iii).
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Proof. (i) The equation

oo 1 oo
/ \t2_1|e_tdt§/ t”_ldt—i—/ Rt ae,
0 0 1

holds for p < Rez < R. In addition both integrals on the right-hand side converge
uniformly with respect to z since they are independent of . According to Section 9.1 we
can differentiate under the integral and so I' is a holomorphic function if Rez > 0. As
the integrand is positive for > 0, I'(x) is positive as well.

(ii) We integrate by parts
I'(z+1) :/ te”"dt = lim ftzeft|’67 +z/ t*le tdt = 21(z),
0 B—oo =0 0
where Re z > 0. The general formula is obtained by induction on n.
(iii) The assertion results from (ii) by induction: I'(n 4+ 1) = nI'(n) and considering

ra) = / e tdt = glii%o 767t|§ =1.
0
Now we can continue I' into the left half-plane:
Definition 13.3 (Gamma function). Let I'(z) be defined by
1
I'(z) :=
() zz+1)(z+2)--(2+n—-1)

where 0 > Rez > —n. As n € N can be chosen arbitrarily this definition holds for
every point in C.

I'(z+n),

According to Definition 9.16 we have continued I" holomorphically to every point of
the left half-plane except the negative integers. The identity theorem 9.15 implies
that such a continuation is uniquely determined, so that the above formula gives
the same value for different n.

Corollary 13.4. The function I' is meromorphic in the whole complex plane C and
at the points z, = —n, n=0,1,2,..., it has simple poles with the residues

Res(I'(z), z,) = (;ll!)”.

I' has an essential singularity at the point z = oco.
Proof. As I'(z +n) is holomorphic if © > —n, so I'(z) is also holomorphic except for the
zeros in the denominator at 0, —1,—2,..., —(n — 1). Since n is taken arbitrarily, I'(z) is

holomorphic for all z € C apart from the poles at the non-positive integers. The poles
are simple according to the definition and so the residues can be calculated by

Res(I'(z),—n) = zEIEln(Z+n)F(Z)
. 1 1
= i) ETPED = (g T

As z = oo is an accumulation point of poles it is an essential singularity. O
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o
>~

Figure 13.1

We want to prove some — partly amazing — properties of I". A comprehensive
presentation is given in the “Bible” of classical analysis: WHITTAKER—WATSON
[159]. We mostly proceed like E.C. TITCHMARSH in his also classical book [155].
Before we prove functional equations a proposition follows:

Proposition 13.5 (Beta function). If Rez > 0, Re({ > 0 the equation

o I'(z)I'(¢) _ 0wttt _ ! z=1(q _ -1
B(z,¢) = I+ 0) —/0 (1+u)z+cdu—/0 N1 = NS td

holds. The Beta function is also called Euler’s integral of first kind.

Proof. We can interchange the order of integration in the product

F(z)F(C)z/ tz_le_tdt/ "l Tdr,
0 0

for Rez > 0 and Re( > 0 in view of the absolute and local uniform convergence. First
we substitute 7 = tu, dr = tdu, then v = ¢t(1 4 u), dv = (1 + u)dt. This results in

oo o0
/ tzfleftdt/ tus"te M du
0 0
1
= © o du Oovz-"c_le_“dv
o (L4u)=+¢ 0
us™t

F(erC)/O (1+u)z+<du.

L(z)T(0)
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The second integral in the lemma can be easily transformed by the substitution

1 1—A dA
= = du = — O
14+’ v PO

by -

Theorem 13.6 (Legendre’s duplication formula). (i) We have I'(}) = /.
(ii) For all z € C the Legendre’s duplication formula holds:

D(22)0(1) = 2270 (2)T (2 + 1).

The value of I'(}) is already amazing, because nothing in the defining integral
indicates the connection to w. The formula was discovered by the French mathe-
matician ADRIEN-MARIE LEGENDRE (1751-1833).

Proof. (i) We set z = ¢ = } in Proposition 13.5 and get

r’(1) = F(l)/o‘x’ \/u(cfu_i_ » — 2arctan \/ulg" =T.

This gives the assertion since I'(1) > 0.

(ii) Now we set z = ¢ in Proposition 13.5 and get

I*(2)

! 1 1 1/2 1 1
= AT lfAzfd/\:2/ N lfx\zfd)\,
ro) / (1-)) 0 (1- )

where the last equality holds because of the symmetry around A = 1/2. If we substitute

11 1 1 dt
= - 1-N) = (1- -
A= = VE AML=N =, (A1), dA e

then according to Proposition 13.5 we get

I'?(2) ol-2z ! o1 dt 10, T(2)T(Y)
I'(2z) =2 /0 1=t Vit =2 D(z+ 1)’

which is what we wanted. But we remark that the proof makes the assumption Re z > 0.
However, in view of the identity theorem the functional equation holds in the whole
domain of the function I', in our case C\ {0,—-1,—-2,...}. d

Another amazing functional equation is the following, whose proof is a good ap-
plication of the residue theorem:

Theorem 13.7. For all z € C we have the functional equation

TT(1—z2)= "

sin 7z
Proof. We set ( =1 — z in Proposition 13.5 and obtain

u—Z

Pz)Ir1-z) = /0°° 14 udu‘
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First we restrict our considerations to real z = & where 0 < = < 1. We then calculate
the integral along the following path v: We go along the real axis from v = p to u = R,
then along the circle |u| = R in the positive direction to v = R, from there to u = p and
finally back along the circle |u| = p in negative direction to u = p. The problem here is
the argument of the complex u: If we start on the real axis with arg u = 0, we then reach
arg u = 2 after going around |u| = R. We have to pay attention to this while calculating
the second integral. The closed integral is evaluated by the residue theorem, where we

x —iTx,

have to take into account the simple pole at —1 with the residue (—1)"% =e¢
omie ™ = l/m“ du
4 1tu

/R e—xln tdt N /p e—x(ln t+27‘ri)dt
L L1+t R L1+t

) 27 R17167i<171>wd30 ) 0 plfzefi(zfl)godso
+z/0 1+ Reiv + [27, 1+ peiv

R ;—x
i o dt
(1—@2 )/ 1+t+[3+14.
p

I3 is the integral along the circle with radius R and 14 the integral along the circle with
radius p. Both integrals converge to 0 for R — oo, respectively p — 0, and we have for

137
2m 1—=x 1—x
R %dy R
Is] < <2 :
|ﬂ—A R-1 ="R-1

The last quotient converges to zero since 0 < x < 1 and R — oo. With a similar
estimation we can prove Iy — 0 for p — 0. The remaining formula

. —iTx —2mix > t_xdt —2mix
2mie =(l-e ) =(1-e ()l (1 —x)
o 14+t
is equivalent to
T
()1l —xz) = .
(@)I( z) sin x

This equation is now proven on the line segment 0 < Rez < 1. As both sides of the
equation are holomorphic functions (apart from the poles) and the line segment is a set
with accumulation points, the equation holds then in the whole plane. O

13.1.2 Stirling’s theorem

We want to prove another important property of the Gamma function, which de-
scribes the behavior for Re z — 0o. The Scottish mathematician JAMES STIRLING
(1692-1770) discovered this property. We want to avoid too long a proof and so
first we prove some propositions:

Proposition 13.8. For Rez > 0 the formula

logT'(z) = —vyz — log eri (Z —log <1+ z)),

n=1
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holds, where v is the so called Euler-Mascheroni constant

. 1 1
fy.]\}gnoo<1+2+~-~+N—logN) =0,5772157...

Proof. We apply again Proposition 13.5, but this time to z — h and h, where we assume

Rez > 1. We have )

F(Z - h)F(h) — / th71(1 o t)thfldt'
I'(z) 0

We expand both sides with respect to h and compare the coefficients of h° = 1, where h

is real and 0 < h < x. On the left side we obtain

TN & NI W S o C RO
F(z)(r(z) hI'(2) + )(h 0+ ) LT +eee

where —ayp is the corresponding coefficient of the Laurent series of I'(h) around h = 0.
On the right-hand side we get

1

th 3y Jr/01 thil[(l 7t)th71 —)dt = }1L +/‘01[(1 725)271 B I]Cit +o(1),

h

where the —1 in the square brackets is a term providing convergence for ¢ = 0. Further-
more the right integral equals just the first integral above if h = 0. So it follows

C'(z) _ ' it
o = [ a=nTY

where we substitue
oo

1 1
= = 1—-)"
P (-n =200
n=0
and integrate termwise along the interval [e,1]. We then calculate the limit for ¢ — 0

and obtain
oo

I(2) 1 1
F(Z)_T;J n+tl n+z) O
If we combine 1/(n + 1) with the term 1/(n + 1 + z), we obtain

I'(z) 1 /1 1
F(z)_inrT; n n+z) %
We integrate this equation along the line segment from ¢ > 0 to z:

c n—+z

logl"(z)flogf‘(c)flogc:flogz+z(27 —log . )fao(zfc),
n n+c

n=1

where we use the principal values of the logarithms. As I'(¢) ¢ =T'(¢+ 1) — 1 for ¢ — 0,
we obtain almost the final assertion:

log'(z) = —apz — log =z + E (Z —log <1+ Z))
n n
n—1
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Finally we need only to determine ag by setting z = 1 into the above equation,
C (L e(eD)
“\n n

N
1 1
—1 1 1 = li —In(N+1)| =
(n n(n+ )+nn> Ngg(Zﬂ n(N + )) 08

n=1

N

Il
3

where we can use In N instead of In(N +1) in view of In(N+1)—In N =In(1+1/N) — 0
for N — oo. O

Now the claim of this section:

Theorem 13.9 (Stirling’s theorem). If Rez > 0 and |argz| < § — 4, 0 > 0,
uniformly in z we have

logT(z) = (z— 1)log z — z + 1 In 2w + R(z2),

where the remainder is given by

R(z)—/ooo M;f: édt—O(i)

for z — oo and [t] denotes the largest integer < t.

We still need an additional proposition for better structuring the proof. The first
part of the proposition is a kind of interpolation for I and the second is already
Stirling’s theorem, but in the case of integers.

Proposition 13.10. (i) For real ¢ > 0 and real z = x > 0 we have

. 1
Nz +c¢)=T(z)x <1+O (JJC'H)) .
(ii) For alln € N and n — oo we have
1
In(n!) =Inl(n+1)=(n+ )nn—-n+Inv2r+0 (nZ) .

Proof. (i) First we assume ¢ > 1. According to Proposition 13.5, which is a fundamental
result for the Gamma function, the equation

1
F(ZE)F(C) :/ A171(1 o A)cfld)\’
I(z+c) 0

holds. If we now substitute A = e™*, d\ = —e~'dt, we then obtain

I'(z)I(c) /oo —tx —tye—1
= 1—
o+ ) | e F(1—e N dt
/ tcfleftzdt 7/ {tC71 _ (1 _ 67t)C71}671tdt
0 0

= 27 T'(e) — R(c,z),
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where R(c,z) represents the last of both integrals. In view of 1 — e~ < t for t > 0 the
last integral is positive, and since 1 —e™" >t —?/2 for 0 < t < 1 we have the estimate
o0
1

1
R(c,z) < /{17(17t/2)c71}t67167ndt+/ t e L
0

IN

1 e
- - K+1
K/ te ”dt+/ e "'dt < xil I(c+1),
0 1

where we used (1—1/2)°"" > 1— Kt for a suitable K. With a little more transformation,
assuming ¢ < 1, the assertion follows by the functional equation in Theorem 13.2 (ii).

(ii) The following lines can be interpreted by the Riemann-Stieltjes integral or by direct
calculation ([t] is again the biggest integer not greater than t):

) = Sk = [ = eyt [l
k=1 = '

—t+ 1
gy
t

ot
(n+ ;)lnn—n—i—l—/ 1]
1
The numerator of the remainder is written in such a special form in view of the following
property: With
¢
D(t) = / ([r] =7+ L)dr,
1

we obtain

/WHQﬂfT+;mT:o

m

and so ®(n) = 0 for all n. For the remainder we thus get
n ! n n n
/ ) gy - 20 +/ ®) g — / ) 4.
t2 t2
1 1 1 1

t t
Hence the remainder is monotonically decreasing with respect to n and bounded. It
converges to —C' + 1, where C is a constant and we obtain

1mmy4n+9mnfn+c+o(1>.

n2
For determining the constant C, we set z = n in Legendre’s duplication formula:
InI'2n) +InT()=2n—1)In 2+ InT(n) =Inl'(n+ 1)
or with the equation InT'(n + 1) = In(n!) just proved

2n—14+1)In@2rn—1)—2n—-1)+C+Inynx
=@2n—-1)m2+2(n—1)In(n—-1)—2(n —1) +2C +Invn —1+o0o(1).

Comparing the constant terms results in
—;ln 2+ln\/7'r+C': —1In 2 +2C

and as a consequence
C =InV2nr. O
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Proof of the Stirling theorem. We obtain from the previous lemma

log'(z) = —vz — log z+i (Z — log (1+ Z)) .
n=1

Now we substitute the sum from 1 to oo by a sum from 1 to /N and let N diverge to oco.
If we add and subtract in the sum zIn N, then the sum vanishes partly with vz and we
are left with

N
logI'(2) = logz+1\}iinw{zln N -3 log (1+ 2)}

n=1
Indicating by Sy the term in braces we obtain

Sy =zIn N +1In(N!) — ZlognJrz ()

We now evaluate the remainder given in the theorem between the limits 0 and V.

N[t]_t+1 Nolopntl gy 2
Ry: = 2dt=—-N dt
N /0 t+z Jrngo/n t+z
N-1
1 1
= 7N+Z{(n+z+2)10g(n+1+z)7(n+z+2)10g(n+z)}.
n=0

By adding and subtracting a 1 in the first bracket of the sum a telescoping sum is obtained
and we find

1
RN:fo(erz)longr(NJerr )logNJrz ZlognJrz

Substituting the latter into the formula for Sy we then use Proposition 13.10 (ii) to
eliminate In(N!):

SN:zlnN+ln(N!)+N+(z+;)logz—(N—i—z—i—;)log(N—i—z)—i—RN
1 z 1 z
=(z+ 2)logz—zlog (1+ N) — (N + 2)log(l—i— N) +1Inv2m + Ry +o(1).
We now let N — oo and obtain
A}im Sy = (z+ 1)log 2z — z + In V21 + R(2),

where R(z) is the remainder from the theorem. So the assertion is proven except for the
estimation of the remainder. In the proof of the previous proposition we have introduced
the function

B (1) :/0 (Ir] = 7 + 1)dr,

which vanishes at the natural numbers and oscillates between 0 and —1/8. We set

o [ F 0= [
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and with z = re® it follows that

1 [ dt
R <
RE) = 8/0 t2 + 712+ 2rtcosp
oo
< 1 / dt
- 8 )y t?+712—2trcosd
_ s
" 8rsind’
where the last step is obtained by calculating the integral. d

13.2 Riemann’s Zeta function
13.2.1 Dirichlet series

We discuss the function class of Dirichlet series, before introducing another non-
elementary function in C, the Riemann Zeta function, which also belongs to this
class. The class of Dirichlet series contains some interesting functions.

JOHANN PETER GUSTAV LEJEUNE DIRICHLET (1805-1859) had Wallonian an-
cestors who came from Verviers in Belgium. He studied in Paris in the years
1822-1826, received in 1827 an honorary doctorate by the University of Bonn
and, supported by ALEXANDER VON HUMBOLDT, became privatdozent and pro-
fessor in Breslau. In 1829 he went to Berlin, where he became full professor in
1839. In 1855 he was appointed as the successor of GAUSS in Go6ttingen. Not
only his pioneering scientific work in mathematics and mathematical physics
had essential influence in mathematics, but also his exemplary lectures were of
utmost importance. Among his students we find the well known mathemati-
cians B. RIEMANN, E.E. KUMMER, L. KRONECKER, G. EISENSTEIN and R.
DEDEKIND.

Definition 13.11 (Dirichlet series). A series of the form
>
n®

is called a Dirichlet series, where a,,z € C and n € N.

For Dirichlet series the notation s = o + it is often used instead of z, but we do
not want to have too much notation. The slightly more general type of series,

Z:ane_’\"z7 A €C,

called generalized Dirichlet series, is also sometimes considered. We have to study
the convergence behavior:

Theorem 13.12 (Convergence abscissa). If the Dirichlet series converges at zp,
then it is uniformly convergent in the angular sector

|arg(z — z0)| < ;T — 0,
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where § can be arbitrarily chosen in 0 < 6 < 7/2. Thus a Dirichlet series possesses
a convergence abscissa

z. = inf{x : E apn~? convergent in z =z + iy},

so that the series converges and becomes a holomorphic function if Rez > x..

Proof. With the transformations aj, := a,n *° and 2’ := z — 29 we can transform the
convergence point into the origin. Then the series Y a, converges; let us set

We have R, — 0 for n — oo, and for x > 0 we obtain

M an N Rpq — 1 1 Ra—1 Ry
anzz n? _ZR( zinz>+ M= 7(N+1)z'

n=M n=M n=M
In view of
1 1 nt <kl | 2| [ 1 1
_ — P — _
(n+1) n* " tz‘"l - t“‘l z \n®* (n+1)*

and as |Rn| < e for n > M — 1 is independent of z, it follows that

(n s|z| € € elz| 2 2¢|z|
_ < < .
Z = Z(nw n—i—l)) PNy S 2 Me S o

n= JW n=M
2
1 \/1+ oo !
x a2 |cos ¢| ~ sin §

since [p| < 7 — 0, and from this the statement of the theorem

Finally we have

N
Z Qn 2e

n?| ~ sind’
n=M

If z. is the convergence abscissa defined in the theorem, then there is a point zg at which
the series converges and z¢o = Re zg is arbitrarily close to z.. According to the first part
of the proof, the series is a holomorphic function in the half-plane x > o (as § can be
chosen arbitrarily small), and so the series is also a holomorphic function in the half-plane
T > Ze. g

Things are similar but easier in the case of absolute convergence.

Proposition 13.13 (Absolute convergence). The domain in which the Dirichlet
series converges absolutely is also a half-plane (which can degenerate into the whole
plane or the empty set), given by

x> x4 :=inf{zx : Z |an|n™ is convergent}.
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Proof. Since n~* decreases as x increases, the convergence at a point xo results in the
convergence at all points > zo. As z, (as well as z.) can be 400 or —oo, the half-
plane in which convergence occurs can degenerate into the empty set or into the whole
plane. O

The following example shows that z, and x. need not be equal: From analysis it

is known that
Z (_1)n+1
n(l?

is absolutely convergent, if z > 1, but according to the Leibniz criterion (the terms
have alternating signs and the absolute value converges monotonically to 0) the
series converges for x > 0, so ., = 0 < 1 = x, really holds.

13.2.2 Riemann’s Zeta function
The most known Dirichlet series is the Riemann Zeta function:
Definition 13.14 (Riemann’s Zeta function). The series
= 1
=2
n=1
is called Riemann’s Zeta function.

The series has the convergence abscissas x. = x, = 1, because it converges abso-
lutely for z > 1 and at z = 1 it diverges as it becomes the harmonic series. There
is an extensive theory about the Zeta function and also many books on this topic.
We give a short presentation.

Theorem 13.15 (Euler’s product formula). In the half-space Rez > 1,
1\!
) =11 (1 - )
» p

holds, where the product ranges over all primes p.

Infinite products are defined and described explicitly in Definition 12.4 and Propo-
sition 12.5. The convergence is given by the existence of

1 —1
lim (1 — Z) ,
NHOCpSN P

where the limit should not be zero.

Proof. Let N > 0 be a natural number and define the product

eI ) D)

p<N p<N
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Expanding these finitely many terms leads to

/1
HN:1+Z nz’

where the sum ranges over all natural numbers, which can be represented as the product
of powers of primes p < N. The latter are at least all natural numbers < N and so we

obtain
1 =1
HNiz nz S Z ne’
n=1 n=N+1

If N — oo, then the right side converges to 0 and the sum in the absolute value to

¢(2). O

This theorem points out the connection of {(z) with the primes. Unfortunately we
can not explore this relation in this book. But we want to hint at the prime number
theorem, which gives the number of primes < N and can be shown with the help of
the statement that ¢(z) has no zero for Re z > 1. Already Euler’s product formula
shows that ((z) has no zero for > 1. The following functional equation is also
an important statement, and shows in addition that ((z) can holomorphically be
continued into the whole plane except for one simple pole at z = 1.

Theorem 13.16 (Functional equation). The Riemann Zeta function ((z) can mero-
morphically be expanded into the whole plane and has a simple pole at z = 1 with
residue 1. Furthermore ((z) satisfies the functional equation

Uv4

C(1—2)=2"*1"%cos 5

I(2)¢(2)-

Proof. If z = Rez > 1 from

1 o z—1 _ o
I'(2) :/ (T) eI :/ e L,
n® 0 n n 0

we have
oo & oo tzfl
z—1 —nt
F(Z)C(z)z/0 > e dtz/ﬂ 0t (%)
n—1
We consider the integral
_ z—1
J(z) ;:/ (—u) du,
c ev—1

where C' is the curve along the real axis from oo to § with 0 < § < 1 and then along
the positive circle with radius § around 0 and back along the real axis from J§ to oco.
This integral converges locally uniformly in the z-plane, because the convergence at oo
is ensured by the e-function. So J is a holomorphic function.

The problem of (—u)*~" = ez~ Do (=) heing a multivalued function is solved by stating
that log(—u) for u = —§ should be a real number. If u = te’?, then —7 has to be chosen
as argument of log(—u) on the integral from oo to d, because after a half positive circle
around zero to u = —¢§ we find the argument to be 0. As a result the argument on the
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integral from § to co is . Combining these integrals along the real axis and remarking
that sin 7(z — 1) = —sin 7z results in

oo tzfl

o (+=1)(In t—ix) | (2=1)(In t+ir)) At .
/ (fe +e ) . = —2isin 7'('2/ dt.
P et —1 s et —1

On the circle with radius ¢ the denominator can be represented by ¢(1 + O(t)) (6 — 0),
for the numerator we get

(7”)271 — 61716y<¢7ﬂ) — 0(6171)

The integrand in the integral along the small circle is O(§*72) (6§ — 0), this integral
converges for z > 2 and ¢ going to zero. Setting this in (x) gives

—2isin w2I'(2)((2) = ;ii% J(2).

As the integrand of J(z) does not cross any poles for 0 < § < 1, the integral J(z) is
independent of § and we can ignore the limit: So for x > 2 we obtain

—2isin(7z)I'(2)¢(2) = J(2).

We have thus expanded ¢(z) into the whole plane, because all other appearing functions
are defined in C. The simple poles of I'(z) at the points z = 0, —1, —2, ... cancel with the
simple zeros of sin(7z) at these points, so that ((z) is holomorphic for Re z < 0. Only at
z = 1 is the zero of sin(7z) not balanced, and so there we find a simple pole. Since we
do not really know J(z), we calculate the residue with the help of (x):

1 1 1 1 1 e} tzfl
r = — t*dt dt
(2)¢(=) /0 (et—l t) +Z_1+/1 et —1

holds if x > 0. The integrals converge uniformly in the neighborhood of z = 1, so that
Res(¢(z),1) = 1.

(2n + 1)mi

i
—(2n+ ) \\:L/ (2n + 1)

—(2n + 1)mi

Figure 13.2

Finally we turn towards the functional equation: We transform the circle in our above
curve C into a square centered at zero, with the sides of length 2(2n 4 1) parallel to
the axes. The integrals along the real axis change to integrals from oo to (2n + 1)7 and
back to co. We call this new curve C,. By doing so we cross the poles of (¢“ —1)7' at
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the points £2k7i, k = 1,...,n. Therefore we have to apply the residue theorem. The
residue of the integrand at 2k7 is
e(z—1) log(—w)
lim (u— 2kmi)

_ 6(271)(10g 2km—imw/2) _ i(2kﬂ_)zflefi7rz/2’
u—2ki ev —1

since we have to choose the argument of the logarithm as before. The residue of the
integrand at —2kmi is similar:

e(z—l) log(—u)

lim  (u+ 2kmi)

_ e(z—l)(log 2km+im/2) _ _Z-(2kﬂ_)z—lei7rz/2.
u——2kmi ev —1

The sum of both residues is

—2i%(2km)* ! sin ﬂ; ,

and thus it follows that

z—1 n
J(z) = /C" (qu), 1 du = 4mi(27)* " sin ﬂ; ;1 BN
If we now let n — oo, then the integrals along the the real axis converge to zero. On the
sides of the square |u| = O(n) holds and for the denominator |e* — 1| > A > 0, because
on the vertical sides of the square e diverges to co or converges to 0. On the horizontal
sides the values of e" are equal for all n and do not approach 1 due to the periodicity.
So the integral has the order O(n”) on the square, as the sides have the length O(n). In
the case z < 0 the integral converges to 0, and so we obtain

—2isin(n2)T(2)C(2) = —2i(2m)" sin ”; i S
k=1

The assumption = < 0 is also essential for the convergence of the last sum, this sum is
then just ¢(1 — z) and we have proved
_.sin mz —

C(1=2)=(@m)7" . 2 T(2)¢(2) =277 " cos ) T(2)((2)-

2

By the identity Theorem 9.15 this equation holds for all z, in which both sides are
holomorphic, i.e., in C except the poles. O

We further obtain from the functional equation: Since I'(z) has no zero for « > 0,
due to Stirling’s theorem, and also ((z) has no zero for x > 1, as we saw above,
¢(1—z) has the same zeros z = 2n+1 as cos(7z/2). So the Riemann Zeta function
has zeros at z = —2n, n = 1,2,.. ., these are the so-called trivial zeros. At z =0
there is no zero, because in the functional equation the pole of ((z) at z = 1
is compensated by the zero of cos(mz/2). One can prove that Riemann’s Zeta
function has infinitely many zeros in the open strip 0 < x < 1, and these are
the non-trivial or essential zeros. Riemann has conjectured that all essential zeros
are located on the critical line x = ;, the famous Riemann hypothesis, a proof of
which is still missing. But numerical computations have shown that up to large
values of y all essential zeros are indeed located on the critical line.
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13.3 Automorphic forms and functions
13.3.1 Automorphic forms and functions in C

In this section we will handle the basic theory of automorphic functions and forms.
They have an important significance in many areas of mathematics and its appli-
cations. Since the last century the theory of holomorphic automorphic forms is a
major item of classical complex analysis as well as of analytic number theory.

For defining automorphic functions we first have to define discrete groups of Mobius
transformations:

Definition 13.17 (Discrete group). We understand the Mébius transformations as
the group SL(2,C) made of all (2 x 2)-matrices with determinant 1. The norm of

an element
a b
(¢ )

1T [l= (lal* + [b* + |c|* + |dI*)

is defined by
1/2

We call a subgroup H C SL(2,C) discrete, if for all positive C' there are only
finitely many T' € H with
T I<cC.

The group SL(2,7Z) is called the special linear group.

From the definition we have that all discrete groups are countable (or finite). At
this point we give two important examples:

Example 13.18. a) The group Z is a discrete group to which belong the translations
by an integer z 4+ m, thusa=d=1,c=0,and b=m € Z.

b) Let wy,ws be two R-linear independent complex numbers, i.e., Im(wjws) # 0.
They span a parallelogram in C. The set ) := Zw; + Zw- is again a discrete group,
its elements are the translations z + mwy + nws with m,n € Z. This corresponds
to a Mobius transformation with a = d = 1,¢ = 0 and b = w = mw; + nws.
The group €2 spans a two-dimensional lattice in C. The parallelogram spanned by
w1, ws is also called the periodic parallelogram.

These are of course some of the simplest examples of discrete groups. Any other
parallelogram in the lattice can be chosen as a periodic parallelogram. We now
define automorphic functions with the help of discrete groups:

Definition 13.19. (i) A function f, holomorphic or meromorphic in a domain G,
is called automorphic with respect to the discrete group H, if for all T € H,

a) T(G) C G,
b) f(T(2)) = f(2)-
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(ii) Functions which are automorphic with respect to the group Z are called
simple periodic functions.

(iii) Functions which are automorphic with respect to the group € are called
double periodic functions or elliptic functions.

The simple periodic functions include of course all elementary trigonometric func-
tions, but we will not have a closer look at them, rather we examine the elliptic
or double periodic functions more precisely.

Examples of simple or double periodic functions in one complex variable were
first announced by G. EISENSTEIN (1823-1852) in the year 1847 [38] as well as
in lectures from K. WEIERSTRASS in 1863. Eisenstein introduced the following
function series:

Definition 13.20 (Meromorphic translative Eisenstein series). The series

I B

1) * kemvqoy TF

€’ (2,2) = 1
D (atkym o m =2
kez

and

1 1 1 —
22 + Z ((z+w)2 - w2)’ m*27
DE0)=] T e

> m >3
weN (zHw)m?

are called meromorphic translative Fisenstein series, where €2 and Z are the above
described discrete groups.

These series are meromorphic functions for the corresponding translation group. At
the points z = k, resp. z = w, are located poles of according order; similarly to the
theorem of Mittag-Leffler the uniform convergence can be shown in |z| < R apart
from neighborhoods of the poles (we refer to the Exercises 13.4.7 and 13.4.8). If the
uniform convergence is shown, then the simple, resp. double, periodicity follows
since the translations z + 1, resp. z + w;, ¢ = 1,2, give rise only to admissible
reorderings of the series.

The elementary trigonometric functions can be constructed with the help of e%),
while the second type of series generates the double periodic Weierstrafselliptic
functions with respect to one complex variable.

The elliptic functions are particularly characterized by their special value distri-
bution. This distribution is described completely by the following three theorems
of Liouville:

Theorem 13.21 (First Liouville theorem). Every double periodic function f which
1s holomorphic in the whole complex plane is a constant function.
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Proof. Let f be an entire elliptic function and P an arbitrary periodic parallelogram
of f. We remark that P is compact. Since f is holomorphic everywhere in the complex
plane, f is bounded on P: There is M € R with |f(z)| < M for all z € P. Let z be an
arbitrary point in C, then there is an w € €, so that z +w € P. Hence f is bounded in
the whole C. According to Liouville’s Theorem 7.33, f is a constant. O

Theorem 13.22 (Second Liouville theorem). The sum of the residues of an elliptic
function f in a periodic parallelogram is zero.

This theorem shows that an elliptic function cannot have one simple pole in its
periodic parallelogram, then the sum of the residues would not be zero.

Proof. Without loss of generality we assume that f has no poles located on the boundary
of the periodic parallelogram P. Otherwise in the following calculation we can consider
a periodic parallelogram displaced at o € C having no pole of f on its boundary. Such a
P always exists since the set of poles of f in P is discrete and finite. We obtain

21y Res(f,c) = / f(z)dz:/f(z)dz

cepP CePlz—c\:s
wi witwso

:/f(z)dz—i— / 2)dz + / f(z dz+/f
0 wi w1 twsa

:O/f dz+/f z 4w dz—i—lf z—i—wz)dz-i-lf( z)dz =0,

where we used the periodicity of f in the last step. O

Theorem 13.23 (Third Liouville theorem). Let Py be the union of the interior of
the periodic parallelogram with the half-open lines [0,w1) and [0,w2), Py is called
cell or a fundamental area. An elliptic function is defined completely by its values
in Py. Then the sum of the order of all a-points of f in Py is independent of a € @
and is called the order of f:

Z ord(f —a;c) =: ord f.

cePy

Proof. The order of an a-point of f, i.e., a point z with f(z) = a, is defined by the order of
the zero of f(z)—a. Without loss of generality we assume again, that f has no a-points nor
poles located on OP. They are thus located in the interior of Py. Since f is meromorphic
and double periodic, the function g(z) := f'(2)/(f(2) — a) is also meromorphic and
double periodic. If we now apply the previous theorem and the argument principle to the
function g, we then obtain the assertion. O

Example 13.24. Among the elliptic functions the function series 67(—,3) (z; Q) are char-
acterized by the fact that every elliptic function can be constructed through these
series by a finite sum up to a constant.
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We want to point out that the function 652)(,2; Q) is called the Weierstrafs
g-function, where the stylized g is pronounced like a normal p. Since the trans-
formation z = —z is only a reordering of the series, p(z) is an even function,

and the derivative 1
/
p'(2) =2 Z 3
= (z +w)

is then odd. We want to derive the differential equation of the p-function as a
first step into the extensive theory of elliptic functions: The difference p(z) — =2
is holomorphic in a neighborhood of zero and it has, for sufficiently small |z|, the

expansion
1 1 2, 1 4 6
— = : @) .
p(z) L2 = 90927 +28932 + O(2")

It is not hard to see (cf. Exercise 13.4.9) that
—603 ! —10y !
T SR S

where 3" stand for the summation over all w # 0. After differentiation we obtain

— 1 1
/ _ 3 5
p'(z) = .3 + logzer 937 +0(z”).

Calculating p* and p'? we find

, 1 3 1 3
3 _ 2
°(z) = 6T og9 2 T ogdt 0(z%),
4 2 4
/2 _ 2
p7(2) = 5= 92,5~ 03T O()

and thus

©%(2) — 49°(2) + gap(2) + g3 = O(27).
The function on the left-hand side is holomorphic in the neighborhood of the origin
and it is also an elliptic function with poles at most at w € 2. Hence it cannot

have poles and is constant according to Theorem 13.21. If we let z — 0 the right
hand side of the last equation is zero, thus we have obtained:

Proposition 13.25. The Weierstrafip-function satisfies the differential equation
0" (2) = 40°(2) — g20(2) — gs.
Example 13.26. A further family of classical Eisenstein series is

Gm(z) = Z (cz+d)™™, Imz>0, m>4, meven.
(e,d)eZxZ\{(0,0)}



306 Chapter IV. Series expansions and local behavior

These series are holomorphic functions in the upper half-plane:
HT(C):={2€C|Imz > 0}.

Obviously they have singularities located at the rational points on the real axis.
We can transform these functions G,,(z) at every z € H*(C) as follows:

rre) = e+ (S1).

where T is the Mobius transformation associated with the matrix

M= < Z Z) € SL(2,7).

We call the functions f with such a transformation behavior an automorphic form
of weight m (here) with respect to the complete linear group SL(2,Z). They are
indeed classical examples for modular forms and play an important role first of
all in number theory. This is justified by the fact that their Fourier expansion
contains sums of powers of divisors and the Riemann Zeta function:

Theorem 13.27. Let m > 4 be an even number; the Eisenstein series Gp(z) has
the following Fourier representation in the upper half-plane:

(2mi)™
(m—1)

2minz

Gm(Z) = QC(m) +2 Tm—l(n)e )

!
n=1

where ((m) is the Riemann Zeta function and T, are sums of the powers of divi-
sors,

Tm(n) = Z rm.
r>1,r|n

Proof. We can reorder the series G, (z) as follows:
Gm(2) =20(m) +2) e (2 2),
j=1

where 65,1L>(z; Z) are the series according to definition 13.20. The next step is the calcu-

lation of the Fourier representation of €. In the case m = 2 we obtain, according to
Example 12.21,

2 o 2 ) 2
) ™ Uy N2 27miz
%(z )= <sin(ﬂ'z)> - <e”z — e iz > = (2mi)’e |:1 - 62”2:| ’

and if Imz > 0,

oo oo

_ (27TZ.)2627”.Z Z reQﬂ-iz(r—l) _ (27_”)2 Z 71627\'1'7“2’

r=1 r=1
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where we applied the derivative of the geometric series. By termwise differentiation and
by induction we obtain for all integers m > 2 the equation

2
E»ErlL)( 7” Z m—1 27rzrz'

We plug this formula into the equation for G, (z) and finally obtain

Gule) = 2(m)+2 2 ii

= 2(m +2 (2mi)™ i( S o 1)627”-”2.
=1 \r>1,r|n

g

Remark 13.28. A further systematic method for constructing holomorphic modu-
lar forms with respect to the specialized linear group is to use suitable and in the
upper half-plane bounded holomorphic functions f : H+(C) — C. These functions
must belong to the class of automorphic forms with weight k of the translation
group Z. Then we can sum the expressions f(7T'(z)) over a complete representative
system of right cosets of SL(2,7Z) modulo the translation invariant group Z, i.e.,

Y. (et d)T(T(2).

TeSL(2,2)/Z

If k is sufficiently large this series converges and delivers then modular forms with
respect to the complete specialized linear group SL(2,Z). Function series of this
type are often called Poincaré series in an extended meaning. The simplest non-
trivial example results from the setting f = 1. Then Poincaré’s series are equal to
the classical Eisenstein series G,,(z) up to a normalization factor. On the other
hand all modular forms with positive even integer weight k£ > 4 with respect to
the group SL(2,Z) can be constructed from the Eisenstein series G,

The method just exposed has the advantage that it can be applied in a simple way
to other discrete groups, like important congruence groups in number theory, and
that it thereby provides further examples of automorphic forms.

13.3.2 Automorphic functions and forms in C¥¢(n)

The systematic development of the general theory of holomorphic modular forms
with respect to one complex variable was mainly developed by H. Poincaré, F.
Klein and R. Fricke [116, 71].

O. Blumenthal (1904), C.L. Siegel (in the 1930s) and their students began to
study holomorphic functions of several complex variables. In 1949 H. Maafs [99]
introduced a higher dimensional type of non-analytic automorphic forms (Maaf’
waveforms), that are eigenfunctions of the hyperbolic Laplacian. These two
higher dimensional generalizations raised high interest and are still in the focus
of current research.
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Variations of holomorphic Siegel modular forms of quaternionic symplectic
groups, and in general of orthogonal groups, are still regarded with increas-
ing interest. We refer therefore to A. Krieg [84] as well as E. Freitag and C.F.
Hermann [41].

In another direction E. Kéhler [68], J. Elstrodt, F. Grunewald and J. Mennicke
[39, 40] as well as A. Krieg [85, 86], V. Gritsenko [51] and other authors study
complex-valued generalizations of the non-analytic forms of discrete subgroups
of the Vahlen group (group of the Vahlen matrices according to Definitions
6.16 and 6.18) in higher dimensional half-spaces of the Euclidean space R™.
Automorphic forms on m-times Cartesian products of quaternionic half-spaces
are of great interest, such as in works of O. Richter and H. Skogman [123, 124].

None of the above listed higher dimensional variations of automorphic forms are
solutions of the Cauchy—Riemann differential equations.

In works of A.C. Dixon [36], R. Fueter [46, 48, 49, 50] and J. Ryan [125] we
find the first contributions to holomorphic generalizations of the special double
periodic Weierstrafelliptic functions.

A systematic theory of holomorphic automorphic forms for the general arith-
metic subgroup of the Vahlen group, including generalizations of the modular
group and their congruence groups, is developed in [81].

This subsection is based on the accomplishment of R.S. Kraufthar (cf. [81]), who
in his habilitation thesis and the following works established the basis of such a
generalization. We only want to give a short introduction into the central aspects of
this theory. First we study the simplest type of discrete subgroups of the Vahlen
group in R™!, being the translation groups, which operate on R™*!: For each
arbitrary set of p R-linear independent vectors wy,...,w, € R"™! where p €
{1,...,n+1}, Q) = Zwy + - - - + Zw, is a p-dimensional lattice in R"*!. Since the
associated translation group 7 (£2,) is generated by the matrices

1 w1 1 Wp
0 1 U0 1 ’

it operates discontinuously on R"*! according to its Mébius transformation T'(z) =
x4+ wj, j =1,...,p. This group is discrete since only finitely many 7" with lim-
ited norm exist. So we can say that we obtain meromorphic automorphic func-
tions with respect to a general discrete translation group 7 (€2,) by adding up all
fundamental solutions of the d-operator Qg(x) = z/|z|"*!, resp. its derivatives
Om(z) = (—1)™Iv™(2/|z[**1)/m!, according to Definition 7.26 at the points
x+w; over the whole translation group. The following definition provides an exact
description:

Definition 13.29 (Meromorphic Eisenstein series with respect to translation sub-
groups). Let p € {1,2,...,n+ 1} and let wy,...,w, be R-linear independent vec-
tors in R™"*!| furthermore let Q, = Zw; + - - - + Zw, be the corresponding lattice.
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We define the associated meromorphic translative Eisenstein series by

(p)xQ ngl‘-i-w

weN,

where m is a multiindex and |m| > max{0,p —n+1}. If p=n, m = 0 as well as
p=n-+1, |lm| =1 we set

W@ = Q@)+ Y |Qulw+w)- Qu(w)].

weNp\{0}

Also in the remaining case p = n+1 and m = 0, holomorphic Eisenstein series can
be constructed [74], but only those which have at least two different singularities
in every periodic box.

The convergence of this series is proved in ([81], Chapter 2). We use on the one
hand the estimate in Proposition 7.27,

C
Q@) <,

= [l
and on the other one a lemma of Eisenstein, [38], stating that the series

Z ‘mlwl +...J’_mpwp‘_(p+a)
(my,...,mp)€ZP\{0}

converges if and only if @ > 0. Hence the series in the definition converge ab-
solutely except at the poles. The limit function is a meromorphic function with
poles located at the lattice points. The functions are p-times periodic, because a
translation of the argument by w; is only a renumbering of the series, which is
allowed in view of the absolute convergence.

The series e(p ) with p < n generalize the series from Definition 13.20 to the Clifford
analysis. They provide an elementary foundation for constructing meromorphic
generalizations of various classical trigonometric function, as described in [81],
Chapter 2. The special series e(()p )is a p-times periodic meromorphic generalization
of the classical cotangent. Thus the p-times periodic meromorphic generalizations
of the classical tangent, cosecant, and secant as well as the squared cosecant and

secant are constructed from the cotangent by superposition:

Example 13.30. Let V,(2) denote the canonical representative system of the fac-
tor module €,/2Q,. We obtain the meromorphic generalization of the tangent,
cosecant, and secant in the following way:

tan? (z) = — Z (p) (az—l—Q)

veEVp\{0}
1 x
CSC(p)(Z) — 2n—265)p)<2) (P)(z),

secP)(z) = Z escP) (az + ;) .

veVp\{0}
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From the partial derivatives of csc®) and sec®) we get the meromorphic general-
izations of the squared cosecant and secant.

Every p-times periodic meromorphic function with p < n 4+ 1 can be represented
by a finite sum of p-times periodic cotangents e((]p ) and (resp. or) their partial
derivatives apart from an entire function. This can be proven as a consequence of
Theorem 12.26 of Mittag-Leffer.

In the special case p = n + 1 the series eEﬁH) are meromorphic generalizations of
Weierstrafs’ elliptic functions. Especially eﬁﬁ“), where |[m| = 1, defines the gen-
eralized Weierstraf$p-function. This was examined first by A.C. Dixon, R. Fueter,
and J. Ryan.

Every (n + 1)-times periodic meromorphic function in R™*! can be represented
by finitely many series eEﬁH) apart from a constant. The study of the generalized
elliptic functions was also pursued by Krausshar in [81]. In particular this was
done from number theoretical and complex analytic viewpoints, including explicit

applications to the theory of special L?-spaces.

One of the most fundamental properties is that all functions esﬁ) can be char-

acterized by special functional equations. These equations generalize the known
cotangent duplication formula. All function series egﬁ) (except in the case p = n,

where the index is m = 0) satisfy the following multiplication formula:

Theorem 13.31. Let ), be a p-dimensional lattice in R" ™! and let m be a multi-
index. In addition if p=n+ 1, we assume |m| > 1. In all cases

- 5 ().
veV,(r) "

holds, where V(1) is the canonical representative system of 0, /1y, and r > 2 is
a natural number.

We remark that the canonical representative system V,(r) is composed of the
quantities miwy + - - - + mpwy, where m;, 0 < m; < r, are integers. And so V,(r)
has exactly 7P elements.

Proof (outline). In the cases |m| > max{0,p — n + 1} the formula can be shown by a
direct reordering argument. In the case p = n and m = 0 we use the following identity
of arrangement of antipodal lattice points:

> Y [Qo(ro+v) = Qo(rw)=~ > Qo(v).

veVp (r\{0} wep\{0} veVp(r)\{0}

This formula and some clever arguments for reordering give the claim.

An argument of integration shows that the theorem holds also in the remaining cases
apart from a paravector-valued constant C' € R"*!. Finally the Legendre relation for
generalized elliptic functions leads to C' = 0. So the theorem is shown in all cases. We
refer the reader to [81], Chapter 2.5, for an explicit proof. g
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Also the converse holds:

Theorem 13.32. Let 0, be a p-dimensional lattice in R"™ and m a multiindex with
|m| > 1 in the case p = n+ 1. Moreover let g : R"* — Cl(n) be a meromorphic
function with the principal parts Qm(r — w) at every lattice point w € Q. If g
satisfies the functional equation

g gy = Z g (x + :j) ,

veV,(r)

where 2 < r € N, then there is a Clifford number C € Cl(n) and g(z) = e®) (x)+C
for all z € R"T1\Q,,.

Proof. First we consider the function s(z) := g(z) — e£ﬁ>(a:), which is holomorphic in the

whole space R™*!. From the previous theorem it follows that

nt|m| — U) -
r s(rz) = Z s (m + o) 5(0) = so, (%)
vEVp(T)
where sg € Cl(n). We assume that s is not a constant and define 8 := |wi| + -+ + |wp|.

|
According to the maximum principle in Theorem 7.32 there is a point ¢ € 9B,3(0), so
that
|s(z)] <s(c)]
for all z € B,3(0). Moreover
o <B+p<rp

1 P
, (C + ; Oéiwi>

holds for all 0 < a; < r. Hence from (x) by setting rx = ¢ we find

+v ct+wo

et lml — (C ) < ‘ ( )‘ P < pntim] .

s@l = 3 s(TT) = 3 s ()] < s < s (o)
vEVp () veEVy (r)

But this is a contradiction. The assumption that s is not a constant is false, thus proving

the theorem. g

A certain analogue to the complex case is that the generalized elliptic functions
play a major role in the value distribution. Both next theorems are a direct gen-
eralization of Liouville’s first two theorems.

Theorem 13.33. Every entire (n + 1)-times periodic function is constant.

Proof. The theorem can be proved in strict analogy with the complex case in Theorem
13.21 using the higher dimensional Liouville’s theorem, Proposition 7.33. g

Theorem 13.34. The sum of the residues of an (n+1)-times periodic meromorphic
function f vanishes in a periodic box.
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Proof. We perform the proof for the special case that f has only isolated singularities.
However the theorem holds also in the general case, where the residues need to be applied
in the sense of Leray—Norguet, resulting then in a markedly more technical effort. So we
assume that f has only isolated singularities. Without loss of generality we furthermore
assume that the fundamental box P spanned by the vectors wi,...,wn+1 has no poles
located on its boundary. An (n + 1)-dimensional box is composed of exactly 2(n + 1)
different n-dimensional boundary planes B;. In addition we define B}, j = 1,...,n+ 1,
where B} = Bj + wj is that boundary plane which arises by a translation of B; by the
vector wj. The normal vectors of these planes are outwards oriented. Hence B; and B
have opposite orientation. According to the residue Theorem 12.43 for a left-holomorphic
function we have

n+1
o0 S Res(f,e) = /dx*f(a:) -3 /dx*f(at) +/d:p*f(a7)
cep op =1 \g, B
J
n+1
= Y| i@ - [ar et | <0
=g, Bj
where we used the periodicity of f and the opposite orientation of B; and B. d

In a special case an analogy to the third Liouville’s theorem could be proved
recently [62]. The difficulty while transferring the theorem into higher dimension
is the fact that no quotients of meromorphic functions are allowed:

Theorem 13.35. Let [ be an (n+ 1)-times periodic paravector-valued meromorphic
function having only isolated poles. Moreover we assume for a € R*! that f has
only isolated a-points. Let P be a periodic box with the property that neither poles
nor a-points of f are located on its boundary planes. We denote the poles inside
P by by,...,b,. Let § > 0 be sufficiently small, so that the open punctured ball
Bs(b)\{bi} contains neither poles nor a-points. Then with the order of a zero
giwven by Definition 12.9,

Z ord(f—a;c):—Zp(f—a;bi)

ceP\{b1,....b, }

holds, where

p(f —asby) = / Qo(y)dy".

On
F;

and F; := (f — a)(S5(b;)) is the image of S;(b;) under f — a.

Proof. In contrast to the complex case we cannot deduce this assertion from the previous
one since the quotient of holomorphic functions need not be holomorphic in R™*!. For
proving the theorem we have to calculate explicitly the appearing integrals. There are
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only finitely many a-points inside of P in view of the isolation of the a-points. We denote

them by ¢, ..., ¢". Then an € > 0 exists, so that for every j € {1,...,u} the balls B.(t%)

are pairwise dlSJOlnt and moreover P and the Bs(b;) have no common points. As a

result in P\ U B:(#)) no a-points are left. Henceforth we label the boundary planes of
j=1

P again as By, BY, ..., By, B,. By setting H; := (f — a)(S:(t?)) we calculate

Z ord(ffa;c)Jer(f*a%bi)

ceP\{b1,....b, } =1

= Z/Qo )dy* +Zp 01 / Qo(y)dy”

n

=g, (f—a)(oP)
1R . .
_ an,;( / Qoly)dy" + / Qo()dy”)
7 (f—a)(By) (f—a)(B})
_ / Qo(y)dy" + / Qo(y)dy”)
k=1 (f—a)(B}) (f—a)(B})

In the last step of the calculation we used the periodicity of f since f(x) — a and
f(x — wk) — a have the same range, but the orientation of By is opposite to the one
of By O

The generalized Weierstrafelliptic functions in Example 13.30 are moreover used
as generating functions for higher dimensional meromorphic generalizations of the
classical Eisenstein series G,

Definition 13.36. Let m be a multiindex, then for all odd |m| > 3 the meromorphic
Eisenstein series associated to the generalized Weierstrafip-function according to
Definition 13.29 is defined by

Gm(z):= > Om(az 4+ w), z € HY(R™) := {z e R"* : 2, > 0}.
(0n,w)€Zx 02, \{(0,0)}

Let now €, be an n-dimensional lattice in spang{eg, ..., e,—1}. The lattice should

be non-degenerate, i.e., the w; should be R-linear independent.

To show the convergence of the series we apply the estimate in Proposition 7.27
to the partial derivatives of Qp,
Cm
< .
If we decompose x into z = y + x,e,, where y = xg + x161 + -+ + Tp_16n_1,
then for x € HT(R"*1) we always find z,, > 0. In the next step with the help of

a classical argument of compactification we can show that for every € > 0 there is
areal p > 0, so that all (a,w) € Z x Q,, uniformly satisfy the equation

laz + w| > plae, + w|.
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Here x is an element of the corresponding vertical stripe
1
V.(HT(R™h) := {x =y+ane, € HTR™) |yl < R > 5} .

Finally we obtain the estimate

|Qm(az +w)|
(o, w)€EZ*x2,\{(0,0)}
< pmntmD e 3 e + w| ()
(0,0)€Zx 2\ {(0,0)}

The series occurring in the last row is an FEpstein Zeta function, from which we
obtain the convergence of our series in the case |m| > 2.

In case of a multiindex m with even |m| the series vanishes identically. But this
is not the case for all indices m with odd length |m| > 3, a fact which we now
investigate.

As in the complex case these function series have interesting Fourier expansions
from the number theoretical point of view, since in the Fourier expansion occur
representation numbers of multiple sums of powers of divisors and a vector-valued
generalization of Riemann’s Zeta function.

Definition 13.37 (Generalized Riemann’s Zeta function in C¢(n)). If jm| is odd
we then define the series

Gm= Y Qu)

we, \{0}

which is called Riemann’s Zeta function in C¢(n). The subscript M should evoke
a connection to ‘meromorphic’ to distinguish this one from the many other gener-
alized Zeta functions.

Further information can be found in [81], Chapter 2.4. From Proposition 7.27 it
follows that the above defined Zeta function is paravector-valued. We want to
point out explicitly that the variable m, corresponding to the z in the classical
Riemann Zeta function, is not continuous since the function is only defined in
the case of multiindices m. Hence further research is needed. We now turn to the
Fourier expansion:

Theorem 13.38 (Fourier expansion). The Eisenstein series G, belonging to the
orthonormal lattice, where m = (0,my1,...,my,,0) and |m| > 3 is odd, have the
following Fourier expansion in the upper half-space

S : _
)627rz(s,x)e 27r|s|3:n-

Gm(z) = 2(5\24” (m) + o, (27i) ™! Z Tm(8)(ien + S|

sezn\{0}
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As usual o, is the area of the unit sphere S™ in R"*1. Purthermore Tim(s) is

defined by
Tm(S) = Z r',

rls
where r|s means that a natural number a exists with ar = s.

At this point we see a nice correspondence between the Fourier expansion of the
classical Eisenstein series (Definition 13.20) and the structure of the Fourier ex-
pansion of the higher dimensional ones in Definition 13.29. Instead of the ordinary
Riemann Zeta function we have the vector valued Zeta function from Definition
13.37. We want to emphasize that the generalized Zeta function is compatible
downwardly to the ordinary one, because in case of two dimensions if we rewrite
Definition 13.37 and use paravector formalism we obtain the classical Zeta func-
tion.

Furthermore the Zeta function occurring here has a close relation to Epstein’s Zeta
function shown in [75]. In the closely related work [27] it was more precisely shown
that every vector component of the generalized Zeta function can be represented
by a finite sum of scalar-valued Dirichlet series of the form

5(P(-),s)= > Plg)gi+--+g2)"
gez"\{0}
Here P is a real-valued polynomial with respect to g1, ..., ¢gn, and s is a complex
number which satisfies the condition Re(s) —deg(P) > (n —1)/2. The polynomial
P was calculated explicitly in [27].

The sums of divisors occurring in the Fourier expansion of the complex Eisenstein
series according to Definition 12.38 are generalized by the term 7, of the theorem.
And again this term 7, can be expressed by sums of divisors:

om(s) = ™0 _|m|(ged(s1, ..., 8n)).
The holomorphic plane wave function comes in as a consequence of holomorphy

as it is the natural generalization of the classical exponential function.

Moreover we notice that infinitely many Fourier coefficients do not vanish. Hence
the series Gm (%) represent non-trivial functions for all multiindices m, where |m| >
3 is odd.

Proof (outline). First we expand the partial series egﬁl)(az; Q) (Jjm| > 2) into a Fourier

series on HT(R™T!),
Z O[f(I', mn)eQﬂ'i(r,x) )

rezn
By a direct calculation we find

ar(0,z,) = / (Z Qm(:erm))dJ:O.

[0yn  MEZ"
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In the case r # 0 we use iterated partial integration; we integrate Qm until it becomes
Qo and then differentiate the exponential terms. After finitely many iterations we obtain
the following result:

af(r,zn) = (27ri)‘m‘rm/Qo(az)e%ﬂ(r’x)da

The value of the remaining integral is known and can be found in [136, 92, 27] or calcu-
lated with the residue theorem. So we get

Qo(2)e ™™ 4o = o (ien + " )6_2”"“'“.
- x|
Rﬂ,
From z, > 0 we find the formula
(n) (33 Q ) 2n Z (27TZ)\m\rm (’Len + |§‘ )e—27r|r\xn e27ri(r,x) )
rezn\{0}
We can now reorder the series Gm () as follows:

Gen(@) = 25 (M) +2 3 Y em(aa; )

a=1meZ,

where we use the notation introduced above. Finally we put eg:) (ax; Q) in the reordered

series,
Gm(ZE) _ 24-](\24 ( ) + 2(27_” \m\( ) Z Z (zen )eZﬂi(ar,x)ef%'r\aﬂz"’
a=1recZm™ ‘
which can then be reordered to give the needed form. O

In the next part of this section we will recognize that the series Gy, are fundamental
elements to construct classes of holomorphic modular forms with respect to bigger
discrete groups:

Definition 13.39. (i) The Cl(n)-valued modular groups I', are generated by the
following matrices for p < n + 1:

0 1 1 e 1 e,
-1 0)/)’\ 0 1 )"\ o0 1 )°
(ii) The main congruence groups of order M, N > 1, of T, are defined by
b
rp[N]::{M: . er,a—l,b,c,d—leN(’)p},

where

Op = ZZGA
A

is the integer additive subgroup in C#(n).
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(iii) Let 7, be the group generated by the matrices

1 €o 1 €p
0 1 /)"y o 1)

let 7,[N] be the group of matrices generated by the matrices in I'y[N] where
¢ =0and a = d = 1. Finally let R,[N] be a representative system of the
right cosets of T,[N]\I'p[N].

In contrast to the classical complex case the series G () are not modular forms
of the complete modular group I',,. The singular points of G, (x) are the rational
points Qeg + - - - + Qe,—1, which are at least invariant under T',,.

Now we will specify two construction theorems which generalize the classical def-
inition of Poincaré series, see Remark 13.28, to Clifford analysis. These theorems
provide a systematic example of non-trivial holomorphic automorphic forms of the
group I',[N], where N > 1 and I', = T',[1].
We abbreviate

(fIM)(z) := Qo(cx + d) f(T(x))

where M € T',[N]. First we show a construction theorem giving examples of
holomorphic automorphic forms of the group I',[N] where p < n and N > 3.

Theorem 13.40. Let 1 < p < n and N > 3 be a natural number. Moreover let
f+ HY(R™) — C¥l(n) be a bounded holomorphic function invariant under the
translation group T,. Then

9z):= > (fIM)(), weHT R,

MER,[N]

is a Cl(n)-valued holomorphic function, which is uniformly bounded on every com-
pact subset of HY(R"*1). In addition for all M € T,[N] the transformation be-
havior is g(x) = (g|M)(z).

Proof (outline). For showing the absolute convergence of the series, we just have to prove
that the series

> |Qolcx+d)<C D feen +d|?

MERp[N] MERp[N]

converges for n > p+ 1 on HT(R™"') in view of the boundedness of f. From classical
arguments of compactification we have that for every € > 0 there is a real number p > 0
with

*

lcx + d| > p|cen +d| for all z € Vo(HT(R™")) and ( Z d ) e I'p[N].

The series

Y e+l

MERp[N]
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converges if a > p+ 1.

Since f is a holomorphic function from Weierstrak’ convergence Theorem 9.3 we have
that the limit function g is holomorphic on the half-space.

To show that g is an automorphic form of I',[N], we choose an arbitrary matrix A €
I'p[N]. For the associated T' € SL(2,Z)/Z and due to the homogeneity of the weight
factors Qo(ab) = Qo(b)Qo(a), we then obtain

g(T(x))= Y QolemT(z)+du)f(T())

MERp[N]

_ Z 00 (CM(CLAIE +ba)(caz+da) +du(cax +da)(cax + da) > F(T(2))
[N]

2
MEeRy ‘cherA‘

=Y Qo( cartda ) Qo ((earaa + darea)x + earba + darda) f(T())
[N]

MER, lcaz +dal?
=[Qo(caz+da)l™" > Qolcmax +dua)f(T(x))
MER,[N]

= [Qo(caz + da)] ‘g(x),

where we have set cpra = cypraa + darca and dara := carba + darda. The last step is a
consequence of reordering, which is allowed due to the invariance of f under 7,[N].

In the case N = 1,2 this construction delivers only the zero function, then the negative
identity matrix —I is an element of I',[IV]. Exactly in these cases g(z) = (¢9]1)(z) = —g(z)
holds for all z € HT (R”‘H), as the automorphic factor Qg is odd. O

Example 13.41. a) The simplest non-trivial example of a holomorphic automorphic
form of I'y[N] with p < k — 2 and N > 3 provides the following I',[N]-FEisenstein
series:

G (z) = Z Qo(cx +d).

MeR,[N]

The convergence and regularity properties follow from the previous Theorem 13.40
by setting f = 1. To prove that G») is not vanishing identically in the case
N > 3, we consider the following limit, where x = xg + x:

To—00 To—00

MER,[N]
= > Qo(d) =1.
MER,[N],cmr=0

b) If we substitute f in the theorem by the holomorphic Eisenstein series G,
which we have considered before, we obtain further examples of non-trivial C¢(n)-
valued automorphic functions of the group I'y[N] with p <n —1 and N > 3:

Eh@)= ) (CGm|M)().

MeR,[N]
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Here we have G () := Gm(y + Znen; NZ™). From a limit argument similar to
the previous one we have
lim EP (z) = 2¢} (m).
Ty —00
Since the terms 2¢%% (m) are exactly the Laurent coefficients of the series €7, (),

multiindices m have to exist with 2¢3%* (m) # 0 or else we would obtain €2, (z) =
Om(z), which would be a contradiction with the periodicity of € (z).

At the end of this section we want to present a second construction theorem, which
also delivers non-trivial holomorphic modular forms in the case of the groups I',[N]
with N = 1,2 and even p = n—1. This theorem was proven in [78]. The underlying
idea is to make the construction with the help of two automorphic factors and a
further auxiliary variable. We restrict to R™ and to z = x. The following theorem
provides functions with the transformation behavior

—~—

Fla,y) = (FIIM)(z,y) := Qolcx +d) f(M(x), M (y)) Qo (¢ + d) (13.1)

under the operation of the whole group I',[N]. Here z is the reversion according
to Proposition 3.10 and  is the main involution of C¢(n) according to Definition
3.5.

To avoid trivial examples we denote such a function as a non-trivial holomorphic
automorphic form, only if its restriction to the diagonal z = y is a non-constant
automorphic C'*°-form of T',[N].

Theorem 13.42. Letp € {1,...,n— 1} and N > 3 be a natural number. Moreover
let H (R™) := HY(R") @ HY(R™). If f : Hy (R™) — C¥(n) is a bounded function

satisfying the equation O, f(z,y) = f(z,y)0, = 0 for all (x,y) € Hy (R"), and if
f(T'(x), T(y)) = f(x,y) holds for all T € T,,, then

g(@y) = Y (fIIM)(z,y)
MER,[N]

18 a left-holomorphic function with respect to x and a right-holomorphic one with
respect to y. Furthermore g(x,y) satisfies

g(z,y) = (glM)(z,y)
for all (x,y) € HF (R™) and all M € T,[N].

The proof is similar to the proof of the previous theorem. In every vertical stripe
V. (R™) x V.(R™) the estimate

—_~—

S° | Qolea + ) f(M ), M(y))Qo(yé + d)

MeR,[N]

1
<L
- Z \cen +d|2n
MeR,[N]
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holds, where L is a positive constant. The abscissa of the absolute convergence of
the series in the last line is p < 2n — 3. Hence in spaces of dimension n > 3 we
obtain the absolute convergence for all p < n — 1. The function g is biholomorphic
in view of Weierstrall’ convergence theorem. The automorphic property under
simultaneous operations of 'y, resp. I',[N], can be shown by using the homogeneity
of Qg by means of reordering arguments.

Example 13.43. a) The simplest non-trivial examples of holomorphic automor-
phic forms of T'p[1] and T',[2] (for all p < n — 1) are the following biholomorphic
Fisenstein series, which were first discovered in [78]:

Flay) = 3 QM) y)

MEeR,[N]

= Qo(earx + dar)Qo(yénr + dar), (z,y) € H (R™).

To prove that the series are indeed non-trivial examples for N = 1, 2, we use again

the limit arguments. Thus in the case of the group I'p[1] = T') with p < n we
obtain
lim F(zn, 20) = > lim_Qo(ewo + d)Qo(woé + d)
" MER,,cpr#0<" -~ o
=0
+ Y Qo(dQo(d)=2 D> eaes =27
MERp,car=0 AC{1,....p}

Hence the restriction to the diagonal F(z,z) is indeed a non-constant function.
Moreover the function is in the class C'*° with respect to the single paravector
variable x and has the transformation behavior as in formula (13.1) (just before
Theorem 13.42). A similar argument can be used in the case N = 2, where the
limit is 2 # 0, co.

b) We obtain further non-trivial examples while substituting the following product
of holomorphic Eisenstein series for f,

f(z,y) = Gm(z; 2" )G (y; Z7).

The verification — again limit arguments can be used — that these series are
further examples is left as Exercise 13.4.10.

Final remark: We obtain similar results for polyholomorphic functions in general
real and complex Minkowski spaces, which are holomorphic with respect to several
Clifford variables. This function class allows the handling of several fundamental
problems of analytic number theory, of the theory of Bergman and Hardy spaces on
hyperbolic polyhedral domains, and of harmonic analysis on conformal plane spin-
manifolds. For a further deepening and more extensive description of this theory
we refer the reader to the new book [81] and the current articles [26, 25, 82, 83].
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13.4 Exercises

1. Show that

(o]
1
/ e *dt =
0 Z

is a holomorphic function in Rez > 0 and separate the real and imaginary

part.
2. Show that
/00 e_Zt2dt _ \/7('
0 2\/2’
Rez > 0.

3. Show that in C,

I'(z) = /106 t*letdt + Z;) n'((_l—znn)

holds except at the poles.
4. Show that for a > 0, § > 0 and real z,y,

Y a— — _F(a)r(ﬁ) _ @ —1
[ @ity ta = 00D @yt

5. Show that, if 0 < Rez < 1,

7. Show that the series

e S () me

eW(zzy={ ~ kei\jo} 1
D (k) m 22
kez

converges uniformly for |z| < R except at the poles. Thus these series are
meromorphic functions in C.
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8. Show that also the Eisenstein series

1 1 1
+ > ( 2 T ) , m=2,
€Dy = T welyp VT
m k) Z 1 ’
= (z+w)'"’

converges uniformly except at the poles. Thus these series are also meromor-
phic functions in C.

9. Prove that the Taylor series

. 1 2 1 4 6
p(2) = 5 = 922" + g037" +0(27)

in a neighborhood of the origin satisfies

g2 =60 '54, gs =140 ’wlﬁ.

w

10. Show that the product of Eisenstein series
f@y) = Gm(@: 2" ) Gm (y: Z27)

is a holomorphic and automorphic function (cf. Example 13.43 b).
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A.1 Differential forms in R"

A.1.1 Alternating linear mappings
As we have to use differential forms we give here a short introduction.
Definition A.1.1. Let V and W be real vector spaces.

(i) A mapping ® : V? — W is called g-times multilinear or g-linear if it is
R-linear in each of its ¢ variables. The set of ¢-linear mappings from V to
W is denoted by L(V,W). The number ¢ is called the degree of ®. Such
multilinear mappings are also called multilinear forms if W = R.

(il) @ € LUV, W) is called alternating or skew symmetric if for every permutation
o € perm(q),
o®(x1,...,2q) i = P(Xp(1)s -+ To(q)) = (sgno)P(21,. .., 24).
Here perm(q) is the permutation group of ¢ elements. The set of alternating
mappings in L4(V, W) is denoted by A2(V,W).

(i) ® € LYV, W) is called symmetric if c® = ® holds for every permutation o.
The set of symmetric mappings is denoted by S4(V, W).

We have A C 19,57 C L? and A7 ® S7 = L1.

Instead of real vector spaces one may use complex vector spaces without problems,
then R has to be substituted by C. Scalar products in V = R™ are such multilinear
mappings with values in W = R.

Proposition A.1.2. (i) If{e1,...,en} is a basis of V, then a q-linear mapping is
uniquely determined by its values on the sets of q basis elements {ej,, ..., e;, },
values which can be chosen arbitrarily in W.

il) LYV, W), ALV, W), and S1(V,W) are real vector spaces with operations
(i) : W), , P P
giwen by the addition in W and the multiplication by real numbers.

(iii) Introducing norms we have for each pair of norms, |.|1 in V and |.|2 in W
that
|D|12 :=sup{|P(x1,...,2¢)|2 : |x1]1 < 1,...,]|zql1 <1}

is finite and a norm of the vector space L1V, W) with

|D(z1,...,2q)|2 < |Plig]z1]1 - |xq)a-

(iv) If q vectors x1, ..., x4 are linearly dependent if and only if ®(z1,...,24) =0,
then ® is alternating.

(v) The vector spaces A% and ST are closed relative to norm convergence.
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Proof. (i) ® € V9, then

(I)(xl,...,xk): Z a:}l...x?qq)(eil,...,eiq)

ig=0"
which proves the assertion.
(ii) follows from the (multi)-linearity of L?, A and S9.
(iii) is obtained by using operator norms in finite spaces and matrix calculus.
(iv) It remains only to prove one direction. Let ¢ = 2, then
(i, w5) = —P(xj,2:) (i # )

and

D(xi,x5) + P(xj, ) = Pas + x5, x5) + Pz + zj,,2:) = P(a; + x5, +25) =0. O

We explicitly remark that an alternating mapping changes sign if two variables
are interchanged. Therefore an alternating mapping has the value zero if two of
its variables are equal.

We shall study now the alternating mappings in more detail, we start with a
Definition A.1.3. (i) For ® € L7 the mapping «, : LYV, W) — ALV, W) with
oq(P) := Z (sgno)od
o€perm(q)

is called anti-symmetrization.

(i) For ® € LPT4(V,W) the mapping (ap, aq) : LPTYV, W) — APV, W) is

defined by
(ap, ) @(T1, -y Tps Tpt1s- - - » Tptq)
= Z (sgn 0') Z (sgn T)CI)(.’L‘J(l), sy Lo(p)s Tpgr(1)s -+ l‘p+7(q)).
o€perm(p) TEperm(q)

(iii) The symmetrization is analogously defined by

By(®) := Z o,

oeperm(q)

(Bp, Bq) has to be introduced correspondingly.

Clearly these mappings are linear. The mappings in the set AP4(V, W) are al-
ternating separately the first p and the last ¢ variables. Every &, € A9 can be
represented as an image of a ®; € LY, in every case a,®; = @, if @, is already
alternating. Now we define a mapping which is important for us:
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Proposition A.1.4. The mapping oy, 4 : AP? — APT1, defined by

apq((ap, ag)P) 1= apiq(P),
is well defined and linear. An analogous mapping By is defined for the sym-

metrization, and a corresponding assertion holds.

The proof may be found, e.g., in [22] or [65].

From now on we assume W to be an algebra A such that we can multiply in it.
For us A will generally be R but C, H, or the Clifford algebra C¢(n) are equally
possible. Now we are able to define:

Definition A.1.5. (i) The direct sum of the LY(V, A), i.e., is the set of all formal
finite sums of elements of all L¢(V, A), is denoted by L>°(V,.A):

L=(V, A) = éLq(V,A).

q=0

(if) L*>=(V,.A) becomes an algebra with the following tensor product: For ®, €
LP(V, A) and ®,, € L¥ (V, A) one defines &, @ ®,, € LP?' (V, A) by
(P @Pp ) (1, oy Tpypr ) = Pp(T1, -, p)Ppr (Tppt1y - -+ s Tptpr )
A is a subalgebra of L>°(V, A) with a ® ®, = a®,, a € A.
(i) A>*(V,A) and S>°(V, A) are analogously defined.

(iv) In A®° the following exterior product or alternating product or wedge product
is defined:
A AP(V, A) x A4V, A) — APTY(V, A)

with
D, APy =y (D @ D).

This makes A a (graduated) algebra, the exterior algebra or Grafimann
algebra.

(v) Quite analogously the symmetric product
VSRV, A) x SV, A) — SPHI(V, A)

is defined using 3 4.

We remark explicitly that A> and S are not subalgebras of L, but only linear
subspaces, as the exterior and the symmetric product are defined only in A,
resp. S°°. The following rules hold:

Proposition A.1.6. (i) The multiplications A\ and \V are distributive and associa-
tive, the latter if the algebra A is associative.
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(ii) For commutative A (especially A =R, C) we have

O,AD, = (—1)PD, A D,
O,VE, = BV,

For the proof we refer to the books cited above and recommend it as an exercise
(see Exercise A.1.3.3). The distributivity follows easily from the distributivity in
L°°; for the associativity and the commutation rule one has to represent ®,, ®,
as images of elements of L>(V, A) and then to use their properties.

Example A.1.7. a) The ®, € L°(V, A) are the elements of A. As no variables exist
they cannot be exchanged and we have A = SY = L%, moreover ag and (3, equal
the identity. The exterior multiplication by a ®y runs as follows:

Py A (Pp = Oé(),p(ao(b() ® Oép(bp)
= Oéo+pq)0 ® (I)p = (I)(](Ozpq)p) = (I)O(I)p.

b) The elements in L' resp. A! or S! are functions of only one variable. Therefore
one cannot exchange variables also for the ®;, we have L' = A = S and o; =
B1 = id. The exterior product of elements of A' has the form

DA (fl = 011’1(011@1 & Oéli)l) = 042(@1 (2] &)1)

We get R R R
((I)1 N @1)(1‘1,1‘2) = @1(1‘1)‘1’1(1‘2) — q)l(.’L‘Q)(I)l(.’L‘l).

c¢) The product ay of two vectors in R", interpreted as 1-vectors in the Clifford
algebra C'l(n), is a 2-form with values in A = C¢(n). At the end of Subsection 3.2.2
we found that the symmetrized product (zy + yz)/2 is the usual scalar product
x - y; the anti-symmetrized product

Ty — yxr

=x A
2 rAY

appears to be the exterior product, also called the Graffmann product. The Graf-
mann product of two 1-vectors is a 2-vector or bivector. It describes the oriented
volume of the parallelogramm, spanned by the vectors x and y as we have seen in
R3 in Section 2 following Proposition 2.42.

Obviously also products with more factors are defined, so a product of k 1-vectors
gives a so-called k-form and we have also the exterior product, which gives a
k-vector . The exterior multiplication of a k-vector and an ¢-vector gives a (k + £)-
vector. The commutation rules of the last proposition hold obviously also here.
For the special case of R” the A* are denoted by A¥(R") and A> by A(R").

d) Especially the literature in physics represents the scalar and the exterior product
by two operators. On the one hand this is the annihilation operator J, of the scalar
or interior multiplication and on the other hand the creation operator E, of the
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exterior multiplication. Both operators are defined by the following recursions: Let
x be a 1-vector and () = z' Az? A--- Az¥ with I-vectors z', ..., z*. One defines
then

Jo(1) :=0, Jp(z®):

I
P’Tﬂ
—_
=

|
-
—
8
&s,
El
=
>
>
&s,
|
—
>
&s,
+
=
>
>
8
e

and

E,(1) =z, Ey(2®):=znz®.

Both operators have to be continued linearly to A(R™). From the definition we can
at once conclude

Proposition A.1.8. (i) For y € A¥(R™) we have E.(y) € A¥*H(R"™) and J.(y) €
AF=L(R"™). In particular for y € A*(R™) we have J,(y) = = - y.

(ii) For z € AY(R") and y,z € A(R™) the relation

Ex(y) 2=y Jx(z)

holds showing J, to be the conjugate operator to E, relative to the interior
product.

(iii) In A(R™) we have always E2 = J?> =0 and so z Ax = 0.
The proof is given as Exercise A.1.3.4.

e) If we look for alternating forms for V' = R" and A = R we see that non-trivial
alternating forms exist only up to degree n: A ®,, can be split up into expressions
of the form

Dp(eips---sei,)

because of the distributivity; here the e; are the basis elements of V. If p > n at
least two basis elements have to be equal, therefore the alternating form is zero
on a set with p > n basis elements (an exchange of the two equal variables does
not change the value of the form but its sign).

Besides A°(R™,R) = R it is easy to describe A'(R",R) = L(R" R): L'(R",R)
contains precisely the ®1(z) = a -z with a,x € R™. Also the n-forms are easy to
compute: with

n
T = E Tkj€j
j=1
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we have ®,,(ej,,...,e;, ) = 0 if two of the e;, are equal. This gives
n
(I)”(.’El,...,l‘n) = Z L5, -~-xnjn(1>n(ej1,...,ejn)
Jiseejn=1
= Z Tio(1) """ xno’(n)q)n(ea(l)v (R ea(n))
oeperm(n)

Z (Sgn U)xla(l) © Tno(n) (I)n(ela ) en)

o€perm(n)

= Py(er,...,eq) det(xy, ..., ).

Consequently only one n-linear form exists in R™ up to a factor.

A.1.2 Differential forms

We have now provided the necessary notions for our real purpose and we are able
to define differental forms:

Definition A.1.9. Let G be a domain in V.

(i) A mapping w, : G — AP(V, A) is called a differential form of degree p with
values in A. For € G we have therefore w(x) € AP(V, A). If variables from
VP are needed we add them in brackets:

w(@)[hi, ..., hpl.

If wy, is m-times continuously differentiable (in the sense of mappings between

vector spaces) we write
wp € C™(Q).

(ii) For every x € G and using Definition A.1.5 (iv) we define w, A wy by
(wp Awg) () = wp(x) A wg(x).
(iii) For w, € CY(G),
dwy = o1 p(w)) + G — APTH(V, A)

is called the exterior differential or total differential of wy. If dw, = 0 then w),
is called closed or ezact. If an w,_; exists with w, = dw,_1, then w, is called
a total differential form. The operator d is also called a Cartan operator.

Remark A.1.10. a) As A%(V, A) = A a differential form of degree 0 is a function
defined in G with values in A. As the Examples A.1.7 show we have

wo A\ wp = wowp, wp A wy = wWpwo
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and

(wl A (:)1)(.1‘)[}7/1, h2] = W1 (l‘) N (:)(.Z‘)[hh h2]
= (w1 Rw —w ® wl)(x)[hlhg]
= wi(@)[h]@r (2)[ho] — wi(z)[ho]wr (z)[h].

Luckily one has very seldom to go into such details.

b) In definition (iii) a derivative w, is used. This is always meant in the sense of
mappings between vector spaces: If f : G — A is a function defined in a domain
G C V, it is differentiable at a point o € G if and only if an f/(x¢) € L'(V, A)
exists such that

f@) = f(@o) + f'(xo)[x — wo] + |2 — zolo(1).

Here we have used a notation for functions which have the character of a remainder
term, as introduced by the German mathematicians PAUL BACHMANN (1837—
1920) and EDMUND LANDAU (1877-1938):

Definition A.1.11 (Bachmann-Landau symbols). A function g(h) with values in
a vector space and depending on a variable h in a neighborhood of the origin
of another vector space V' is denoted by o(1) — read ittle-o of 17—, if g(h)
converges to 0 for h — 0.

If the function g is bounded for h — 0 it is denoted by O(1) — read ‘big-O of 1’ —.

If the product ko(1), resp. kO(1), with another function k is defined one writes
simply o(k), resp. O(k).

A sum and a product of such functions are a function of the same type, similarly
the multiplication with a bounded function does not change the type. That is the
advantage of this notation; we shall use it often with profit.

So, for a differential form w, : G — AP(V,.A) differentiation means the existence
of an equation
wp(x) = wp(o) + wy(w0)[x — o] + [ — zofo(1)

for z — wo, here wy,(z9) € L(V, AP(V, A)).
It is important for the first and the higher derivatives that we always can put
canonically

L(V,LP(V,A)) = Lp+1(v’ A);

this is done as follows: ® € L(V,LP(V,A)) assigns to an 9 € V a ®(zg) €
L?(V, A), which is a linear operation relative to zy. Therefore

O (zo)[z1,- -, Xp)

is a linear function relative to all variables; it is a multilinear function of grade
p+ 1, and so it is an element in LPT1(V, A).
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In particular for the differentiation of our differential form we have
wy(o)[1,. .., 2] € LPTY(V, A),

here the derivative is already assumed to be alternating relative to the p variables.
That shows

aip (.Z‘o)w;)
to be reasonably defined and alternating with degree p + 1.

c¢) Following the theorem of Schwarz the second and therefore also the higher
derivatives of a function f : G — A are symmetric. For f” € L*(V,.A) this means

[ (@o)[h, k] = f"(wo) [k, k] (h, ] € V).

We need rules for calculating with differential forms:

Proposition A.1.12. Let the algebra A be associative. We then have:
(i) The exterior product A is associative.
(ii) The exterior differential d is additive, i.e., d(w + @) = dw + dw.

(iii) In a commutative algebra A we have

wp Awg = (—1)Pwy Awp.

(iv) From wy, = a,®,, it follows that dw, = ap419P),.

(v) For d the following Leibniz rule holds:

d(wp Nwq) = (dwp) Awg + (—1)Pwy A (dwg).

(vi) If w, € C*(G) we have d(dw,) = 0: The exterior differential of a differential
form is also a total differential form.

Proof. (i), (ii) and (iii) follow directly from the rules in Proposition A.1.6 for alternating
forms.

(iv) We have

u);, = (0p®p) = Z (sgn o) (o®p)’
oc€perm(p)
= Z (sgna)o@é[-,-n] = (alaap)q);) :O‘P+1q);o
o€perm(p)
dwp = al,p(w;) = al,p[(apq)p)/] = al,p[(alaap)q);} = Ofp+1(q);)-

Here o in the second line applies only to the last variables of ®', that is just the same as
the application of (a1, ap)to ®,.
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(v) Again with wp = ap®;, and wg = aqPq it follows that
dwp Awq) = d(ap®Pp A ag®q) = dlap,q(apPp ® agPq)]
= d(aptq(Pp ® Pg)) = Aprg41(Pp ® ‘I)q)/
= prg1 (P ® Bg + Dp ® P)
= Wpi1,g(Apt1,0q) P, @ Py + Apygs1Pp @ Dy
Within the last summand the additional variable, coming up with the differentiation
of ®,, has to be shifted to the first place, where this additional variable has to be,

following the definition of the derivative. If we do that with a permutation 7, we get with
ptag+l=:r,

a, TP = Z (sgno)or® = (sgnr) Z (sgnor)oT® = (sgn7)a, .
oeperm(r) oe€perm(r)
If we apply this in our differentiation formula because of sgn T = (—1)” (the additional
variable in ®;, has to be shifted over the p variables of ®,) we get
d(wp Awg) = O‘p+1,qwzla ® wq + (sgn T)ap,g+1(ap, ag+1)Pp @ (I);
= (dwp) Nwg + (1) wp A (dwg),
and that is the assertion.
(vi) From w, = ap®,, it follows that dw, = apt1P), and

d(dwp) = ap42®) = Z (sgno)od, = Z od.

oc€perm(p+2) oEperm(p+2)

Now, following the theorem of Schwarz, ®} is symmetric in the first two variables, arising
from the differentiations. Therefore we split up o in the following way: o = (p, 7), where
p is related only to the first two variables. Then for every 7 there appears once p and once
o, relative to the first two exchanged variables. p and p’ give for o just different signs,
while @} is unchanged because of the symmetry of the second derivatives. Therefore the
sum is zero indeed. d

We need a representation of differential forms by a basis, which is the usual form
of working with differential forms. A further operation will follow.

Theorem A.1.13. (i) A differential form wy : G — A%(V,A) possesses the fol-
lowing canonical representation depending on the basis (if A is of dimension
greater than 1, the representation holds for each component separately):

Let {e1,...,en} be a basis of V, x = Z?:l xjej. Let
drj : G — AY(V,R) (= L(V,R)) with dx;[z]:= x;,

be the projection of x onto the j-th coordinate. The dx; do not depend on the
points in G, they are constant differential forms of degree 1. For w, we have
then the representation

wq(z) = Z aj,..j,(x)dx; N Ndxj,,

J1<<Jjq



A.1. Differential forms in R" 333

here j; runs through 1,...,n and the aj, . ;, (x) are functions which are dif-
ferentiable as often as the differential form itself.

(ii) A differential form of degree 0, wo(x), is a function a(x); a differential form
of degree 1 has the form

Zaj w)dzj, aj(r) = w;(z)]es].

Moreover wq(x) =0 for ¢ > n and wy(z) = a(z)dx1 A--- Adzy,.

Proof. (i) The differential form wq(x)[h1,..., hq] is uniquely defined by the values on the
sets of g basis elements e;,,...,e;,, where it is useful to assume i1 < --- < ig. On this
set of basis elements dx;; A--- A dxiq has the value 1, on all other sets of basis elements
the value 0. The proof uses mathematical induction relative to ¢: From dz;[e;] = d;; and
the induction starts daz; = a1(dz;); it then follows that

driy N+ Ndxi,_ Ndwi, = ag—1(dxiy Ao A dmiq_l) Ndxi,
ag-1,1(ag-1(dwiy A~ Ndxi,_,) @ dxg,

= ag-1,1(0g-1 ®?;% dzi; @ aadz;,

= ag11(ag1,0)dr; ®--- @ dxi,

= aqdri, ® - @dzi,).
If one substitutes here the values ej, ,...,e;, one can prove the equation
(dwiy Ao Ndaiglejy, ..o e5,] = biy gy -+ 0ig g J1 <+ <Ja

(see Exercise A.1.3.6). This gives

wq(z) = Z wg(x)[eiy, ..., ei,ldxi, N Ndai,;

i< <ig

the property to be a basis and the uniqueness of the representation are now easy to see.
(ii) follows without difficulties from Examples A.1.7 a, b, e. d

Corollary A.1.14. (i) For a function f we have
Z 8.’L‘j dlL’j.

(ii) The local increasing of a function f is described by (h — 0)

f(z+h) = f(z) = df[h] + [Rlo(1).
Proof. (i) We have df = a1 f' = f’, therefore df[e;] = f'le;] = 0f/0x; and

i da:J
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(ii) We know from real analysis that

fam) = f@) =3 2 h s o)

the desired equation follows:

f(z+h) — f(z) = df[h] + [h]o(1). U

f

Af

Figure A.1

At the end of this appendix we are going to define a useful operation with differ-
ential forms without saying anything about the background. The notion is helpful
for the definition of holomorphic functions and also for the integration.

Definition A.1.15 (Hodge operator). For w,(z) := >  a4..4,(x)dxs A -Ndxy,

i1 < <ig
the Hodge operator is defined as follows:

w;(x) = Z iy iy () (dxgy N ANdag,)*

1< <ig

and
(dwiy N--- Ndwg)* := (sgno)dx;,,, A--- Ndx;,

if o is the permutation with o(j) = i;.
Remark A.1.16. a) We have in particular
wy = f"=fdzi A+ ANdzy,.

For the integration we shall identify dzi A - - - A dx,, with the volume element do.

b) Obviously we have w;* = w,.
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¢) The form dz* is of special interest for us, firstly we have
dx:‘ = (—1)i_1d$1 A ANdxi—1 A dl‘i+1 A ANdxy, =: (—l)i_ldi‘i,

the sign comes from the shifting of the index ¢ to the first place. The abbreviation
dz; saves much typing. So dz* is a differential form of degree (n—1), the evaluation
of its value gives:

dr*[hy, . hna] = eidaiha, . ]
=1

= Z(—l)i_lei ap—1(dr; @ - ®@dri—1 @driz1 @ - @ day)[h, ..., hp_1]
=1

= Z(*l)iflei :

> (seno)darho) - dwia[hoi—1)ldziza [ho)] - - donlhom-1)]

oeperm(n—1)

n
= Z(_l)i_lei Z (sgno)ho1y - Po@i—1),i—1ho(),it1 " Pon-1)n
1=1

oceperm(n—1)

€1 €n
h11 hln
= det .
hnfl,l e hnfl,n

Here the determinant has to be developed formally with respect to the first line
as we know from the cross product in R3, moreover we put h; = (hi1,...,hin).
One can call this expression the vector product or cross product in R™:

n—1
d(t*[hl, ey hn,ﬂ =: >< hl
i=1
Obviously this vector is orthogonal to all hq, ..., h,_1, as the scalar product with

another vector a gives the determinant which as first line has the components of
the vector a:

a

n—1 hl

a-[ X h;| =det .

i=1 :
hn—l

We shall use this fact while integrating over manifolds. We can look upon the
product in the last formula as a mized n-product of the n vectors a,hy,..., hy_1.
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This is an operation with n incoming vectors, therefore no multiplication in the
usual sense. This product gives the volume of the box spanned by the n vectors,
we know this for R? and here we have a generalization. As the determinant is
anti-symmetric relative to the h; one can ask for the relation to hy A -+ A hy—1,
which is also an anti-symmetric product. To look for this relation we define

6; = (—1)j71€1 N Nej_1 Nejrr Nen,

and we get with quite similar calculations as in Example A.1.7 d

el er
h11 hin
hi A+ ANhp—1 =det .
hnfl,l cee hnfl,n

(see Exercise A.1.3.5). The mapping e; < e;,j =0,...n, defines an isomorphism
between the vector spaces Cf(n)! and C¢(n)"~!, which gives a duality in C¢(n)
if we continue it to the other degrees. Expressions such as dz*[hq,...,h,—1] and
hiA-++Ahy,_1 are dual.

A.1.3 Exercises
1. Prove Proposition A.1.2.
2. Prove that the mapping a,, , : AP"?7 — AP*4, defined by

ap,q((ap, ag)®) 1= apq(P),
is well defined and linear (see Proposition A.1.4).

3. For commutative algebras A prove the rule, see Proposition A.1.6 (ii),

D, A D, = (—1)P1D, A D,

4. Prove Proposition A.1.8

(i) For y € A*(R"™) we have E.(y) € A¥*Y(R"™) and J.(y) € Ak=1(R"). In
particular for y € AL(R™) we have J.(y) = x - y.

(ii) For z € A'(R™) and y,z € A(R™) the relation
Ex(y) -2 =y~ Ja(2)

holds. That shows J, to be the conjugate operator to E, relative to the
interior product.

(iii) In A(R™) we have always E? = J? = 0.
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5. Using the definitions in Remark A.1.16 c), prove
ej/\e; =e1AN---Ney,
and for vectors hy,..., hy_1,

* *
€q €

n
hn e hln
hiA---ANhp_1 =det . .
hnfl,l o hnfl,n

6. Prove
(dwil AN /\dxiq)[ejl, .. .,ejq] = 6i1j1 . '6iqjq~
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A.2 Integration and manifolds

A.2.1 Integration
A.2.1.1 Integration in R"*!

The integral theorems proved in Section 7 are a basic and important tool in func-
tion theory in the plane as well as in space. For this purpose we give here the
necessary definitions and theorems within the theory of integration. The functions
to be integrated are differential forms and the domains of integration will be man-
ifolds. For this integration the degree of the differential form and the dimension
of the manifold have to be the same.

The simplest manifolds, although they are not usually referred to in this way, are
the domains in R"*! or in H, where our functions are defined. We remind the
reader that we have R? as domain of definition in H if we look at H as C/(2),
otherwise we deal with mappings from H into H, which are defined in R* and
where we have to choose n = 3.

We have seen in Appendix 1, Theorem A.1.13 (ii), that in R™™! up to a factor
only one differential form exists:

flx)dro Ndxy A+ ANdx, =: f(x)do.

We identify now dxg A dxy A - - A dx, with the volume element do of integration
in the sense of Riemann or Lebesgue. The reason is the identical behavior if the
variables are transformed, a fact we shall see later. For a function with real values
we apply the usual notion of integration from real analysis:

Definition A.2.1 (Integral over a domain). If a function f = ), faea is given
in a domain in H or R"*! with values in H or C/(n), then the integral over f is
defined by integrating the components of f separately:

/f(x)da iZZeA/fA(J:)da.
G A G

If necessary the variable of integration is added as an index to do: do,.
We give some rules for integrals:

Proposition A.2.2. (i) If two domains or open sets G1 and Gy are disjoint, then

e [ st = [ ssio s [ o
G Go

G1UGo
(ii) In Cl(n)
/ f(@)do| < / |F(@)\do

G G
holds.



A.2. Integration and manifolds 339

(iii) We have always

Improper integrals are included here, e.g., for G being an unbounded domain of
integration.
Proof. (i) is simply the additivity of the integral relative to its domain.

(ii) We denote the integral to be estimated by J, for J = 0 nothing has to be proved.
Let now J # 0, as the algebraic structure does not matter for the estimate. We look at f
as a function with values in C¢(2"), then J is a paravector and has an inverse. We have
with a := J/|J| obviously |a| =1 and

lJ| = a_lJ:/Ga_lf(x)daz/GSc(a_lf(a:))da

/G o™ (@) dor = /G (@) ldo

Here Sc denotes also the real part in C.

IN

(iii) follows from the definition. O

A.2.1.2 Transformation of variables

The transformation of variables is important for integration over manifolds, there-
fore we have to study how a differential form behaves if the variables are trans-
formed.

Definition A.2.3. Let G ¢ R""! and H C R? (1 < p < n + 1) be domains
and let ¢ : H — G with & = ¢(t) be an injective mapping from H to G with
@ € C™TY(H). The derivative ¢ is assumed to have rank p at all points of G.
Let w, € C™(QG) be a differential form of degree p in G, then the differential form
wp o in H is defined by (h; € RP)

(wp o @)(B)[ha, .- hp := wp(o(t)[@ ()Tl . . & () [P ]]-
We remark that ¢’ is a ((n + 1) x p)-matrix and it is not always quadratic.

Proposition A.2.4. The form wy, o ¢ is a differential form of degree p in H that is
m-times continuously differentiable.

Proof. Linearity and anti-symmetry follow from these properties of w;, and the linearity
of ', the differentiability follows from the chain rule. For the chain rule we need ¢ €
C™ " (H) to have ¢’ € C™(H). O

Two differential forms w, and w, satisfy the rules:
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Proposition A.2.5 (Rules for variable transformation).

a) (wpAwg)op = (wpop)A(wgoyp),

b) (dwp) o ¢ = d(wp 0 9),

c) (wpow)oy =wpo(Poy).
Proof. We only sketch the proof (see Exercise A.2.3.1): One has to use the representation
wp = ap® with the anti-symmetrization «, and a multilinear mapping ® as in Appendix
1. Then ¢ and o, commute as one has only to substitute into sums. Together with the
definition of the exterior product assertion a) follows. The assertion in b) can be proved

using the definition of the exterior derivative and the symmetry of ¢ according to the
theorem of Schwarz. Finally the assertion of ¢) follows similarly from the chain rule for

h o p. |

The behavior of the canonical representation is also important when the variables
are transformed:

Proposition A.2.6. Let the differential form wy(x) be given in canonical represen-
tation:
wp(z) = Z @iy, (@) dayy N Ndxg,.
i1 < <ip

For a transformation of variables x = p(t) we then have

8(‘)02177502)
t — i i t v dt e dt.
oo @0 = | T (o 000 it na

Proof. The proof is again only sketched. Similarly as in Remark A.1.16 c) the substitution
of @' (t)[h1], ..., ¢ (t)[hp] in dzi, A--- Adwzi, gives the Jacobians written in the assertion
and the expression for dt; A --- Adtp[hy, ..., hpl. O

Remark A.2.7. a) The case p = n + 1, dealt with in the last subsection, is of
special interest for us. If we transform the variables in f(z)dzo A - -+ A dx,, we get,
following the last proposition,

0 ey O
Flp(t) a(z’;o’ ’f3> dtg A+ Ndtn = f(p(t))dety (E)dto A -+ A din.
0y --sln
This is precisely the transformation rule for integrals, known from real analysis,
with the so-called Jacobian J(p) = dety’. Here we see the reason to identify
dxg A -+ A dxy, with the volume element of integration do.

b) We are now going to formulate the so-called Poincaré lemma:

Proposition A.2.8 (Poincaré’s lemma). Let G be a star-shaped domain relative to
z9 € G, i.e., for all x € G the line from xo to x lies completely in G. If for a
differential form w, € C*(G) we have dw, = 0 in G, then wy, is constant for p =0
and for p > 0 a differential form wy,_; exists with

wp = dwp—1.
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One approaches the proof by using the integral

1
s (@)1, s ] ::/ Y (6) [ sy 1],
0
The reader is asked to prove the statement (see Exercise A.2.3.2).

A.2.1.3 Manifolds and integration

We are looking now at the domains of integration in R"*! which have at most
dimension n. We start with a definition:

Definition A.2.9. (i) A p-dimensional manifold M, in R"*! is a set with the
following properties:

For every x¢ € M, a relatively open neighborhood U (x¢) exists together with
a homeomorphic mapping ¢ : H — U(zg) of a domain H C R? onto U(xg),
which is bijective and continuous in both directions. (U, ) with ¢ = ¢! is
called a chart, also a (local) coordinate system, a set of charts is called an
atlas.

(ii) The manifold M,, is defined to be k-times continuously differentiable (€ C*),
if for every pair of charts (U1, 1) and (U, t2) with Uy NUs # () the mapping

X =v20p1 1 Y1 (Ui NUz) — (Ui NU3)

is k-times continuously differentiable. Moreover the o; € C* are assumed to
have rank @) = p at all points of H. A manifold, which is at least in C!, is
called smooth manifold (sometimes for this notion C'*° is assumed).

iii) Moreover M, is called orientable if det x’' > 0 always.
P

(iv) The manifold M, has a boundary, if charts exist which map onto a half-ball
such that the plane boundary component of the half-ball corresponds to a
part of the boundary of M,,.

We deal only with smooth manifolds, at most with structures which are composed
by finitely many smooth manifolds, thus we speak of piecewise smooth manifolds.
We remark that

_ 0p(t)

POl =5

these vectors span the tangential space T,(M,) at the point © = ¢(t). The tan-
gential space is independent of the special chart as the passage to another chart
only changes the basis of the tangential space.

Unfortunately our intuition fails in higher dimensions and we can use only analo-
gies with dimensions 2 and 3. Here some examples follow:
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M, Cc R**!
P2 "
¥2(U2) CRY 1 0902
wl(Ul) C RP

Figure A.2

Example A.2.10. a) Curves. In every dimension we have 1-dimensional manifolds,
called curves; for each curve, the corresponding mapping ¢ is called a parametric
representation of the curve. Generally for a curve, one mapping ¢ : [a,b] — R is
sufficient. The point ¢(a) is called the initial point of the curve, ¢(b) the endpoint.
If the initial and endpoint coincide the curve is called closed. If ¢ is injective,
i.e., it meets no point twice — or ¢(t1) # ¢(t2) holds for t; # to — (with the
possible exception of initial and endpoint), the curve is called a Jordan curve. A
strictly monotone and surjective function 7 : [a,b] — [a, 8], which is continuously
differentiable and has a positive derivative in the whole interval including the
boundary points, is called an admissible parameter transformation.

A curve is called smooth, if at all points ¢’ (t) # 0, piecewise smooth, if it can be
split into finitely many smooth curves.

(1)

(b)
Figure A.3

If T is a curve represented by ¢(t) with ¢ € [a,b] then —I' denotes the curve
run in the opposite direction. A possible parametrization is @(7) := ¢(—7) with
T € [-b, —al.

If I’y and I's are two smooth or piecewise smooth curves, where the endpoint of I'y
coincides with the initial point of I's, one can join both parametric representations
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and gets a piecewise smooth sum I'y +T's. But we allow also formal sums of finitely
many curves, which may occur as boundaries of plane domains.

b) Curves may occur as boundaries of two-dimensional manifolds. One sees this
simply in the plane, e.g., a circle is the boundary of a disc. If we choose for a circle
the parametric representation

o(t) = 20 + R(cos t +isint), 0<t<2m,

the interpretation as a manifold needs to remove the special situation of the point
21 := 29 + R. The corresponding 1) = ¢! constitutes together with the circle and
without the point z; a chart; a second chart has to include the point 21, e.g., by
t € [—m, 7). These two charts would constitute an atlas of the circle.

¢) A quadrangle in the plane has four lines as boundary; the whole boundary is a
piecewise smooth curve, but not a manifold. One may call it a piecewise smooth
manifold.

d) In R? besides curves we have two-dimensional manifolds, e.g., the sphere with
center in the origin, which may be described by spherical coordinates: For —m <
<7, =5 <ta <73 one has

rog = Rcos t; cos ty, x1 = Rsin ty cos ta, xo = Rsin to

(see Example A.2.17 a). Similarly to the circle in the plane this chart represents
the sphere; to get an atlas at least one further chart has to be added.

e) Similarly to the quadrangle the boundary of a cuboid in R? is formed by six
quadrangles; it is not a smooth manifold, but it is composed of finitely many
smooth manifolds. So we may also call this boundary a piecewise smooth manifold.
The edges have to be looked at as singular sets.

f) Another example is the torus (cf. Figure A.4). The core of such a ring may be de-
scribed by a circle of radius R in the plane xg = 0; the torus is then parameterized
by circles of radius 7 around the points of the core.

Figure A.4

We get with 0 < t1,t2 < 27,

To = rsin t1,
x1 = (R + rcos t1) cos to,

9 = (R4 rcos t1)sin to.
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One of the circles around points of the core is not covered; for an atlas of the torus
at least a second chart is necessary, where one has to define ¢; and ¢5 suitably.

g) Further examples are the projective plane or the Mébius strip. The last one
arises if a paper strip is glued together twisted, a fact that may be described also
mathematically. It is an example of a non-orientable manifold.

Remark A.2.11. The orientation of a manifold M, is generally chosen such that
for a chart (U,%) with ¢ =' = ¢ : H — U in H the usual orientation of R? is
given.

For the orientation of the boundary OM, we proceed as follows: Let (U,v) be a
chart mapping a part of the boundary into a (hyper)plane. We choose this plane
to be t; = 0 so that the image of U lies in {t; < 0}. Then we choose at each point
t of the boundary a coordinate system ey, ...,e, oriented correspondingly to R?
such that e; points to the positive ¢i-direction. The other es, ..., e, correspond to
tangential vectors of the boundary of M,; they span the tangential space of dM,,.
This definition is independent from the chosen chart, if we pass to another chart
the Jacobian is positive (see Definition A.2.9 (iii)) so that the orientation is not
influenced. The other orientation is then denoted by —dM,,.

We are now going to integrate over such manifolds:

Definition A.2.12. Let M, € C' be an orientable manifold of dimension p and let
one of its charts (U, 1)) be given with )=t = ¢ : H — U. Let w, be a differential
form of degree p in a domain G O M,,. Then we define

Joni= [anoo= [aewld ... o Ol o
U H H
with the canonical basis e1,...,e, of RP D H > t.

We have to confirm that this is well defined, i.e., that another chart leads to the
same result:

So, let 1 belong to another chart (U , 1/;), for simplicity we assume that the sets U

and U in M, are the same. Moreover let t = y(f) = 1 o () be the mapping from
H to H with det ¥’ > 0 and ¢ o x = . Then we get

/H wp ()@’ (B)lea], .- - ' (B)[eplldor
:/ wpe (X' (x®)len, -, ¢ (x (D) [ep]] det X/ (F)do

Nleals -, @' (6) o X'~ (x(E))lep]] det X' (£)doy.

|
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With x'~Ye;] =t hy =: Y0, ay6; and wy(@()) =: O(2),

(I)[()b/[hl]""vgal[hpﬂ = Z (I)[@l[éil]’"'a@l[éip“ahl T Qp

i1yeeyip=1

~/[~

= Z D[], - .., P [Ep]l(sgn o) ie(1) - - - Apo(p)

oeperm(p)
= ®[@[e], ..., @' [Ep]] det(auy)

follows. We know that h; = '~ '[e;] = Ox~'/0t;, thus a;; = dx; */0t; and

1
~det y/°

ox;!

det(cv;) = det ( o,

) =det ' !

This gives at last as desired

/ wp(p(@) ' (B)le], ..., ¢ (t)[ep]ldos = / wp(P@D)[F' @)[En, .- ., &' (EEp]ldoy.
H

H

So indeed fU wp is well defined. The next step is to define the integral over the
whole manifold. We need here an important theorem:

Theorem A.2.13 (Partition of unity). Let K C RP be compact and (U;)icr be an
open covering of K. Then functions f; : RP — [0, 1] exist with f; € C*, i € I,
such that with

supp fi :={z : z € RP, fi(z) # 0}
we have:
a) supp f; C U;.

b) For all v € K exists an index i € I with 0 < fi(z) < 1.3, fi(z) <1 for all
x € RP.

c) >, filx) =1 forallxz € K.

d) For all x € K there exists a neighborhood U such that only finitely many
functions f;(i € I) are not vanishing on U.

Here supp f is called the support of the function f. For the proof we refer to [22].
Functions of the form

1
(@) _{ cexp<‘m‘27r2), lz| <7, ceR,

0, |z|>r

are the essential device for the proof. Now we are able to define:



346 Appendix

Definition A.2.14. Let M, € C' be an orientable manifold and w,, be a differential
form in a neighborhood of M,;,. We assume either w, to have compact support or
M, to be contained in a compact set. Then one uses the partition of unity so that
wp = »_, fiwp and fiw, has its support in a chart U; of an atlas of M,. Now one

is able to define
/wp ::Z/fiwp.
M, iy

The independence of the chosen atlas, resp. the given covering, follows if we look
at the intersections U; N'Vj, the charts (V}, ;) being from the second partition.

Now we shall look at some special cases; interesting for us are the degrees p = 1
and p = n:

Example A.2.15. a) Case p = 1: Our manifold is a curve M; = T given by = =
o(t), t € [to,t1]. A differential form of degree 1 is of the form

wi(x) = Zai(x)dxi,
i=0

the a;(x) being functions with values in the considered algebra. Because of

dip(t)
dt

/f’l = / ' Z”:%W(t))l‘;(t)dt_

to =0

= (l‘é)(t), s ,.’L‘;(t))

we get for the integral

For wi = f(z)dzg(z) the integral simplifies to

A 2)drg(x /f alp(t))dt.

For these line integrals the following rules hold:

S f@)de = — [ f(z)dx
f’Yl dl‘-‘rf f.%‘)d.i? = f’h-‘r’h (l‘)
L (@f @)+ Bg(e)dz = o[, f@)da+ 5 [ gla)d
[, f@da| < [0t

For the proof see Exercise A.2.3.3. Analogous formulas hold if the form
f(x)dxzg(x) is integrated, which may happen if the algebra is not commutative.

orientation),

additivity),

linearity),

o~ o~ o~ o~

IN

modulus inequality).
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b) Case n = 2 and p = 1: We are in the plane and the line integrals setting xg =
and x; =: y have the form

[ ada s by = [ alo©)a'® + b (1)t

to

One can view adx + bdy as a scalar product, thus (a,b) - (a’,y’)dt. Here (z/,y’) is a
tangential vector of the curve; the integral consequently sums up the components
of the vector field (a,b) which point to the tangential direction. If we view the
integrand as a product (—b,a) - (—y',2’) the components of (—b,a) in normal
direction are summed up. This measures, e.g., a stream flow through the curve.
For the theory of curves it is important that one can use a parameter called the

arc length:
0= [ 10

The real number s(b) gives the length of the curve. This parameter simplifies many
formulas but we shall not go into detail here.

c) Case p = n: We have to integrate over n-dimensional surfaces in R"*!, where
the differential form w, = f(x)dz*g(x) is of interest to us. In Remark A.1.16 c)
we have already studied this form obtaining

dz*[ha, ... o) = X ha.

i=1
This is a vector product of the n vectors h;. While integrating we have to use

=0l = 5.

", Op(t))
Mnf( x)da*g(x /f ( < o >g(np(t))dat.

Here we assume for simplicity that only one chart is sufficient, otherwise we have
to modify things correspondingly. The vector product has the following meaning:
One multiplies the n tangential vectors, the vector product is orthogonal to all
of them, thus it is the normal to our manifold or surface. Therefore dx* is the
oriented surface element for the integration over the manifold with its value in the
corresponding algebra, the notation do or do, is used here:

do* = ( X a;;w) doy =: do.

i=1

thus

In any case one has to test the correct orientation.
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Similarly to curves, the integral

fi-,

n

dat:/ |do|
H

gives the volume or area of the considered manifold, thus for a two-dimensional
surface in R® the usual area.

The next example requires a proposition we already found for the quaternions
(Proposition 2.41):

Proposition A.2.16 (Lagrange’s identity). Let h;, i = 1,...,n, be vectors in R"+!
and let

Then the identity of Lagrange holds:
|h‘2 = det (hz . hj)i,jzl’m’n.

Proof. Following Remark A.1.16 c) we have for an arbitrary paravector a,

a
h1
a-h=det| . , thus
hn
h heh  h-hi - h-h,
h1 hi-h hi-hi - hihn
(h’ ! h’)2 = det . det(hhl . hn) = det
hn hoh hn-hi - hn-hn
Because of h-h; =0, i =1,...,n, we develop using the first row and get as desired
\h|4 =(h- h)Q — ‘h|2 det (hi - hy). 0

Example A.2.17. a) As an example of integration over a manifold we shall compute
the surface area of the unit sphere S™ C R"*!, which we need for our integral
theorems. On the unit sphere

gy + a4 a2l =1,
T, runs at most between —1 and 1, therefore ¢,, is uniquely determined by
T, = sin t,

in the interval I := [—7/2,7/2]. From 2% + -+ 22_, =1 — 22 = cos? t,, follows
that x,_1 runs between — cos t,, and cos t,, thus a t,,_1 is uniquely determined
in I by

Tp_1 = COS t,, Sin t,,_1.
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The procedure is to be continued up to

Ty = COS iy --- cos t3 sin to,
x% + JJ% = cos? [N cos® to.
Then we have to define
rg = COS 1y -+ Cos tycos ty,
r1 = €08 ly -+ cos lasin tq,

with ¢, € [—7, 7], as it is known from the plane. The procedure may be summarized
as

T
Ti =COS ty -+ coStjyy sint;, 1=0,...,n, tg:= 9
We get further
oz, 0 for J < 2
ot = CoS ty -+ CoS t; for j =1,
J —COS tp -+ €OS Lj4q sintj cos tj_1---cos iy sint; for j >

The reader may prove in Exercise A.2.3.6 that

Oxr Ox - 9

k=j+1
and for i # j,
0
T Ox _o.
0ti 0tj

Using the identity of Lagrange, Proposition A.2.16 for the surface element of the

sphere we get
or 0z \\?
|do| = <det <8ti . atj)> doy

and with some simple calculations

n

|do| = H (cos tp, -+ cos tit1)doy
i=2
= cos ty cos®ty -+ cos" ! t,doy.

This gives for the surface area o, of the sphere S,
/2
on / cos to -+ - cos" L t, dt,, - - dty
t

™ w/2
[lﬂ [271’/2 n=—m/2
- ™

n—1 /2 n—1
cos® tdt =: 2r H I.
k=1

I
Ry
=
—
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Using partial integration we get a recursion formula for the I}, with k£ > 1,

/2 /2
/ cos® tdt = 2/ (COSk_2 t — cos® 2 t sin? t)dt = Ij—o — Iy,
—7/2 0 k—1

or
k—1
k

Together with Iy = 7w, I; = 2 one can compute

I, = Tio.

Lo — (2k)'m I 22k (k)2
T2k (g2 ML ok 4 1)1

We know from Section 13.1 that the last expression may be written using the
Gamma function

F()r ()

r("$?)

I, =

From o, = I,,_10,_1 and oo = 2, resp. o1 = 2, it follows at last that

D ()
r(s)

op =2

This looks quite symmetric and short but the effort for the calculation is large.
To find the known value for oy we have to refer to I'(j) = /7 and I'(1) = 1
(Theorems 13.2 (iii) and 13.6 (i)).

b) The calculations in the last example will be used now to deal with the trans-
formation to spherical coordinates for the ball. There we may have coordinates

Yy =rx

with 2 from the example a). If we move to the coordinates r,t1,...,t, we are
interested in the Jacobian

8(y0ay17 s 7yn)

J = .
O(ryte, ... ty)
For it we have
oy . oy . ox
or - 8tz‘ - 8tz’

with the derivatives from example a). On account of z - x = 1 it follows that

ox
- o, 0,
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so that for the Jacobian with h; := dx/0t; we get

T 1 0 . 0
h1 0 hi-hy --- 0
J? = r? det . det(x hy...hy,) = 2" det . .
hy, 0 0 cor hphy
To determine the sign of J one may insert t; =ty = --- = t,, = 0. This gives just

the unit matrix, so J is positive and
doy, = r"dr|dos|.

For an integral over a ball Br(0) of radius R with center at the origin we obtain

R
On
fly)do :/ r"/ f(rz)|dog|dr = R™1L.
/BR(O) oy 0 9B, (0) ) n—+1

We know this formula very well from the plane and the space R?.

c) We can see yet from the considerations in the example b) that x,hq,..., hy
has a positive determinant. Thus it is a system of vectors as we assumed for the
orientation of a boundary manifold. The paravector x is the outer normal of the
sphere (with radius R around the origin), as = equals the vector product of the
tangential vectors hq, ..., h,. Therefore for such a ball we have

dy* = doy = z|do,| = R"z|do|.

A.2.2 Theorems of Stokes, Gaufs, and Green
A.2.2.1 Theorem of Stokes

We deal now with a fundamental theorem of analysis which is also an important
tool for us. It generalizes the fundamental theorem of differential and integral
calculus in R,

b
F(b) - f(a) = / f(x)d,

to manifolds and differential forms. The fundamental theorem shows the difference
of the values of a function f at the boundary points to be equal to the integral
of the derivative f’(z) over the whole interval. Quite similarly the theorem of the
Irish mathematician GEORGE GABRIEL STOKES (1819-1903) states the following:

Theorem A.2.18 (Theorem of Stokes). Let M, 1 € C' be an orientable, bounded,
and smooth manifold of dimension p+ 1 with sufficiently smooth boundary OM,;1
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which may be oriented according to Remark A.2.11. Let w, be a differential form
of degree p, continuously differentiable in a neighborhood of My1. We then have

[ o ]

OMpi1 Mpi1

This corresponds precisely to the fundamental theorem of differential and integral
calculus: the integral of the differential form over the boundary of the manifold
equals the integral of the derivative of the differential form over the manifold itself.
We are not able to go into the deep proof of this theorem, thus we have to refer
to the literature, e.g., Amann and Escher [8].

One of the difficulties of Stoke’s theorem is the precise formulation of the as-
sumptions regarding the manifold’s boundary. It has to be made by finitely many
smooth manifolds whose boundaries must have in turn p-dimensional measure 0.
We skip the precise definition as we shall deal in this book only with manifolds and
boundaries which fulfil the ‘sufficient’ from the theorem. We shall deal with discs,
balls, or cuboids, very rarely with more complicated manifolds. The cuboid is a
good example for the boundary to have wedges and vertices, but not too many.

A.2.2.2 Theorem of Gaufs

We shall look at the theorem of Stokes in the plane, where it is named mostly
after Gauf and the Russian mathematician MIKHAIL VASILEVICH OSTROGRADSKI
(1801-1862). Here we are able to say a bit more about the assumptions of the
theorem of Stokes. We start with a definition:

Definition A.2.19 (Connectivity of a domain). (i) A compact and connected set
is called a continuum.

(ii) A domain G is called k-times connected if its boundary OG consists of pre-
cisely n disjoint continua. For the I-time or simple connectivity G = 0 is
possible. If k is not specified one speaks also of finite connectivity.

(iii) If no k exists as assumed in (ii) the domain is of infinite connectivity.

This definition holds independently of the dimension. But in the plane we are able
to define simple sufficient assumptions for the boundary, if the domain is of finite
connectivity.

Theorem A.2.20 (Theorem of GauR—Ostrogradski). Let G be a plane domain of fi-
nite connectivity; the boundary OG has to consist of finitely many, piecewise smooth
curves which are oriented such that G lies on their left side. Let the functions u
and v be in C1(G); we then have

/ (e, y)dz + v(z, y)dy = / (0 (2, y) — ty (2, 9))do (0 -
oG G
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Proof. The proof is very simple: The manifold My is here the domain G, the differential
form is w1 = udzr 4+ vdy. Then the assertion follows at once from Stoke’s theorem if one
considers

dwi = du Ndz+ dv ANdy = (—uy + vz )dz A dy. O

We shall write the theorem in complex form which is more convenient for us:

Theorem A.2.21 (Theorem of Gauft in C). Making the same assumptions as in
the last theorem with a function f € C*(G) we have

l F(2)dz = zi!azf(z)da.

Since dz* = dy — idx = —idz we may formulate the assertion of the theorem in
the form

/f(z)dz* = /af(z)da,

oG G

as we shall do in higher dimensions. Here we have used the notation 0 = 20, from
the beginning of Section 5.1. The proof is again a simple conclusion from Stoke’s
theorem, clearly also from the above theorem of Gauf—Ostrogradski:

d(fdz) =df Ndz = (0,f)dz Ndz
and
dz Ndz = (dz —idy) A (dz +idy) = 2idx A dy = 2ido.

In higher dimensions we give the theorem of Gaufs directly in an algebraic form
which is more convenient for us:

Theorem A.2.22 (Theorem of Gauf in C/(n)). Let G C R"™! be a domain of
finite connectivity with sufficiently smooth boundary 0G, let the boundary be ori-

ented correspondingly to Remark A.2.11, i.e., with an outward pointing normal.
Let f,g € CY(G). We then have

[ tiza= [ (7919 + sog) o
oG G

Proof. Following the product rule for the total differential in Proposition A.1.12 (v) we
have
d(fdz*g) = df Ndz"g+ (—1)" fdz" A dyg,

and similarly to the proof of Theorem 5.11,
* - 8f *
df Ndx™ = ZEZO o, eidx; N\ dz;,

and analogously for dx* A dg. Finally the assertion follows from

dz; Ndx; = do resp. dx; Ndz; = (—1)"do. O
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Remark A.2.23. For G C R" with analogous assumptions and the Dirac operator
D according to Theorems 5.12, resp. 5.20, we have

[ tax'g= [(sD)g+ fDg)io

oG G

A.2.2.3 Theorem of Green

Unfortunately the names for the last and the next theorems are not fixed. We
name the next theorem after the English mathematician GEORGE GREEN (1793~
1841), although it follows directly from the theorem of Gaufs when choosing g = 1
and substituting f by f0.

Theorem A.2.24 (Green’s formula). Let G be a domain of finite connectivity in
R™ and with sufficiently smooth boundary OG appropriately oriented. For f €

C?*(G) we have
/ (f@)dx*z/ Afdo.
oG G

A=00=090= 9
= 9%

Here

1s the Laplace operator.

The last theorem in this appendix will be a theorem of Green in R™, in which
0 = D, the Dirac operator defined in Theorems 5.12 and 5.20. For the Dirac
operator we have D = —D and D? = —A,,, where for clarity the index of A shows
the dimension.

Theorem A.2.25 (Theorem of Green). Let G be a domain in R™ of finite con-
nectivity whose boundary OG is sufficiently smooth and appropriately oriented, we
assume f and g in C*(G). We then have

/ (fD)dx*g — fdx" Dg) = / (FAng — (Anf)g)do.

oG G

Proof. We write down the theorem of Gauf in R" once with fD and once with Dg:

/ (fD)dx"g = / ((/D)(Dg) — (Anf)g)do,
oG G
fdx*(Dg) = /G (—fAng + (fD)(Dg))do.

oG

Subtraction of both the equations gives the assertion. O
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A.2.3 Exercises

1. Prove the rules in Proposition A.2.5:

a) (wpAwg)op =(wpop)A(wgop),
b) (dwp) 0 ¢ = d(wp 0 ),
c) (wpop)oy =wpo(poy).

2. Prove Poincaré’s Lemma A.2.8:
Let G be a star-shaped domain relative to the point xg € G, i.e., for all
x € G the line from xg to x should be contained completely in GG. Then if for
a differential form w, € C*(G) the statement dw, = 0 in G holds, one has for
p = 0 a constant form wy, and for p > 0 a differential form w,_; exists with

wp = dwp_1.

3. Prove the rules for line integrals in Example A.2.15 a:

[ @i = [ f@)s
[, f@yde + [ fa)de = [ f(x)dz,
f( f(@) +bg(x))dz = affxdx—i—bf g(x)dx
‘f f(x)dw‘ < [P1f@)a (1))dt.

For the last rule we refer to Proposition A.2.2 (ii).

4. Let v be a smooth curve parameterized by x(t), t € [a,b], let f(x) be con-
tinuous on . We then define

L 2)dzg(w / P82 (g ().

L f()drg(z) = / g(x) dz f(2)

/ x)dzg(z
~

5. Let G C C be a domain and let g,h : G — C be continuous. Let v be a
piecewise smooth curve in G with initial point z4 and endpoint zg. Moreover

e define L l9()dz + h(z)dz] <= L 9(z)dz + L Mz)dz.

Prove that

and

/ () () g (t)))dt.
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Prove: If a differentiable function f : G — C exists with 0,f = ¢ and
0, f = h one has

/ l9(2)dz + h(z)dz) = f(z) — f(za).

What does this mean in the case h = 07

Prove the orthogonality of the tangential vectors to S™ in Example A.2.17 a
and the equations

Ox Ox - 9
. = | I cos” t.
ot; Ot k=i41

/ do
|z|<1 |z|”

Let G be a domain of finite connectivity in C with piecewise smooth bound-
ary. Prove

Compute the integral

/zdz = 2i0(G),
aa

here o(G) is the area of G.

Prove the theorem of Gaufs in the following form:

(z)dz™ :/G(af)(x)dax.

oG
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A.3 Some function spaces

We need some function spaces, particularly for working with the Teodorescu trans-
formation, and we shall present them in this appendix. We deal always with func-
tions f: E — Y, E C X, where we may have

X identified with R, C, H or R™™!, and Y identified with R, C, H, R"*! or C¥(n);

in every case we assume the Euclidean metric.

A.3.1 Spaces of Holder continuous functions
Lubpwic OTTO HOLDER (1859-1937) introduced the following definition:

Definition A.3.1. Let be 0 < p < 1. A function f : E — Y defined on aset £ C X
is called Hdélder continuous on E with the Hélder exponent p, if the quantity

e ap M@ 1)

ryeEaty  |T—yH

f

is finite, i.e., if a constant A > 0 exists such that for z,y € F,

[f () = f(y)] < Ajz =y

always holds. The constant A is called a Hélder constant. For the exponent p = 1
we speak of Lipschitz continuity. One uses also the expressions: f satisfies a Holder
condition or a Lipschitz condition .

Below, some properties of such functions are listed:
Proposition A.3.2. Let f : E — Y, E C X be given. We then have:
(i) Holder continuous functions are continuous.

(ii) For compact E and |f(x) — f(y)| < Art for all r = |z —y| <, 6 > 0 the
function f satisfies a Hélder condition in the whole E.

(iii) If the real components of [ possess partial derivatives in a convex and compact
set E and these derivatives are bounded there, then f satisfies a Lipschitz
condition in E.

(iv) If f satisfies a Hélder condition in a convex and compact set E with exponent
> 1, then f is constant.
(v) Not every continuous function is Holder continuous.

Proof. (i) is contained in the definition.

(ii) We assume r > §. From (i) and the compactness of E follows |f(z)] < M in E,
therefore we have for r > 9,
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Thus for arbitrary x,y € E we have the inequality |f(z) — f(y)| < A’|xz —y|* if we choose
A" = max{A,2M/5"}.

(iii) On the line from z to y we can apply the mean value theorem of differential calculus
to the real components f; of f. As the components’ partial derivatives are assumed to
be bounded, maybe by M;, we get at once inequalities of the form

lfi(z) = fi(y)| < Milz —y|.
These estimates can be put together for the corresponding estimate of |f(z) — f(v)]-

(iv) The Holder condition is also satisfied for the components f; of f. From p > 1 it
follows for all z,z0 € E

|fi() = filwo)] < lim Alz —a:o|“_1 =0.

lim
) |z — o] z—z
Therefore the partial derivatives are zero and the f; are constant.

To prove (v) it suffices to produce one such function. E.g., we may choose f : [0, 1] — R
and

1 1
0<t<y),
f(t) — In t ( — 2)
0 (t=0).
Obviously f is continuous in t = 0 but not Hélder continuous:
1
t)— f(0)] = < At
PO =101 = |y <
will not be satisfied for any A since |In ¢[t* — 0 for ¢ — 0 for all u > 0. O

Definition A.3.3. The set of all functions which satisfy on a compact set E' a Holder
condition with exponent p is denoted by H*(E).

Introducing the metric

B |f(x) — f(y)]
1f e = max |f (z)] + oyer Tyl

one can prove that H"(FE) is a Banach space.

A.3.2 Spaces of differentiable functions

Let G C X be a domain and m be a positive integer. By C"(G) we denote the
space of all functions f : G — Y which are m-times continuously differentiable
in G. If Y is of dimension at least 2 the components f; of f are assumed to fulfil
this condition. We equip this space with the topology of uniform convergence of
functions f and their derivatives V[ for all |a| < m on all compact subsets
K C G. Here V = (0y, 01, ...,0,) is the vector operator of differentiation which
we introduced in Definition 7.24, and a = (ap, a1, ..., ;) is a multiindex; we
define
Ve fi=0500 .00 f.
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The subspace B™(G) may contain all functions f from C" (&), which are bounded
on G together with all derivatives V¢ f for |a| < m. For B™(G) we introduce the
norm with the real components f; of f,

| fllm.c = max max max sup [V fi(x)],
0<jsm |al=j zeG

which will be a Banach space. In particular we have

¢ = max sup | fi(x)].
t ze@

By C°°(G) one denotes the space of all functions f : G — Y possessing all deriva-
tives V@ of arbitrary degree. And C§°(G) denotes the subspace of all functions f
in C°°(G) which have compact support supp f in G; we had defined in Theorem
A2.13,

supp f ={z € G : f(z) # 0}.
The space C§°(By(a)) contains, e.g., the important function

) exp (\xfa\gfr?) , i Jz—a| <,
p(z) =

0, otherwise.

For s = m+ pu the space B*(G) C B™(G) denotes the space of all functions, which
have in G Holder continuous derivatives of degree m with the Holder exponent p.
In B*(G) we introduce the norm

| flls,c = max max max sup |V fi(z)| + max max |V f;|| ¢
i 0<j<mlal=j zeG i |al=m

and get a Banach space. Also the notation C™#(G) is used.

A.3.3 Spaces of integrable functions

Let G C X be a domain and p a positive real number. Then LP(G) denotes the
space of all equivalence classes of Lebesgue measurable functions f : G — Y for
which |f|? is integrable over G. With the norm

I = / \F(@)Pdo
G

LP(G) for p > 1 becomes a Banach space. Moreover for p = 2 we have a Hilbert
space with the scalar product

1/p

I1f

(£.9)2 = (f.9)26 == / f(@)g(x)do
G
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But in this case we have to restrict Y to R, C, H, or R**! C C¥¢(n). The space of
all Lebesgue measurable functions f : G — Y with

vraimaxg|f(z)| < oo

is denoted by L*°(G). Here vrai max is the essential mazimum, which is defined
as the infimum of all real a such that |f(x)| < a up to a set of measure 0. With
the norm || f||co,¢ := vraimaxg|f(z)| the space L>°(G) becomes a Banach space.

The space L}, contains all functions f defined almost everywhere in G which are
locally integrable, i.e., for every measurable compact set K one has f € L'(K).

We remark explicitly that the Hilbert space L?(G) together with the above defined
scalar product possesses the norm

I1£ll2 = (f, /)2

This is quite analogous to the usual norm for functions which have vector values.
The following properties hold:

(i) For all f € L?(G) one has (f, f)2 > 0. Moreover (f, f)2 = 0 if and only if
f=0o.
(ii) For f,g € L*(G) one has (f,g)2 = (g, f),, where the bar denotes the conju-
gation in Y = C,H,R" 1.
(iii) For f,g,h € L*(G) one has the distributive rule (f+g,h)2 = (f, h)2+ (g, h)2-
(iv) For A € X = R,C,H,R"! one has A(f,g)2 = (\f,g)2 and (f,g)2\ =
(fa g>‘)2

The proof is recommended as an exercise.

A.3.4 Distributions
The sequence (p,,) C C5°(G) is said to converge to a function ¢ in the sense of
the space D(G) if
(i) a compact set K C G exists such that supp(y,,) C K holds for all m, and
(ii) V*p,, — V¥ converges uniformly on K for all indices a.

We denote then the space C3°(G) equipped with this topology by D(G). Its dual
space D'(G) relative to Z := R, C or H is called the space of Schwartz’s distribu-
tions. The space D'(G) is thus the vector space of all continuous linear functionals
T : D(G) — Z having the following properties:

Let there be T, S € D'(G) and A € Z; we then have

(T+S)(p) = T(p)+S(p),
(AT)(p) = MT(p)),
T(p+X ) = T(p)+AT(Y)
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for ¢, € D(G). In Z = H one has to take care of the non-commutativity. In
D'(G) the topology is defined by the following convergence criterion:

T, — T is convergent in D'(G) if and only if T}, (¢) — T'(p) in Z for all ¢ € D(G).

One defines the derivative S = VT € D'(G) of a distribution 7' € D'(G) in the
distributional sense by

S(p) == (=D)IT(Vep) for all ¢ € D(G).

We remark that the partial differential operator V : D'(G) — D'(G) is always
continuous, i.e., from T}, — T in D'(G) it follows necessarily that V*T,, — VT

in D (G).

A.3.5 Hardy spaces

Let there be 0 < p < oo. A holomorphic function f in B;(0) C C,H or R*+!
belongs to the Hardy space HP(B1(0)) if the condition

sup / |f(rz)|Pdor(z) < o0

0<r<1

is satisfied. Analogously the harmonic Hardy space is defined for harmonic func-
tions u by h”(B1(0)): A harmonic function u belongs to h?(B;(0)) if it satisfies
the condition

sup /\u(rw)|pd01(x)<oo.
0<r<1
|z|=1

A.3.6 Sobolev spaces

Let G C X be a domain and m be a positive integer. The space, denoted by
W™P((G), containing all equivalence classes of functions f € LP(G) whose deriva-
tives (in the distributional sense) V[ for |a| < m belong to LP(G) is called
Sobolev space.

With the norms

s = [ | X 1925@Pdo| @ <p<o.

G |a]<m

7106 = ma vraimaxseq [V (@) (p =o0)

the Sobolev space becomes a Banach space. For m = 0 we have

WOP(G) = LP(G).
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The space W;""(G) is just the closure of D(G) using the topology of the space
WmP(Q).

Moreover let I' be the sufficiently smooth boundary of the domain G and
B P (T") the space of boundary values g of all functions f € W™P?(G). A norm
in Bm_zlﬂ’p(F) is given by

Hg”m—;,p = ll’lf ”f”m,pa

here the infimum has to be taken over all functions in W™ (@) generating on T’
the same trace g. Such spaces are also called spaces of Besov type.
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A.4 Properties of holomorphic spherical functions

This appendix is intended to present some calculations and proofs in detail, which
have been overlooked in Section 10 to facilitate the general understanding. Princi-
pally what is to be done to calculate norms and angles is clear. But to be correct
and to make our constructions verifiable, we have to compute the values used. We
need only tools from real analysis.

A.4.1 Properties of Legendre polynomials

Legendre polynomials and Legendre functions are solutions of a second-order or-
dinary differential equation:

m=0,...,n+1. (A4.1)

They satisfy also the recursion formulas

(1=)(Pr, @) = (n+m+1)PIt) — (n+ 1)t Pl (1), (A.4.2)
(1= ) V2(Pr, () = PR —m (1 — )72 PR, (1), (Ad3)
(=m0 =, L (P - Prr) (A4.4)

and formulas, which are called three-terms recurrence relations,
(n+1-—m)P7  (t) = 2n+ 1)t P (t) + (n+m)P" (t) =0, (A.4.5)
m=0,...,n+1. We have for m =n > 1,
P (t) = (2m — 1)1 (1 — £2)™/2

These functions are orthogonal in pairs in La([—1, 1]),

1
/ P (PL, () dt = 0, m #1,

-1

and the norms may be computed to give

1
2 2 (n+14m)!
P (t dt = =0,... 1. A.4.6
/,1("“()) b3 (ntl—my Tt (A-46)
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The Legendre functions (not the Legendre polynomials) are also orthogonal in the
following weighted L2-space:

1 O’ m#ka
[ Pm@r a2 ta=t L A
m(n+1—m)!’

mk=1,....,n+ 1.
The reader interested in more details on Legendre polynomials and functions is
referred to [7] and [128].

A.4.2 Norm of holomorphic spherical functions

Theorem A.4.1. For all n € Nqy the subsystems of holomorphic spherical functions

X2707 X' resp. YT (m=1,...,n+ 1) are orthogonal systems with the norms
H)(O7 (52) = \/’]T(n -+ 1) (A48)
and
m (n+1+m)
X m — m = 1
| 2(52) 1Y, oHoL?(SZ) \/2(”+ )(n+1,m)1’
m=1,...,n+1. (A.4.9)

Proof. A simple calculation shows the orthogonality:

™ 27
(Xn 0, Xio)o,r2(s2) = / (AP A™™ 4 B B™™) sin@dG/ cos mp dp
0 0
= 0, m=1,...,n+1,

27
(Xm0, Yilo)or2(s2) = / (AP A™™ 4+ BY nB””‘)sm@d@/ sin mep do

= 0, m=1,....,n+1,

(X065 Yn'6 )o,2(s2) = / (A AT 4 BTUT B2 gin 6 d6
0

27 ™ 27
/ cosmlcpsinmgcpdcp—/ cmenrgmen sin&d@/ sin m1p cos ma dg
0 0 0

=0, m,m2=1,....,n+1,
(X6, X0 )o,2(s2) = / (ATmETA™2T 4 BTUT B2 sin Odf
0

2m 7r 2m
/ cosmlcpcosmgcpdgoJr/ cmrengmen sin@d@/ sin m1p sin mapdyp
0 0 0

=0, m1 #me,
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(Yoo, Y6 o2 (s2) =/ (AT AT L BMUT B2 sin 0d
0
27 ™ 2m
/ sinmlgosinngodcer/ le’”CMQ’"sinGdG/ €Os M1 cos Mawdy
0 0 0
== 0, ma §£ ma .

To compute the norms (A.4.8) and (A.4.9) we use the formulas (A.4.6)—(A.4.7) and define

= /_1( () dt = zniBEZIif:;: (A.4.10)
m ! 2\—1 /pm 2 n+14m)!
o= [ A=) emeya= T (Ad11)

From (10.9)—(10.11) we get
- [ xaoxn
52

77 2
- 721- / |:Sin2 0 |:jt [Prt1 ()] e=cos 9] do + (n + 1)2 (Pr+1(cos 9))2:| sin 0d6 .
0

X,

. / [(A%™)2 4 (B®™)?] sin 6d
0

We substitute ¢ = cos 0, use the definition of the associated Legendre functions, and get

WolBrrsn = 5 [ (0= (Paa@)) + (4 1) (Praa())] .

= 1 [ eaoras Jeen? [ rawre

1 1

™ ™
= Npi+ o (n+ 1)’ Noja

= w(n+1).

To prove (A.4.9) we deal only with the functions X3’ (m = 1,...,n 4+ 1). For m =
1,...,n+ 1 the equation (10.12) gives

/ X3t X

27
/ / ((A™™) +(B™ ")?) cos® my + (C™™)? sin’® me| sin Odpdd

X!

[/ ((A™™)?2 +(B™") )sin@d@—l—/ﬁ(Cm’")Q sin@d@] . (A.4.12)

0 0

We compute the particular integrals: Together with (10.14) and (10.15) we get

(Amm)? By = | {sm2 0 | P Olimcon] + (1) (P:;l(cosw} ,
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and transforming the variables by ¢ = cos @ it follows that

/Oﬂ— ((Am,n)2 + (Bm,n)2) sin 6dO = /_1 ((Am,n)2 + (Bm’n)2) dt
1

T4 /_1(1 - [ ’ﬁl(t))/]Q di + i(” + 12N (A.4.13)

To compute the right-hand side of (A.4.13) we use the recursion formulas (A.4.3) and
get

/_ (=) (P de= N 4 m? / (A=) (P 0)°
Com [ (=) P () PR () dt

—1

(A.4.14)
The first integral on the right-hand side can now be evaluated completely:
1 1
[a-ereemore = - [ a-f 7oy Ene?a
—1 —1
! 2 ! 2 1 2
= [ Em@yas [ a-e) enam)
—1 —1
Therefore (A.4.14) reads
1
[ 0= [(Ba@))? de = NI = N+ M
-1
1
—2om [ (1—)"Y2ePr(8) P () dt (A.4.16)

—1

but we still have to evaluate the integral on the right-hand side of (A.4.16). We use again
the recursion formula (A.4.4) in the form,

e 1 m 1 pm
(1—t3)"2Pr (1) = on 3 (1= ) Prb ) — (1— )7 P )]
(A.4.17)
and the two-step-formula (A.4.5),
m 1 e m
tPIN (1) = on 3 [(n+1-m)PrE )+ (n+m+2) PrFH )] . (A4.18)

The multiplication of (A.4.17) and (A.4.18) gives

1

(o 4 32 [0 1=m) (1= ) (P ()

(1= )72 e P (0) P () =

—(n+m+2)1 - (PIT ) + 2m+1) (1 - )T PR ) P ()],
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and it follows that

1
_ +1—m n+m+ 2
142 1/225 oy pretl oy gy n m+1 m+1
/71( ) n+1() n+1 () (2n+3)2 n+2 (2n+3)2 n

2m+1 7 - .
+(277zl++3)2/1(1_t2) IPn-:él(t)Pn +1(t)dt‘ (A419)

The formula (A.4.16) now means

1
/ (1 £2) (P (8))' ]2 dt = NI — m? NIy + m2 M
-1

2m(n+1—m) 2m(n +m + 2)

 (2n+3)? M5+ (2n 4+ 3)2 M
_ Q’Z;f’j: ;)21) /_ 11 (1= )1 Pl (o) P (e dt (A.4.20)
From the recursion formula (A.4.4) it follows that
T =, L [T PI G - - P )]
and by squaring
(PEA®) = (5, 4 o (1= (PIE @) + (1= )7 (7 @)

=201 =) RS () P ()]

We get

! “1 pm m Mm+3)?2 .
/ (17t2) 1Pn+gl(t)Pn+l(t)dt:7(n+ ) nt+1

1
M 4+ D M (A4.21)
. 2 2

1
2
This result has to be substituted into (A.4.20),

1
/ (1= 1%) [(Pa(®)]” dt = NJiE —m? Nply + m (2m + 1) Ny
—1

m

2 m—+1 m+1
+m Mn+2 + 2n+3 Mn )

mom
"o +3

and we substitute this further into (A.4.13) getting

T amn many2y 1 om 1 .
/ ((A™™) 4+ (B™")?) sin 0df = A NIE 4 , L0t 1)? —m®] N,
0
1 m 1 2 m 1 m m+1 1 m m+1
2 1 - M,
FymEmA DNt e M =g g My g g M
(A.4.22)
If we use now (A.4.10) and (A.4.11) we have proved the following relations:
NIEY = (n+m+2)(n+1—m)N,
m 2n+3 .
w1 = o Vs (A.4.23)
m 2n+3 m
M = TS i ma3) (e m o 2) NI, (A.4.24)

2(m+1)
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and

m 2n + 3 m
M = 2(m + 1) (n+1—m)(n—m)Ny"\y. (A.4.25)

Together with (A.4.22) we have obtained

/Or ((A™™)? 4+ (B™"™)?) sin 0dO = i [(n +1)(2n +3) — 7; (2n+3)| N7y

(A.4.26)
The remaining integral in (A.4.12) is easy to compute:
™ 1
/ (C™™)? sinfdh = / (c™™)?dt
0 -1
1, !t 2y—1 / pm 2
= m (1 =17)" (Pa(t)"dt
-1
1 2 m
= 4m n+1
1
= gm (2n+3) Ny . (A.4.27)
Substituting (A.4.26) and (A.4.27) into (A.4.12) we get finally
m ™ m
IXiolla 252y = 4 (n+1)(2n+3) Ny
™ (n+m+1)!
1
2 (n+1) (n+1-—m)!’
and this is the desired result. g

A.4.3 Scalar products of holomorphic spherical functions

Theorem A.4.2. For alln € Ngandm=1,....n+1;1=1,...,n we have

(X0 0: X0 3)0.22(52) = (X700, X5 8)o,L2(s2) = (X7 0, Y7 3)o,12(52)
= (X0, Xnslora(sy = (X0, X slorass) = (Vo Xns)ora(s2)
= (Y, Yaslora(sz) =0
and
0, m#l,
(X770 Yo s)o,r2(s2) = — (Yo, X1 5)o,12(52) =

T (n4+m+1)!

2 m(n7m+1)! M= L.

Proof. Forme€ Ngoand m=1,...,n+1,1=1,...,n we use (10.12), (10.13) as well as
the definition of Y,,fyg and get

(X0 Visdoasn = = [ €™ B sinmpsinlp|dol
S

—/ B™"™ C"™ cos m cos L |do) . (A.4.28)
52
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Because of
2m 2
/ sinmgpsinlgpdcp:/ cosmpcoslpdp =0, m#1,
0 0
it follows from (A.4.28) that

(X0, Yo 3)o 252y =0, m#1L.

For m = I we get from (10.15), (10.16) using the notation in (A.4.10)
(X, Yuls)o2(s2y = — /2 B™"™C™™ |do|
S

= —2n / B™™ C™" sin 0 df
0
1
= —2r / B O™ dt (A.4.29)

1
1
m m I pm ™ m

—1

To compute the integral on the right-hand side of (A.4.29) we use again the recursion
formula (A.4.3):

(P () = (1= )72 PIAN () = m (1= )Tt P (1) -
We multiply this expression by t P, (t) and get
(P (1) Pra(t) = (1= )72 e PYEN ) Plia (8) —m (1= )71 2 (PR (1),

with (A.4.15) now

/ E(P (8) Pl () dt = / (1— )" V2 L P (1) P (1) dit

—1 —1

—m 11<1_t2)—1t2< ()2 dt

1
[ a-ey o pn o

—1

follows. We calculate from (A.4.19) and (A.4.21)

1
_ 1 1
1—t)H~V2epm ) PR () dt = M — M
| a=eyer P on+ 3) M5 = on s 3y M
2m+1 ..
- 2 n+1 -

The result will be substituted into (A.4.30), using the equations (A.4.24) and (A.4.25)
we get at last

1
m m 1 m
[ ) P de =~ N

—1
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Now we substitute (A.4.31) into (A.4.29) and use again (A.4.10):

i
(Xm0, Yns)o,22(s2) = 4m(2n+3)Nﬂ1

ﬂm(n—i-m—i—l)!
2 (n+1-m)!’

i.e., the assertion. O

A.4.4 Complete orthonormal systems in H ',
Theorem A.4.3. For all n € Ny the n+ 1 holomorphic homogeneous polynomials

n+1
2

n O,* n Zkl,* n 2k2,* o
r Xn,O’r Xn,O ) T Yn,S ’kll,-~-a|:

} Chy=1,... m (A.4.31)

form an orthogonal basis in 'Hi H-

Proof. For all n € Ny the set (A.4.31) contains n+ 1 functions. Thus it is enough to prove
their orthogonality. We write down the scalar product of two functions f,g € L*(S?)g in
detail:

(f,9)r2s2) = [fgloldol+ [ [fgli|do|er (A.4.32)
52 52
+ [ [fokldoles [ [£g)sldofes. (A.4.33)
52 52
The scalar part of (A.4.32) is the same as the real inner product (10.2), moreover
the H-holomorphic spherical functions X?L’B, Xffol’*, Yf”?’* (k1 =1,..., ["T'], ko =
1,..., [’5]) are orthogonal relative to the real scalar product, so we have at once
LI X el =0, kK
[ v oldol = 0, ka2 K.
JIXE X Doldol = [ X0V o

- /JXS?&’*YS,@?’*]O dol = 0.,
S

where k1, ki =1,...,["'], and ko kh=1,...,[7].
It remains to prove that the other components of (A.4.32) are also zero. From the defi-
nition we conclude

1
X0 = Xy,
0 X8 2es2y "
« 1 n+1
X;n’ = m,’FfLZle7 k‘lzl,...,|: :|,
0 [ Xml2es2) ~ " 2
S
vhe = VIR L)Y e — XL, 1= 2k, k2=1,...,[”].
' [ Xh 12 (s2) 2
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To show the orthogonality we work only with the not normalized polynomials X2, X™,
given by (10.9) resp. (10.12), and we denote the functions (n + 1)Y;l ez — I X} by Z;.
If we use the expressions of X, and Y, according to (10.12), resp. (10.13), then the
functions Z. have the form

zl = (n+ 1)Y,i es — 1 X}
= —1A" cosly
+ (Fl’” singsinlp — G5 coscpcoslcp) e1
- (Fl’" cos @ sin ly + GY™ sin ¢ cos lcp) €2
+(n+ 1)Al’" sinlyp es,

where

F'" = (n+1)B"" +1C"" and G"":= (n+1)C"" +1B""
with [ = 2ka, k2 = 1,..., [%]. We start calculating the ei-coordinate of (A.4.32) for the
functions XU, X™, and Z!, for all m and all [ getting

[ xaxiijao
52
= / [(A%™ B™™ — BY™ A™"™) cos p cos mp — A”™C™™ sin ¢ sin mp) |do|
52

™ 2m
= / (A”™ B™™ — B%™ A™"™)sin 0 df / cos p cosmep dp
0 0

™ 27
— / A" O™ sin 0 df / sin ¢ sin mp dp.
0 0

Together with

2m 2
/ cos ¢ cosmgpdcp:/ sinp sinmpdp =0, m=2,3,..., (A.4.34)
0 0
we have
/ (X0 XMy |do| =0, m =2k, k1 =1,..., {"“] .
52 2

Again from (A.4.34) we find

/ (X0 ZL )i |do| = / (BO™ Ab™ — A% G™) cos ¢ cos lp|dol

52 52

+/ A% F" sin o sin lp|do)
52

n
= 0, 01=2k ka=1,...[]]
Within the set of functions X' the ei-coordinates on the right-hand side of (A.4.32)
follow from
/ (X7 X021 |do| :/ [(A™r™ B™2™ — B™L™ A™2M) cos p coS M@ COS Moy
52 52

— AT O™ gin @ cosmi sin mag

+C™ A™2™ sin @ sinmap cos mag)] |dol.
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Since

27 27
/ cos p cosmep cosly dyp / sin ¢ cos my sinlpdy = 0,
0 0

ml=12,.... m # Il+1,m#I[l-1,

we get

/[Xxlxg"2}1|do|:o,mlzakl,m2:2k;,k1,k1:1,...,{”;1].
52

For the ei-coordinates of X" and Z}, it follows from (A.4.32) that

/ [Xm ZL )i |do| = / [(Am’”Fl’” —(n+ 1)Bm’”Al’”> sin ¢ cos me sin lp
52 52

+ (—Am’”Gl’" +1 Bm’”Al’”> cos ¢ cos m cos lp
—1C™™ A" sin p sin mep cos Lo

—(n41)C™"™A"" cos psin mep sinlcp} |do].

Together with
2m
/ cosp sinmep sinlpdy = 0, mil=1,2..., m#Il+1, m=#I[l-1,
0
we obtain
1
/ [XT"ZLZZ]1|dO| =0,m=2k1,l=2ks, k1 =1,..., |:n+ ] ko =1,..., {n} .
S2
Finally working with (A.4.32) and with the functions Z!, for the ei-coordinates we get

/52 (2L Z!2), |dol :/52 {f (11 Alorplen 4 4 l)Gll’”Al2’") sin ¢ cos l1psin lag

+ (11 Alvnglam Gll’"Al2’”> cos p cosl1p coslap
+ (12 Flom glam (n+ l)All’”Gl2’”> sin g sin l1p cos l2p
—(n+1) (All’”FlQ’” + Fll’"Al2’") coscpsinllcpsinlznp} |dol

= 0, b =2ks, lo=2K) ko,Kh=1,..., m .
An analogous consideration gives the desired result for the es-coordinates. For the es-
coordinates we have initially

/SZ[XPL X zldo] = — - BY"C™"™ sinm |do)
2

- o0, m:2k1,k1:1,...,{n+1],
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in view of
2m
/ sinmepdpy = 0, m=1,2,....
0
Analogously we deduce
/z[xg Z4 s |do| = /2 {(n + 1A% AN 4 BO’”FZ’"] sinly |do| = 0,
s s

z:zkg,kgzL...,[’;}.

In case of our functions X' the es-coordinates in (A.4.32) are given by

/ [ X7t X2 s |do] = / (=B™ O™ ™ cos map sin magp
52 52
+C™" B2 ™ sinmyp cos maw) |do).

From

2

/ sinmepcoslpdp =0, m,l=1,2,... (A.4.35)

0

we can conclude
1
/ [XTTIX'ZLZ]?)‘dO‘ :07 mi :2k17 m2:2k/17 k17k1 = 17-"7 |:n—2|— :| .
S2

The e3-coordinates of Z, in (A.4.32) are

/ [Z,l.bl Z,ff }3 \do\ = / { [—ll(n + 1)All’nAl2’n — Gll’an’n} cosllcpsin lgtp
S2 S2

(A.4.35)

T {ZQ(n LAl F“’”Glz’”] sinl1g coslgcp} |do| 0,

I = 2%, ls = 2k, kg,k‘é:l,...,[g}.

Finally we need the es-coordinates in (A.4.32) for X' and VAR

Joa[ X Z1)s|do| = /52 { [(n +1)A™ " A 4 Bm’”Fl’”} cosmpsinlp

(A.4.35)

—cmnghn sinmcpcoslcp} |dol 0,

. n+1 _ n
m = 2k, | = 2ks, k1_1,...,[ ) },kg_L...,M.

Summarizing the above calculated partial results we obtain

(Xoos X ) p2s2y = (X5, Yaro)a(s2)

n,0’ n n

= (X007 Y8 ) r2s2) =0,

n,3

m:2k1,l:2k2,k1:1,.,.,[n;1:|,kz:l,...,{g’},
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and
(X", X6 ragszy = (Yad ™, V'8 ) p2s2) =0,

mi # ma, mi —ms even .

Thus we have proved that for all n € Ny the n + 1 polynomials (A.4.31) are orthogonal
relative to the scalar product in L?(B3)u, consequently they form a basis in H;H. d

A.4.5 Derivatives of holomorphic spherical functions
Theorem A.4.4. For n > 1 we have
oX)' = (m+m+1DX,, m=0,...,n,
ay, " = (n+m4+1)Y,",, m=1,...,n

Proof. As the polynomials and their derivatives have a similar form it is sufficient to
show

(1)

() A™™ = (n+m+DA™" m=0,...,n,
©)

(i) B™" = (n+m+1)B™" ' m=0,...,n,
(1)

(i) C™" = (n4+m+1DC™ m=1,...,n.

If we use (10.33), (10.34), (10.35), Legendre’s differential equation (A.4.1), and the usual
(1) (1) (1)
substitution ¢ = cosf we are able to describe the coefficients A™™ B™" and C™"

explicitly:

(1)
amn = (on 4 1)sin® feosd jt[P:;l(t)}t:msg +(n 4 1)(2n + 1) cos 9P, (cos )

—((n4+ 1) =m*) P (cosb)|,

(T!n)n 1 [ : d m . d m
B™ = _(2n+ 1) sin @ cos” 0 dt[ i1 ()] t=cos o — n5in @ dt [P ()] e=cos o
—(n+1)(2n + 1)sin @ cos P, (cos 0) + m> z::z 1 (cos 9)] )
O 1 cosf .. Cood
C =, m(n+1) sin 0 1 (cos @) + msin 0 &t [P 1 ()] t=cos o | -

(1)
At first we check (i). We use the recursion formula (A.4.2) in A™" with ¢ = cos € and
get,

A1y

Application of the three-terms recurrence relations (A.4.5) gives

n+m+1)[(2n+ 1) cos 0P, (cos) — (n —m + 1)P;} 1 (cos8)] .

(1)
A ;(n +m+1)(n+m)P;" (cosb).
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On the other hand from the recursion formula (A.4.2) it follows also that

A = ! sin® 0 d [P (t)]t=coso + ncosOP," (cos )| = ;(n +m)P;" 1 (cosb),

2 dt
(A.4.36)
thus we get

(1)

To prove (ii) we use
2cos0 A™" 1 — 25inOB™" ! = n P (cos 0) (A.4.37)
and
(1) (1)
2 cosf A™" —2sinf B™"=n |(n+1) cosd P (cos ) + sin” 0 it [ 1 ()] t=cos 0

Application of the recursion formula (A.4.2) together with the substitution ¢ = cos 6
leads to

(1) (1)
2cosf A™™ —2sinf B™"=n(n+m+ 1)P;"(cos0) .
We replace n P;*(cos @) in the right-hand side by the left-hand side of (A.4.37) and get

(1) (1)
2cosf) A™" —2sinf B™"= (n+m+1) (2cos§ A™" " —2sinB™" ).

We use then the already proved property (i) which gives

(1)
B™"=(n+m+1) B™nTl

(1)
It remains to prove (iii). We apply (A.4.2) in C™ together with ¢ = cosf and obtain

directly
(1)
C™"=(n+m+1)C™" O

A.4.6 Exercises

1. Prove that the Legendre polynomials and the Legendre functions are solu-
tions of an ordinary differential equation of second order, for m =0, ..., n+1:

(=P ) =2 )+ (4 D2 = L) PG =0,

2. Show that the Legendre polynomials satisfy the recursion formulas

A =)PIa®) = (n+m+ )P = (n+ 1)t P (1),
(1= (PR 1) = PIAN) —m (1 —)7 2P (1),

1
PR (E) - PR )

(1 )1/2P7111(t) = 2n+3 ( n+2
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and the three-terms recurrence relations for m =0,...,n + 1,
(n+1-—m)P" (t)— 2n+1)tP"(t) + (n+m)P) () =0.
Show also for m=n > 1,
P (t) = (2m — DI (1 —¢2)™/2 .

Show that the Legendre polynomials and the Legendre functions are orthog-
onal in pairs in L?([-1,1]),

1
| PP a0 de =0 m 1,
—1
and that the norms are given by

1
2 2 (n+1+m)!
P (1)) dt = =0,...,n+1.
[1(7L+1()) 2n+3(n+1_m)!7m ) n -+

Show that the Legendre functions (not the Legendre polynomials) are also
orthogonal in a weighted L2-space:

1
e k 2\—1
[ PR A=
m,k=1,...,n+1.

Using the last assertions prove that holomorphic polynomials of different
orders are orthogonal on S2.
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