Chapter 2
Complex Function Theory

We next turn to functions of a complex variable, that are perhaps best known for solv-
ing integrals by contour deformation in the complex plane. It also provides a starting
point to special functions and linear transform methods, some to be introduced in
subsequent chapters. Complex functions also give a concise description of ideal-
ized two-dimensional fluids, in the approximation of incompressible and irrotational
flows. These developments derive from analyticity. If a function f(z) of a complex
variable z is differentiable at some z, we say that f(z) is analytic at z. Extended over
an open region in the complex plane, this property has broad implications.

2.1 Analytic Functions

Complex function theory considers maps w = f(z) given by functions

f@) =ulx,y) +ivix,y) 2.1)

from the complex plane to itself, where we decompose f (z) intoits real and imaginary
parts u(x, y) and v(x, y), respectively. We define the complex conjugate 7 = x — iy,
whereby

1 1
x:Rez:E(z+Z), y:Imz:z—i(z—Z). 2.2)

Likewise, we have

u(x.y) =Ref@ =4 (f@) +FQ), o
vy =Imf () = % (/) - 7G) . '
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36 2 Complex Function Theory

Our focus will be on functions that are differentiable. We say that f(z) is differ-
entiable at z = zg if the limit

Flzo) = lim L& =G0

=20 Z—20

(2.4)

exists. It means that the limit gives a unique finite answer, regardless of the way z
is approached. Equivalently, we formulate (2.4) in terms of sequences {z,};-, with
Zn — Zo in the limit as n approaches infinity, insisting that

y f(zn) — f(z0)
m ——

n—00 Zn — 20

(2.5)

exists for any such sequence approaching z. Of particular interest are the two alterna-
tives of approaching zp along the x and y directions, i.e.,z = zo + hand z = zo + ih,
respectively. The limit (2.4) exists iff

A = fzo+ hlz - f(Zo)’ B(h) = f(zo+ lfl;)l — f(z0) 2.6)

approach finite limits which are the same as /& approaches zero. In the notation of
2.1,

Ay = }lll_r)r}) A(h), By = }lll_r)r}) B(h) 2.7)
gives
Ao = ux (X0, Yo) + ivx (X0, o), Bo = vy(x0, Yo) — ity (X0, Yo)- (2.8)
where we used 1/i = —i. Equating Ag = By, we obtain the Cauchy-Riemann rela-
tions
Uy = Vy, Uy = —Vy (2.9)

at the point z = z¢ in the complex plane.

If (2.9) holds true throughout some region (an open domain) D in the complex
plane, we say that f(z) is analytic in D. (A more restricted focus would be analyticity
along a curve.)

Example 2.1. Consider f(z) =z with u(x,y) = x and v(x,y) = y. The
Cauchy-Riemann relations (2.9) are satisfied by inspection, so f(z) is ana-
Iytic for all z, i.e., f(z) is entire. For f(z) = z2, we have u(x, y) = x> — ¢*
and v(x, y) = 2xy, and hence
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Uy = 2%, Vy =2X, Uy = —2Y, vy =2y. (2.10)

It follows that (2.9) holds for all z, i.e., also f(z) = z2 is entire. Summarizing,
we have

f@Q=z—>f@=1, f@=2*— f@ =2z 2.11)
The latter can also be seen from

2_ .2 _
f/(z)=§im§—zzlimw:

2z. 2.12
z £—72 £~z E—2 ¢ ( )

Analyticity is a strong condition. Functions of a complex variable that are not
analytic are easily found. For instance, f(z) = zZ = x> + 42 is not analytic. Since
f(z) is constant along circles concentric at the origin, its tangential derivative is zero,
while its normal derivative is 2|z|. The requirement that the derivative of f(z) be the
same irrespective of the direction is hereby not satisfied and the Cauchy-Riemann
relations (2.9) do not hold. Also, writing f(z) = u(x, y) + iv(x, y) into its real and
imaginary parts shows

Aux,y) =4, Av(x,y) =0. (2.13)

Its real part is not harmonic, and hence f(z) is not analytic.
When functions f(z) and g(z) are analytic in a common domain, then the follow-
ing holds:

(f(2)9() = f'(29@) + f(2)g (2),
(2.14)

(f(2)/9() =[f'@9@) — f(2)9 ()] /9(z)?

and if g(z) is analytic on a domain D and f (z) is analytic on the image D' = g(D),
then

[f (9] = f'(9(2)g (). (2.15)

These results may be seen as analytic continuations of existing identities on the real
line. By elementary considerations, we have

7" > n" ! (neZ),
% — qe** (a,zeC)
sin z, cos z, sinh z, coshz — cosz, —sinz, coshz, sinhz
1 .
arctanz — 17 (z # =£i).

(2.16)
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2.2 Cauchy’s Integral Formula

The strength of the condition of analyticity comes about mostly importantly in
Cauchy’s Theorem: if f(z) is analytic in a region D,' then

/ f(@dz=0 (2.17)
¥
for any closed contour y in D.? Here, the integral is defined according to
/(u +iv)(dx +idy) = /(udx —vdy) +1i /(vdx + udy). (2.18)
¥ ¥ ¥

If, by analyticity, the Cauchy-Riemann relations (2.9) hold true throughout some
open domain containing y, then by Green’s theorem

fy(udx —vdy) = — fl(y)(uy + v )dxdy =0, (2.19)
fy(vdx + udy) = f](y)(ux —v,)dxdy =0,
giving (2.17).

A fundamental proof of Cauchy’s Theorem is due to Goursat, assuming only
the existence of f'(z), i.e., (2.9) with no a priori condition on continuity. Goursat’s
proof applies to regions D which are simply connected (no punctures or holes), as
illustrated in Figs.2.1 and 2.2. In particular, the unit disk is simply connected, but
the unit disk with the origin removed is not.

As a consequence of (2.17), the integral

F(z) = / Z f(@dz (2.20)

is a well-defined for z and zp in D. Any two paths y; , connecting them give rise to
a loop y by following y; and traversing y; in reverse, so that by (2.17)

0=/f(z)dz= f@dz— | f(2)dz, (2.21)
Y Y1 Y2

whereby (2.20) is path independent. By the fundamental theorem of calculus,
F'(z) = f(z), whereby (2.9) applies to F(z) = U(x,y) +iV(x,y).

"Here, D is an open subset of the complex plane which is simply connected.

2A closed contour y divides the complex plane into a region I(y) within y and an unbounded
region outside, according to the Jordan curve theorem.
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Fig. 2.1 a The unit disk |z| < 1 is a simply connected domain: any two points zo and z can be
connected by a path y; within, and choosing another such path y» obtains a closed loop y as shown,
whose interior / (y) lies within |z| < 1 also). b The punctured disk obtained by removing the origin
fails to have this property. The interior of the closed loop y shown contains the origin, which is not
part of the punctured disk. The punctured disk is not simply connected

AN

Fig. 2.2 a Simply connected domains such as the unit disk can be deformed by continuous defor-
mations. Preserving no self-intersecting boundaries, their boundaries remain simple contours. b
An annulus obtains by making a hole in the unit disk. Like the punctured disk, it is not simply
connected. The figure eight exemplifies a self-intersection curve, whose interior forms two disjoint
simply connected domains. There are no paths connecting points z¢ in one and z in the other domain.
The figure eight is not a simple contour

Example 2.2. The function f(z) = 1/(z — a) is analytic everywhere in the
complex plane except at the isolated pole z = a. Let y be a contour whose
interior / (y) does not contain a. The orientation of y is taken to go around a
once in a counter clock-wise direction, as defined by tracking the change in
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Fig. 2.3 Contour integration
of 1/(z — a) as shown equals 1

1 or 0 if a is in or out of Q
I (y). The integral equals %
if a is on y, when taking the
principle value of the
integral, provided a is on a 1 d§ 0 a
smooth section of y. If a is PR
located at a corner of y, e.g.,
a polygon, the result is
a/(2m), where o denotes the
interior angle at that corner

2ni“réE—a

B | =

argument of log(z — a) as z traverses y from a point z; € y back to itself. Then
f(z) is analytic everywhere in 1 (y). By (2.9), we have

L, / f()dz =0. (2.22)
2mi .

Next,leta € I(y), sothat(2.9) does not apply. Specializingtoacircle C: |z — a| =
p (with counter-clockwise orientation and winding number 1), we putz = a + pe' 0
so that dz = ipe'?d@. As a result,

1 dz I
- = — ido = 1. (2.23)
2xi J, z—a 2mi Jy

The above generalizes to y traversing a N times, by which

1 dz

2mi yi—a

=N (2.24)

measures the winding number of y around z = a. For simple contours (no self-
crossing), (2.22) and (2.24) are summarized in Fig.2.3.

For a more general y, consider contour deformation following Fig.2.4. Here, we
give y adetour branching from zpey tothecircle C : |z — a| = p, with p sufficiently
such that C lies in I (y), and back to z;. A single path P connecting C with zo may be
used twice (acting as a bridge), in going from z to C and back. The new contour I
consisting of y, P and C circumvents the singularity z = a, whereby f(z) is analytic
in I (T"). It follows that
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(a)

(b)

Fig. 2.4 a z4 on a simple contour y can be connected to a contour —C within via a bridge P
between z4 and zp on —C. Here, —C refers to C with opposite orientation. The interior of this new
contour does not contain X shown. Integration of f(z) that is analytic in a domain containing y,
except possibly at X, then vanishes by Cauchy’s theorem. Since integration over the bridge forth and
back produces zero, the integral of f(z) over y equals the integral of f(z) over C. This procedure is
exemplifies contour deformation. b The same applies to multiple isolated singularities. Integration
of f(z) over y is then equivalent to the sum of the integrations of f(z) over contours around each
singularity individually. The result gives the residue theorem: the net result of integration is defined
by the coefficients A; in A;/(z — z;) in the expansion of f(z) in partial fractions up to an arbitrary
function which is analytic throughout 7 (y)

0=/f(Z)dZ=/f(Z)dz—/ f(2)dz (2.25)
r y C

if we define the orientation of C also to be counter clock wise. Here, we used the fact
that integration over P forth and back between zy and C produces zero. The result
is a deformation of y into C:

1 1
o7 | f@dz =5 [ s (226)
2wi J, 2wi J¢
The arguments from Example 2.2 give Cauchy’s integral formula
1 é)
f@) = i f d& 2.27)
wiJ,E—2

with the same conditions on y as before. In fact, for f(z) analytic in D containing y,

[ =f@Q+(f'@+AE )E -2 (2.28)
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where A(§) — 0 as & — z, by the existence of the derivative of f(£) at £ = z. The
result (2.27) obtains directly following a contour deformation of y to a circle C with

radius p as above, when we let p approach zero.
By Cauchy’s integral formula, the n-th derivative satisfies

1 1
— Y@ =5 / SO e (2.29)

27i J, (§ — )"t

showing that if f(z) is analytic, then f(z) is infinitely differentiable. An important
corollary is that analyticity of a function in a domain D implies the existence of a
power series with a finite radius of convergence. That is, f(z) has a Taylor series in
z about 7o € D,

f@ =D anz—20)" (2.30)
n=0

where the a,, (that depend on the choice of z) are defined by (2.29).

2.3 Evaluation of a Real Integral

As an application of the above, consider the integral

*®  dx . R dx
K = — lim Kz, Kg= [ ——0. 2.31)
oo 1+ X2 Rooo _r 1 +x2

First, we consider the analytic extension

- f@) = L (2.32)

f = 1+ 22

1+ x2

by taking x into the complex plane. Here, we note the poles z = =i and the associated
partial fraction expansion,

A A> 1 1 1
f@) = - + ( ) (2.33)

z—i  z+4i 2i\z—i z+i

Next, we consider a contour given by [—R, R] and the semi-circle C : z = Reé'?,
0 <6 < & (Fig.2.5). It encloses the singularity z = i but not z = —i. By (2.24) and
(2.22) (see also Fig.2.3), we have

R
L [ / Fedx + / f(z)dz} Sy (2.34)
27i [ J_r c 2i
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Im z
Cr
X
JI »— Re z
—R R
X

Fig. 2.5 Shown is a contour comprising [—R, R] and the semi-circle Cg in the upper half plane
with counter clockwise orientation, to evaluate the integral A = f dx/(1+ x2) over the real line in
terms of A = f dx/(1+ xz) over [—R, R], following an extension of x to complex values z and

taking R to infinity. As a function of z, f(z) = 1/(1 + z2) has two poles at z = i, —i. The contour
shown can be deformed to a circle around z = i, to give 2mi times the residue 1/(2i) of f(z) at
z = i, while the integral over Cr approaches zero in the limit as R approaches infinity. As a result,
A=m
Here,

T 1 1
/Cf(z)dz s/clf(z)lldz| 5/0 ﬁRd@:o(E). (2.35)

Taking R to infinity in (2.34) hereby gives

1
K=2mix —=m. (2.36)
21

2.4 Residue Theorem

Consider contour integration of the function

1
f@ =5 (2.37)

1
(z— 5)
in light of its isolated singularities at z; = 0 and z, = % The singularity at z = 0
is of second order. and the singularity at z, = % is a simple pole. Integration over

a contour around either one of them will pick up contributions according to their
residues according to either one of the following.
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1. By partial fractions, we have the expansion

1 1 2 1 1 2 4 4
f@Q=-x——F=x|—F--)=-5--+—F 238
z z(z—3) 2z Z—5 Z oz z—3

2 2

2. Inthedisk D : |z| < %, we have, alternatively, the expansion

121
MOz 1~ "2 =

(Z—g) Z

2 2
=-3 [1+42z+42°9(2)], (2.39)

where g(z) = 1 4+ 2z +4z% + - is analytic in D. We thus have the Laurent
expansion

f()——1 ——E—i—f%() (2.40)
Z_ZZ(Z—%)_ JE R g(z). .
3. We compute
tim L [20)] = —4 (2.41)
7—0dz ’ ’

According to (1), integration of f(z) over an anti-clockwise contour y gives
1
— / f@dz=—-4,4,0 (2.42)
2mi J,

according to whether y encloses (a) z; = 0, (b) z, = % or(c)bothz = z; and z = z».
Here, we use the fact that (cf. Fig.2.3)

1 d
— [ s, (2.43)
2mi y 2"

where §;; =1 (i = j) and §;; = 0 (i # j) denotes the Kronecker delta symbol and
y is an anti-clock wise oriented contour around the origin (see Exercise 2.11).
According to (2-3), the result for (a) obtains by noting that the remainder 8u(z)
is analytic in D, which is immaterial by Cauchy’s theorem. Only the term A_,/z
matters in view of the identity (2.43). For a contour in D, it thereby follows that

1
—/ f@dz=A_; = —4. (2.44)
2mi y
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The same arguments can be readily extended to functions with a number of isolated
singularities (Fig.2.4):

1 N
i /y f@dz = ;Respzkf(z) (2.45)

in terms of

A
Res., f(2) = A, f(2) = ﬁ + 90 (@) (2.46)

where g)(z) denotes a remainder which is analytic within y, except perhaps at
Z2=2Zm, m #Kk.

To further illustrate Cauchy’s integral formula (2.27), we calculate the following
contour integrals. The first two are over C, given by a circle of radius p > 2 around
the origin, described by z = pe?, 0 < 0 < 27.

Example 2.3. Consider the contour integral

[ /Ldz—i/ _ SO e
C C

T 2mi Je2+2z42 0 2mi (z —z0)(z —z1)
where zo = —1 +i and z; = —1 — i denote the zeros of the polynomial
p(2) = 2% + 2z + 2. Proceeding by partial fractions, we have
1 1 1 1
I1=— / et — dz. (2.48)
2mwi zo — 21 Jc Z2—20 Z2—21

By Cauchy’s integral formula (2.27)

1 1 et et a1 i .
I =—— dz — dz|=el—=(' —e™) =esin1). (2.49)
2mi 2i | Jec z2— 20 cZ—21 2i

Example 2.4. By (2.29), the integral

1 e2z

I = 4 2.50
i Je G+ 1) ° 2.50)
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is 1/3! times the third derivative of

1 eZz
gw) = — dz = e™ (2.51)
27i Jez—w
evaluated at w = —1. Therefore,
1 4
I= gg<3>(—1) = 56*2. (2.52)

Example 2.5. Let C; denote the unit circle |z| = 1. By (2.27)

ekz
I = —dz =2mi (2.53)
c <

is readily evaluated. With dz = ie’?d6, the left hand side can be expanded in
real and imaginary parts

2w . 2
/= / eklcosO+ising); 4o _ ; / [ekcose(cos(ksine)+isin(ksin6))} a6 (2.54)
0 0
so that
2 2w
/ k<9 cos(k sin 0)do = 27, / k<% sin(k sin 6)d6 = 0.(2.55)
0 0

These relations hold for all k.

Example 2.6. The Poisson integral

I = / e ™ cos(2bx)dx = eV /1 (2.56)
R

is an exact result, illustrating that a smooth function, here e”‘z, integrated

against the oscillatory function cos(2bx) goes to zero as the frequency k
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approaches infinity.> To see this, we first consider the finite integral over the
finite interval A : — L <x <L,

1 ) .
I, = / e cos(2bx)dx = Ee—bz / [e—“"b)z +e—<x+”’>z]. (2.57)
A A

To treat the integration of e~ +i»” on the right hand side of (2.57), let ',
denote the segment z = x + ib with x ¢ A and complete it to a clock-wise
oriented closed contour y containing A as follows,

, L+ib , —L+ib
/ e “dx —i/ e “dy —/ eV dx —|—i/ e “dy=0, (2.58)
ry I, A —L

5 o — 7 5 5
where the sum vanishes since e~ is entire. On the sides at x = £L of y, we
have

[em@?| = |em o gaint | - oot (2.59)
and so
L+ib . ,
< / ey < bet P 50 (2.60)
L

L+ib
/ e “dz
L

in the limit as L approaches infinity. Therefore,

L—oo

lim [ e ¥dx = / e dx = /7. (2.61)
Iy, R

Since (2.61) is independent of b, the result of integration of e~~? on the
right hand side of (2.57) will be the same, thus showing (2.56).

Example 2.7. Compute f'(1) of

2402642
f@)= / itk e 2 dk. (2.62)
=3 £-—2

By partial fractions, there exist constants A, B and C such that

3Known as the Riemann-Lebesgue theorem in Fourier transforms, see e.g., van Putten, M.H.P.M.,
1998, SIAM Rev., 40(2), 333.
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A B
@= & —2? C|dé =2miB(z). (263
e /s=3[($—z)2+g_z+ } £ =27miB(z). (2.63)

We can extract B from the numerator p = £> + 2 +2 = C(£ — 7)> + B(£ —
z) + A in (2.62) as the residue
E2+26+2

B = Res;—, |: & —2?

} = lim p'(§) =2 +2. (2.64)

Evaluated at z = 1, we conclude f'(1) = 8mi.

2.5 Morera’s Theorem

Morera’s theorem* states that given a continuous function f(z) in some domain D,
if

/ f(2)dz=0 (2.65)
C

for every closed curve C in D, then f(z) is analytic (holomorphic) in D. Morera’s
theorem is hereby a converse to Cauchy’s theorem of Sect.2.2. It follows that

F(z) =/ f(&)dé§ (2.66)

is a well-defined primitive of f(z), independent of the path of integration from z, to
z. Thus, F'(z) = f(z) and hence F(z) is analytic in D. For complex functions, this
implies that F(z) is infinitely differentiable and in particular, F”(z) exists, showing
that f(z) is analytic in D.

Write f(z) = u + iv in its real and imaginary parts as before. If we assume that
u and v are differentiable, then

/ f()dz =/(u 4+ iv)(dx +idy) :/(udx —vdy) +i/(udx + vdy).
c c c c
(2.67)

implies by Green’s theorem as before in (2.19)

4Giacinto Morera 1856-1909.
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Fig. 2.6 Shown is an
oriented path y formed out
of an outer contour C, a
counter-oriented inner
contour C’ and a bridge 1
that is traversed twice, from
C to C’ over I and back
over /_. The inner contour c
C’ encircles a point w

e=

/ f(@)dz = —/ (ux +vy)dA + i/ (ux —vy)dA. (2.68)
c 1(C)

1(C)

Implied by (2.65) is that the Cauchy-Riemann relations hold
Uy = Vy, Uy = —Vy, (269)

previously derived as conditions for the derivative of f(z) to be the same regardless
of direction of differentiation,

df(z) _ oodf@
Ix = Uy + vy, idy = —iuy + ;. (2.70)

Let f(z) satisfy Morera’s condition (2.65) and consider

9(2) = 2.71)
-

for some w in D. Then g¢(z) satisfies Morera’s condition (2.65) in the punctured
domain D’ with w removed. Consider integration over the contour y shown inFig. 2.6

Oz/g(z)dz=/+/+/+/=/+/, (2.72)
c I, ' I c c

where —C’ is the clockwise oriented curve obtained by reversing orientation of the
counter-clockwise oriented C’, so that

/ 9(x)dz = / 9(z)dz. (2.73)
c -C’

Note that no specific shape of C or C’ has been used; C can be deformed to any other
C’ (with the same orientation), provided that in a continuous deformation the region
traced out enclosed between C and C' is within D’. Allow C’ to become a small circle
around w, i.e.,z — w = €e'?. If f(z) is continuous atw, then f(z) = f(w) + n(z, w)
with 1(z, w) approaching zero in the limit as z — w. By (2.73) and dz = ie'?df, we
have



50 2 Complex Function Theory

2 i0 2
/ 9(z) = f(L.;e)ie”de —i | fov+ed®)do — 2nf(w) (2.74)
—c 0 ee’ 0

in the limit as € — 0. Thus, (2.73) gives (2.27) once more. An immediate conse-
quence is that f(z) is infinitely times differentiable, and the n-th derivative of f(z)
satisfies (2.29). A continuous complex function satisfying Morera’s theorem is infi-
nitely times differentiable. Finally, consider the circle C: z —w = pe'®. A similar
calculation to (2.74) shows the Mean Value Theorem

2w

1 .
fw) = — fw+ pe')do. (2.75)
27 0

Viewed as a mean value over a boundary, it immediately follows that the real and
imaginary parts » and v of f(w) = u + iv are bounded by the extrema of » and v on
C. This so-called minmax theorem holds true for boundaries of arbitrary shape.

2.6 Liouville’s Theorem

If f(z) isentire and f (z) isbounded, i.e., f(z) < M forall z € C, then f(z) reduces to
a constant. This is Liouville’s theorem, and it follows readily from Cauchy’s integral
formula (2.27),

1
foe L[ J©®

T omi Jo € =22t

(2.76)

where C is a simple closed contour whose interior contains z. We may choose C to
be a circle £ — z = Re' of radius R. Taking the modulus gives

b |f(§)|Rd9 _M 2.77)
2 C R2 R

|f'@| =
Since R was arbitrary, we may take it to infinity, and hence | f'(z)| = 0. It follows
that f(z) is a constant.
Liouville’s theorem can be used to show that every polynomial

(@) =ao+ a1z +az® + -+ a,2" (ay #0) (2.78)
of degree n has exactly n roots, p,(z;) = 0,i = 1,2, - - - , n, including multiplicities.
To see this, let

h(z) = (2.79)

Pn(2) ’



2.6 Liouville’s Theorem 51

If p,(z) has no zeros anywhere in C, then /(z) is entire and reduces to a constant
by Liouville’s theorem. Then p,(z) = 1/h(z) is a constant, which contradicts our
assumption that a, # 0. It follows that p, (z) has at least one zero, say, z;. Next,
consider h(z) = (z — z1)/pn(z). Repeating, we encounter additional zeros. This
procedure terminates when the constant 4, (z) = a, is reached, thus retrieving n
Zeros.

As the examples show, we often encounter polynomials (2.78) with real coeffi-
cients. In this event, roots come in pairs of complex conjugates. If p,(z) = 0, then

0=pa(2) = pn(2) (2.80)

so z is also a root. If the root z is real, then this produces no new root, but if it is
complex, then conjugation produces a genuine second root.

2.7 Poisson Kernel

On a circle C of radius a, Cauchy’s integral formula for a function f(z) reduces to
an analytic extension of by a real kernel into the region in C. To see this, consider
z = re'? inside of C and a point

[

a
== 2.81)
Z

symmetric with respect to C. Since z* is outside, we have

1 1 1
1@ =5 [ 1© [g ——; _Z*]dé- 2.82)

Since a? = £&, (2.82) reduces to

a®—r?

1 [ ‘
@ =5 /0 f (ae™) da. (2.83)

a?+r? —2racos(o — 0)

Since the Poisson kernel (a® — r2)/(a®> 4 r? — 2ar cos(a — 0)) is real, (2.83)
defines analytic continuation of the real and imaginary parts of f(z) separately, i.e.,
giving analytic continations of harmonic functions on the disk. This result is closely
connected to the Fourier transform.’ To see this, specialize to a = 1 and let u(r, 6)
denote the real part of f(z) with Fourier coefficients

2

C, up(a)e " da (neZ) (2.84)

:EO

5More on this in Chap. 6.
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of data uo(¢) = u(a, @) on S'. Since u(r, 0) is real, C_, = C,, and hence

u(r,0) = Co+ D _r" (Coe™ + Cpe™™) (r < 1) (2.85)

n>1
defines the harmonic extension of ug(«) into » < 1. Using (2.84), we have

1 2 ) )
u(r, 0) = Z/ g (o) |:1 + Z (r”e_’"(o’_g) + r”e’"(“_g)):| da. (2.86)
0

n>1

With > 2" =z/(1 —2),z = re @0 r < 1, the kernel in (2.86) evaluates to

z n z 1—2zz _ 1—r
l—z 1—%2 1l4zz—2z—2z 14r2=2rcos(e—0)’

2
(2.87)

thus recovering the Poisson kernel in (2.83).

2.8 Flux and Circulation

The equations of motion of fluids derive from conservation laws of mass, energy and
momentum. Solutions critically depend on the Reynolds number, a dimensionless
ratio of convective to diffusive momentum transport,(‘ due to randow walks of mole-
cules or atoms that make up the fluid. For large Reynolds numbers, flows are gener-
ally complex and inherently time-dependent, that rarely permit analytical solutions.
Even so, some key aspects of conservation of mass and momentum are amenable
to analytical solutions, particularly for solenoidal (incompressible) and irrotational
(vanishing vorticity) flows. In two dimensions, these properties are described by a
complex velocity potential

w(z) =¢(x,y) —iY(x,y) (2.88)
representing a flow velocity

u=ui+vj =i+ @], (2.89)
satisfying

Uy +vy =0, uy —ve=0. (2.90)

6 An excellent introduction to classical fluid dynamics is [1].
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by virtue of the Cauchy-Riemann relations (2.9) with a change in sign in v. The
power of complex function theory can hereby be introduced to describe this class of
two-dimensional flows.

Consider a smooth curve I connecting two points P and Q. We denote the unit
tangent vector by t and the unit normal by n. In two dimensions, we can fix n
uniquely by defining it to be a rotation over —mr /2 of t. With this convention, n is
the outer normal for a simply positively connected curve, i.e.,

T=1d+ 15, n=71i— 1. 291

Thus, the tangent and normal are related by a clockwise rotation over /2,

01
n= (_10)1'. (2.92)
For a smooth flow, consider the path integrals
IA=/u~nds, IBI/II'TdS (2.93)
r r

over a curve ' from P to Q. In general, these two integrals are path dependent.
Consider two alternative paths I'j and I'; as shown in Fig.2.7. Then I'} as shown
followed by I'; in the opposite direction produces a closed loop y with positive
orientation. By Green’s theorem, we have

A= fy u-nds = fl(y)(ux +v,)dA,
(2.94)
B= fy u-tds = f[(y)(vx —uy)dA,

where I (y) denotes the interior of y. The first integral in (2.94) vanishes when the
flow is solenoidal, and the second vanishes when the flow is irrotational. If these
two conditions are satisfied, then the integrals (2.93) are path independent. They are
hereby well-defined as functions of P and Q without specifying the path connecting
them. Exceptions may still arise, when [ () is not simply connected, e.g., when I (y)

Fig. 2.7 Two paths I'1 and SRR

I’ from P to Q form a Iy ™~
closed loop y. The loop y is : \
positively oriented, when N\
formed buy traversing along __ff @ ,_,_/.

I'1 and traversing I'; in the / T = Q

opposite direction / ) .
/ e
l,-" '_/
f -
[ - -
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e N2

flow

Fig. 2.8 In solenoidal and irrotational flows, streamlines are level curves of the stream function v,
which are orthogonal to level curves of the flow potential ¢. The separation between two streamlines
forms a duct of flux, that is conserved as measured across level curves of the flow potential at P — S
and Q — R. Circulation obtains from integration over y, which vanishes for irrotational flow as
generated by a flow potential ¢

is an annulus. In this event, the winding number of y becomes relevant. We will not
consider these possibilities here.

For a flow in a simply connected region, we now consider the stream function and
the flow potential given by integration over a path from A to B,

B B

u-nds, ¢(B)=¢(A) +/ u-tds. (2.95)
A

v (B) =y (A) —/

A

As illustrated in Fig. 2.8, ¥ is constant along the streamlines of u. Consider a closed
loop y as indicated. Integration of u - n over y receives contributions from segments
QO — R and S — P only, and so

Ay =[y1§ = [¥]}. (2.96)

It expresses a conserved flux passing through a level curve of ¢ between P to S
as well as between Q to R, i.e., the flux between two streamlines ¥; = ¥ (Q) and
Y2 = ¥ (R). Integration of u - T over y expresses the circulation of the flow over y.
It vanishes based on the assumption of irrotational flow. When the segments Q — R
and S — P are orthogonal (u - T = 0) to the flow, integration receives contributions
from segments P — Q and R — P only, and so

Ap = [¢]9 = []X (2.97)

measures the strength of the flow along the streamlines.
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With v and ¢ defined by (2.95) with (2.96), we have u = ¢, =¥, v=1¢, =
—,, that is, the Cauchy-Riemann relations for the real and imaginary part of an
analytic function

wi@)=¢+iv, W) =u—iv, ¢(z) =Rew(z), ¥(z) =Imw(z) (2.98)

as a function of z = x + iy.

2.9 Examples of Potential Flows

A uniform flow with unit velocity has a complex velocity potential
w(z) =z, (2.99)

whose streamlines of constant ¥ (x, y) = Im w(z) are parallel to the x-axis. A poten-
tial w(z) = e "%z describes a uniform flow at an inclination angle « to the x-axis.

In a potential flow past a solid body, the surface of the body is a streamline, along
which ¥ (x, y) = Imw(z) is constant. If the same flow is uniform at infinity, then
w(z) ~ z at large z, perhaps up to a complex constant that defines the direction of
the flow. The potential

w(z) =z+ % (2.100)

hereby describes a flow past a cylinder of unit radius, since w(z) = cos 6 and hence

Imw(z) = 0 on z = €. The potential (2.100) has two stagnation points at 7 = %1,

where the velocity

2?1
)

w(z) = (2.101)

vanishes. One can envision sliding the location of these stagnation points over the

cylinder, by modifying the zeros of w'(z) to, e.g., 21 = e '® and 7o = '™+ chang-
ing the numerator in (2.101) to

(z—z21)(z —22) = 2> — 2isinaz — 1. (2.102)
The associated velocity potential
| P
w(iz) =2+ —+2isinalngz, (2.103)
Z

where the logarithm adds ciruclation to the flow past a cylinder.
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The flow potentials

r
wi(z) = % Inz, wy(z) = P Inz (2.104)

describe point sources of flow with streamlines emanating radially from and, respec-
tively, concentric about the origin. The total flux and circulation integrals (2.93) over
S': 7z =¢ give

/Wi(z)(—idz) =0, /w;(z)dz =T, (2.105)
C C

where we used the correspondences nds = —idz and tds = dz. With I' = —4x
sin &, the potential (2.103) obtains in standard form

1 r
wi@) =z+-+-—Inz (2.106)
z  2mi

As amap, { =z+ 1/z in (2.101) is known as the Joukowski transformation.
This map is conformal (having non-zero derivative) away from z = =£1. It generates
Joukowski airfoil profiles as images of circles C with radius a > 1 that pass through
z = 1. These images of C are smooth except for a cusp at {(1) = 2, where the
map fails to be conformal. The cusp sets location of the corresponding stagnation
point on C, to fix circulation and to avoid flow separation and the shedding of

vorticies. Let w(z) denote a complex flow potential about a C, such as (2.103).
Then W(¢) = w(z(¢))) is a flow potential past the Joukowski airfoil with velocity

4 )1 _ v (2.107)

dz 22 —1

W) =w(2) (

Table 2.1 summarizes this discussion.

2.10 Exercises

2.1. Show by explicit evaluation that the real and imaginary part of e with z = i@
in the defining Taylor series of the exponential function recovers the Taylor series
expressions for cos ¢ and sin ¢.

2.2. Show that an analytic function f(z) is a conformal map whenever f’(z) # O,
that is, if « is the angle between the tangents of two curves intersecting at z = zo,
then « is also the angle between the tangents to the images of these two curves under

f(@).
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Table 2.1 Complex function theory

2.3. Verify by explicit calculation that the Cauchy-Riemann relations for f(z) = "
for the three casesn = 0, 1, 2.

2.4. Prove (2.16).

2.5. We say that f(z) is analytic at infinity if g(w) = f(1/w) is analytic at w = 0.
Consider

f@)= (2.108)

2+1
Show that f(z) is analytic at infinity. What is the radius of convergence of the Taylor

series of g(w)?

2.6. Obtain the Laurant series expansion of

1

f@= @iha-a

(2.109)
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valid in the annulus 1 < |z| < 2.

2.7. Derive (2.43) by contour deformation to z = e'?.

2.8. Calculate the integrals

(a) /d—j (b) /log(1+z)dz
y %

where 7 is an integer and y is a small loop around the origin.

2.9. Obtain the partial fractions of

1 2z 1 z—2
, (b) e (©) (d

a , )
()zz—l 2+1 24z

2.10. Obtain the partial fractions of

1
(a) (b) (n=1,2,3)
2@ - HE2+49) Z(z+1)
2.11. Obtain the integrals
3-2i
@ [ sinzdz ) / ddz (neN), (©) / log(1 + 2)dz
1+i Y 14

where y is a contour in the unit disk.

(2.110)

@2.111)

2.112)

(2.113)

2.12. Let y be the unit circle |z| = 1 with counter clockwise orientation. Compute

the following complex integrals
1. fy G fora=0,2andn =1,2.

d
2. fl/ coslf‘

sm(nzz)
3. fl/ G—1/9G-2) 2)

2.13. Obtain the integral

l/sinz
2wi J, 2z +1

where y is a contour which encloses z = —zii.

(2.114)

2.14. Find all the branch points, where the following function does not satisfy the



2.10 Exercises 59
Cauchy-Riemann relations:

f(2) = Ve + 1. (2.115)
2.15. Prove the minmax theorem based on (2.75).

2.16. Consider the functions

f2) = % +3+4z, g(z) = Z% + f(2) (2.116)

and the residues defined by the contour integrals
1 1
Res;— f(2) = =—— / f(@)dz, Res,—g(z) = —/g(z)dz (2.117)
2wi J, 27 J,

over a contour y that encloses the origin z = 0. Show that

Res.— f(2) = lim 2/ (2), Res.—0g(z) = lim j—z[zzg(z)]. (2.118)

2.17. The Mobius transformation w(z) = (z — i)/(z + i) maps the real line onto the
unit circle. Cauchy’s integral formula on the unit circle hereby transforms to one on
the real line. Follow steps similar to those in deriving the Poisson kernel (2.83), now
with the point z* = z symmetric with respect to the real line, to obtain

ulx, y) = 2/00 _ w@) (2.119)

7)o G =) 1y

2.18. Sketch the streamlines including the direction of flow of the following complex
velocity potentials

(@) w(z) =27~ (k = % 2, 3) , w(z) = 1. (2.120)
Z
1 ) 1
(b) wz) = z—In(z" = 1), w(z)=z+ z—Inz. (2.121)
27 2

2.19. Sketch the field lines of the complex velocity potential of the dipole

1
w(z) = — [In(z + ¢) — In(z — €)] (2.122)
2me

and determine the limit as € approaches zero.
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2.20. Show that
f(@)=(1+2)7 (2.123)

has a removable singularity at the origin by deriving a Taylor series expansion
f(2) =eX yc, 2™ about z = 0. Note that the radius of convergence is 1 in view
of the singularity at z = —1. Match the behavior of f(z) as z approaches —1 from
the right to the Taylor series expansion to show that the (rational) coefficients c,,
approach e~!(—1)". [Hint. Use e° ' 108142 = ol=37+35 =12+ |

2.21. Consider an asymptotically flat black hole spacetime. Viewed as an analytic
function of radius z € C, the metric satisfies n,, + O(z~"), where 7,; denotes the
Minkowski metric. Use Liouville’s theorem to argue that the metric must have at
least one singularity in C [2].
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