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Unit 1

Course Structure
* The functions- M (r) and A(r).

* Hadamard theorem on the growth of log M (r)

1.1 Introduction

We have read about the Maximum and Minimum modulus theorems for a non-constant analytic functions on
bounded set G. We mainly introduce two new terms, viz., M (r) and A(r), and derive their properties. The
main motive is to study the growth of an analytic function f. f, being a complex function, is not comparable
with the real functions when we come to measure their orders of growth. So, to be able to measure the order
of growth of such functions, we need to define real function and find the desired results with respect to them.

Objectives

After reading this unit, you will be able to
e define M (r) and A(r) of an analytic function
* deduce the properties of them with the help of the maximum modulus theorem
* learn preliminary definitions of convex functions

¢ deduce the Hadamard’s three-circles theorem

1.2 The functions M (r) and A(r)

Let us first state the maximum modulus theorem and then we will define the new terms M (r) and A(r) and
derive its properties as a consequence of the maximum modulus theorem.

Theorem 1.2.1. If a function f is analytic in a bounded region G, and continuous on G and M = max{|f(z)| : z €
O0GY}, where OG is the boundary of G, then |f(z)| < M in G, unless f is a constant function.

1



2 UNIT 1.

Example 1.2.1. Consider the function f(z) = 22 defined on the closed disc D = {z: |z — 1 —i| < 1}. Let
us show that the maximum value of | f(z)| is attained at z = (1 + 1/+/2)(1 + ). To do this, set

z=1+i+e? = (1+cosh) +i(1l+sinb), € [0,2n).

Then |f(z)| = 3 + 2(cos @ + sin §). It follows that the maximum value of | f(z)| is attained at § = 7/4 and
the maximum value is 3 4+ 2v/2. The maximum value is attained at z = 1 + i + i,

Corollary 1.2.1. Suppose that f is analytic in a bounded region G and continuous on G. Then, each of
Ref(z), —Ref(z), Imf(z) and —Imf(z) attains its maximum at some point on the boundary 9G of G.

Proof. Let u(x,y) = Re f(z) and g(z) = e/(*). By the Maximum Modulus theorem, |g(z)| = ¢“(*¥) cannot
assume the maximum value in G. Since e* is maximized when u is maximized, obtain that u(x,y) cannot
attain its maximum value in G. Similarly, the other cases can be proved. O

The minimum modulus theorem comes as a direct corollary of the above theorem which is

Theorem 1.2.2. Let f be a non-constant analytic function in a bounded region G and continuous on G. If
f(2) # O inside OG, then | f(z)| must attain its minimum value on 0G.

Example 1.2.2. Suppose that f and g are analytic on the closed unit disc |z| < 1 such that
1. |f(2)] < M forall |z| < 1;
2. f(2) = 2"g(z) forall |z| <1/3 and for some n € N.

We wish to use the Maximum modulus theorem to find the maximum value of |f(z)| on |z| < 1/3. To do
this, we proceed as follows. On |z| = 1, we have

m > |f(2)| = [2"g(2)] = |g(2)]
and so, |g(z)| < M for |z| < 1. Now, for |z| < 1/3, we have,
[f ()] = 12"g(2)| = [2"]lg(2)] = 37 "|g(2)] < 37" M.
Thus, |f(z)| < 37"M forall |z| < 1/3.
The hypothesis that G is bounded can’t be dropped however as we see in the following example.

Example 1.2.3. Define f(2) = e on G = {z : Im z > 0}. Then |f(2)| = 1 on the boundary G =
{z: Im z = 0}, that is, the real axis. But, for z = z + iy € G, we have,

|f(z+iy)| =e¥ = 00 as y — 4o0;
that is, f itself is not bounded. And the Maximum modulus theorem fails.
We will now define the terms M (r) and A(r) related to an analytic function f as follows

Definition 1.2.1. Let f be a non-constant analytic function defined in |z| < R. Then, for 0 < r < R, we
define

1. M(r) =max{|f(z)|: |z] =r};and
2. A(r) = max{Re f(2) : |z| =7}.

Theorem 1.2.3. Let f be a non-constant analytic function defined in |z| < R. Then, 0 <r < R
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1. M(r) is a strictly increasing function of r;
2. A(r) is a strictly increasing function of .

Proof. 1. Let0 < r; < ro < R. Since f is analytic in |z| < 73, the maximum value of |f(z)| for
|z| < 7y is attained on |z| = 72. Let 29 be a point on |z| = 72 such that |f(z2)| = M (r2). Similarly,
the maximum value of |f(z)| for |z| < r is attained on |z| = 7. Let z; be a point on |z| = 7 such
that |f(z1)| = M (r1). Since z is an interior point of the closed region |z| < rg, hence by maximum
modulus theorem, |f(z1)| < M(rz), thatis, M (r1) < M(ry). This completes the proof of the first part
of the theorem.

2. Let0 < 7 < ry < R. Since f is analytic in |z| < rg, the maximum value of Re f(z) for |z| < ry
is attained on |z| = 7. Let 22 be a point on |z| = 7o such that Re f(z2) = A(r2). Similarly, the
maximum value of Re f(z) for |z| < r; is attained on |z| = r1. Let z; be a point on |z| = 71 such that
Re f(z1) = A(ry1). Since z; is an interior point of the closed region |z| < rg, hence by corollary 1.2.1,
Re f(z1) < A(r2), thatis, A(r1) < A(rz).

O

1.3 Hadamard’s theorem on the growth of log M (r)

Definition 1.3.1. Let [a, b] be an interval in R. A function f : [a,b] — R is said to be convex if for any two
points z1,x2 € [a,b],

f(t:L‘Q + (1 — t)l’l) < f(:Eg) + (1 — t)f(:El) for 0<t<1.

Geometrically, f(z) is said to be convex downwards, or simply convex in [a, b] if the curve y = f(x)
between any two points x; and z in [a, b] always lies below the chord joining the points (z1, f(x1)) and

(w2, f(x2)).

1.3.1 Analytical condition for convexity

Consider the figure 1.1.

Let y = f(x) be the curve and (z1, f(x1)), (22, f(x2)) be two points as shown in fig. 1.1. Let z =
tx1 + (1 — t)zo be any point between 1 and x2 and 0 < ¢ < 1. Then, z; < = < z9 and the equation of the
chord joining (1, f(x1)) and (z2, f(x2)) is

y—flr1) = W(ﬂﬁ—xl)

or, y = f(ml)+w

T2 — X1

(x — ).

Let the coordinates of any point on the chord joining (x1, f(z1)) and (z2, f(x2)) be (z,y). According to the
definition of convexity, f(x) will be convex if and only if f(x) < y, that is,

N f(z2) — f(21)

f@) < Sl + HEL D @)
that is, if and only if,
fla) < 22 fan) + =21 f(an) (1.3.1)
To — 21 T2 —T1

holds for all x1 < z < x9.
Let us check through some quick results on convex functions that we will need in the sequel.
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flx)T

tf ) + (1 = 0)f (x2)

fltx + (1 —1t)x)
flx) T

| | | x

| I
X1 tx1 + (1 w t) x2 X2

Figure 1.1

Result 1.3.1. 1. A differentiable function f on [a, b] is convex if and only if f’ is increasing.
2. A sufficient condition for f to be convex is that, f”(z) > 0.
3. If f: (a,b) — R is convex, then it is continuous there.
We now state the Hadamard’s three circles theorem.

Theorem 1.3.1. (Hadamard’s three-circles theorem) Let f be analytic on the closed annulus 0 < r; <
|z| < rs(see fig. 1.2). If 1y < ry < r3, then
M(re) () < ar(ry )05 G ap g2 ().

Proof. Let ¢(z) = 2* f(z), where ) is a real constant to be chosen later. If \ is not an integer, ¢(z) is multi-
valued in 71 < |z| < r3. So we cut the annulus along the negative part of the real axis obtaining a simply
connected region GG in which the principal branch of ¢ is analytic.

The maximum modulus of this branch of ¢ in G, that is, the cut-annulus is obtained on the boundary
of . Since A is real, all the branches of ¢ have the same modulus. By considering another branch of
¢ which is analytic in another cut-annulus obtained by using a different cut, it is clear that the principal

branch of ¢ must attain its maximum modulus on at least one of the bounding circles of the annulus. Thus,
|p(2)| < max{r{ M (r1),73 M (r3)}. Hence, on |z| = ra, we have,

ry M (ry) < max{r{ M (r1),ra M(r3)}. (1.3.2)

We now choose A\ such that

that is,
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Y

X/

Y/

Figure 1.2: Hadamard’s Three-Circles Theorem

With this A, we get from (1.3.2), and the fact that alo8b = ploga holds for all positive real numbers a and b, we

get
A
M(ry) < (é) M(ry)
o M(rq) .
o ) < (22) )y pa2)
r2

Note 1.3.1. The equality in the above theorem can be achieved when ¢(z) is constant, that is, f(z) is of the
form f(z) = kz?, for some real ), k being a constant.

Theorem 1.3.2. Let f(z) = >, ; a,2" be analytic in |z| < r. Then

|ap|r™ < max{4A(r),0} — 2Re f(0), Vn > 0.
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Proof. Letz =re", f(2) =Y 0% yanz™ = u(r,0) + iv(r,0) and a, = o, + iBy,. Thus,

o0

u(r,0) +iv(r,0) = Z(an + i) et

n=0
oo

= Z(an + i)™ (cos nf + i sinnh)

n=0

= Z r"{ (o cosnf — B, sinnb) + i(a, sinnb + B, cosnb)}.

n=0
Equating real parts, we get,
[e.e]
u(r,0) = Z " (v, cosnf — B, sinnf). (1.3.3)
n=0

The series (1.3.3) converges uniformly with respect to §. Hence we may multiply it by sin n6f or cos nf and
integrate it term by term. Now,

u(r,0) = o + (a1 cosf — By sin@)r + - - - + (o, cosnf — By sinnf)r’™ + - - -
Hence,
2w 1 27
/ u(r,0)dd = ap2m = ap = / u(r, 0)de.
0 21 Jo
Also,
u(r, 0) cosnh = oy cos nf+(a; cos O cos nh— Py sin O cos nf)r+- - -+, cos® nh— By, sinnf cos nf)r"+- - -

50, 2 2
/ u(r, 0) cosnfdl = anr"/ cos® nfdh = moy,r".
0 0

Hence, for n > 0,

1 2
apr" = / u(r, 0) cosnfdo.
T Jo
Similarly, multiplying (1.3.3) by sin nf and integrating term by term from 0 to 27, we get,
1 2
—Bpr" = / u(r, ) sinnfdf, for n > 0.
T Jo
Hence,
1 27 1 27
anr”™ = (ap +i6p)r" = / u(r, 0) cosnfdh — / u(r, 0) sinnhdf
™ Jo ™ Jo
1 2m )
= / u(r,0) e~ dg, n > 0.
T Jo
Thus,
1 2w
lan|r™ < / lu(r, 0)|dd, n > 0.
T Jo
Hence,

1 2
lan|r™ + 209 = - {lu(r,0)| + u(r,0)}do. (1.3.4)
0
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Now, |u(r,0)| + u(r,8) = 0 when u(r, ) < 0. Hence if A(r) < 0, the right hand side of (1.3.4) is 0. Again,
if A(r) > 0, the right hand side of (1.3.4) does not exceed

1 2m
/0 2A(r)df = 4A(r).

s

Thus,
|an|r™ 4+ 2ap < max{4A(r),0}
= |anp|r" + 2Re f(0) < max{4A(r),0}
= |ap|r" < max{4A(r),0} — 2Re f(0).

Few Probable Questions

1. State the Maximum modulus theorem. Show that M () is an increasing function of r.

2. Show that for any non-constant analytic function f defined on a bounded region G and continuous on G,
Re f(z) attains its maximum at some point on the boundary OG of G. Show that A(r) is an increasing

function of r.

3. State and prove the Hadamard’s three-circles theorem.




Unit 2

Course Structure

* Schwarz Lemma, Open mapping theorem.

* Borel-Caratheodory inequality

2.1 Introduction

Letus denote D = {z € C: |z| < 1}. In this unit, we start with a simple but one of the classical theorems
in complex analysis, named Schwarz’ Lemma, which states that if f is analytic and satisfies | f(z)| < 1in D
and f(0) = 0, then |f(z)| < || for each z € D with equality sign if and only if f has the form f(z) = e'® z,
for some v € R. Furthermore, |f'(0)| < 1 with the equality if and only if f has the form as stated previously.
This result has important role in the proof of Riemann mapping theorem.

This unit also deals with deducing the Open mapping theorem and the Borel-Caratheodory theorem.

Objectives

After reading this unit, you will be able to
* deduce Schwarz lemma and its various variants; also applying it in various problems
* deduce the Borel Caratheodory inequality from Schwarz lemma and discuss some of its consequences

* derive the Open mapping theorem

2.2 Schwarz Lemma

Let us now begin with a sharp version of the classical Schwarz lemma.
Theorem 2.2.1. (Schwarz Lemma) Let f : D — D be analytic having a zero of order n at the origin. Then
L. |f(2)] < |z|" forall z € D,

2. [f™M(0)] < n!
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and the equality holds either in 1 for some point 0 # zp € D or in 2 occurs if and only if f(z) = ez" with
le] = 1.

Proof. Let f : D — D be analytic on D and has nth order zero at the origin. Then we have,
f0)=0=f/(0)=---=f""V(©0) and f(0)#0.
So we can write

(o9}
f(z) = Z ag?® = 2"g(z), for zeD,
k=n

where

) (0 s
ay = / k!( ) and g¢g(z) = Z apzF "
k=n

The function g(z) = f(z)/z" has a removable singularity at the origin so that if

g(z) = z7"f(z) for ze€ D)\ {0}
= a, for z = 0.

then ¢ is analytic in D \ {0} and continuous in D. Since we will have by Cauchy’s theorem for a disc,
I ¢ 9(2)dz = 0 for all closed contours C' inside ID so by Morera’s theorem, g is analytic on D.

We claim that |g(z)] < 1 for all z € . Now, for 0 < r < 1, g is analytic on the bounded domain
D, = {# : |2| < r} and g is continuous on the closure of D,. Thus, the maximum modulus theorem is
applicable here. As |f(z)| < 1 forall z € D, it follows that for |z| = r,

1)1

< —.
|Z|n - rn

l9(2)]

By Maximum modulus theorem, |g(z)| < r~", for all z with |z| < r. Since r is arbitrary, by letting r — 1,
we find that |g(z)| < 1, that is,
lg(z)| <1 forall z€D (2.2.1)

and this implies that
If(2)] < |2|" forall zeD.

Equality in 1 holds for some point zo in D \ {0} implies that |g(zo)| = 1. It follows that g achieves its
maximum modulus at an interior point zg. Consequently, by the Maximum modulus theorem, g must reduce
to a constant, say €. Then, f(z) = ez", where |¢| = 1.

Also, note that |g(z)| < 1 throughout the disc D. Since |a,,| = |g(0)], we get by equation (2.2.1), |g(0)| < 1
so, we get | £(™)(0)|/n! < 1 and hence, 2 follows.

Again, if | (™) (0)| = n! then |g(0)| = 1 showing that g achieves its maximum modulus 1 at some interior
point ‘0’. So, g is a constant function of absolute value 1 and as before, it means that f(z) = ez" with
le| = 1. O

Remark 2.2.1. Note that the case n = 1 of the previous theorem is the original Schwarz lemma state in the
beginning of this unit.

For example, if f is an analytic function over D with |f(z)| < 1 and f(0) = 0, then what kind of function
is fif f(1/2) = 1/2? It must be none other than the identity function since the equality in the preceding
theorem holds withn = 1 and z = 1/2 € D.

Corollary 2.2.1. If f is analytic and satisfies | f(z)| < M in B(a; R) and f(a) = 0, then
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1. |f(2)] < M|z — a|/R for every z € B(a; R),
2. |f'(a)| < M/R
with the equality sign if and only if f has the form f(z) = Me(z — a)/R, for some constant € with |¢| < 1.
Proof. Use Schwarz lemma with g(z) = f(Rz + a)/M, |z| < 1. O
Another generalisation of the above theorem is as follows
Corollary 2.2.2. If f is analytic and satisfies | f(z)| < M in B(a; R) and a is a zero of f of order n. Then
1. |[f(2)] < M|z —a|™/R" for every z € B(a; R),
2. £ (a)| < M/R"
with the equality sign if and only if f has the form f(z) = Me(z —a)™/R", for some constant e with |e| < 1.
Proof. Prove the corollary independently without using the Schwarz lemma. 0

Does the Schwarz lemma hold for real-valued functions? Consider the function

2x
we) = iy

Then w is infinitely differentiable on R. In particular, v’ (x) is continuous on [—1, 1], u(0) = 0 and |u(z)| < 1.
But |u(x)| > |z| for 0 < |z| < 1.

Example 2.2.1. Let w = ¢27/™ be the nth root of unity, where n € N is fixed. Suppose that f : D — D is
analytic such that f(0) = 0. We wish to apply Schwarz lemma to show that

f(2) + fwz) + f(w’2) + -+ fw"2)| < nle]” (2.2.2)

and the equality for some point 0 # 2y € D occurs if and only if f(z) = ez™ with |¢| = 1. To do this, we
define F' : D — D by

so that (as w™ = 1)

n—1 (m) — (w™)"
F(m)(O) _ %Z(wk)mf(m)(o) — f n(o) (11_(wm) > =0.

k=0

By Schwarz lemma, it follows that |F'(z)| < |z|" for all z € D which is the same as (2.2.2). The equality in
this inequality for some point zg # 0 occurs if and only if F'(z) = ez™ with |e| = 1, or equivalently,

> [f(wFz) — ez = 0. (2.2.3)
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We claim that the above equation implies that f(z) = ez™. If we let f(z) = >0

m=1
becomes
0 n—1
E am E WFM ) 2™ = pex™.
m=1 k=0

amz™, then (2.2.3)

In view of the identity

n—1
Z W™ = n if mis a multiple of n
k=0
= 0 otherwise
the last equation implies that a,, = € and ag, = a3, = --- = 0. On the other hand, as | f(z)| < 1 on D and
|an| = 1, we have
e NE = 2
lim — e'N|°do = <1
dim g [ HeOPas = 3 o <

which shows that all the Taylor’s coefficients of f (except a,,) must vanish and so, f(z) = e? 2™.

2.2.1 Borel-Caratheodory theorem

Borel-Caratheodory theorem is an important theorem that establishes the relationship between M (r) and
A(r). We deduce this with the help of Schwarz theorem.

Theorem 2.2.2. (Borel Caratheodory theorem) Let f be analytic on D : |z| < R and M (r) and A(r) are
as we defined in the previous unit. Then for 0 < r < R,

2r R+r
< A
“R-—r (R)+R—r

£ (0)].
Proof. We consider the following cases.

Case I. When f(z) = constant = a + ib, where a and b are real constants. Then M (r) = va? + b?, and
|7(0)] = va? + b2, and A(R) = a. Now,

AR+ 0 - M) = Fat (1) Ve

R—r R—r R—r R—r
2
= R—Tr(a—i_ a?+b%) > 0.
Hence, R
2r +r
M(r) < AR 0)]|.
(1) < 57— A(R) + | £(0)
Case II. When f(z) # constant and f(0) = 0. Then A(R) > A(0) = 0, since A(r) is an increasing function of
r. Let,
f(z)

g(z) = — 1 (2.2.4)
¥ = 5am) - 16)
2A(R)—f(z) # 0forall z € D, since the real part of 2A(R) — f(z) does not vanish in D and ¢(0) = 0.
Let f(z) = u + iv. Then

9 u? + v?

9N = Gam —wrr 2 S 2 €D
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since 2A(R) — u > w. Hence by Schwarz lemma,

l9(2)] < % for |z|=r <R.

From (2.2.4), we get,

f(z) = 2A(R)g(2) — f(2)g(2)

or . J(=)(1+ (=) = 2A(R)g().
Hence,
_[2AR)()| _ 2AR)g(=)| _ ARG or
61 =P < T < e g A
for || = r < R. Thus, M(r) < 2= A(R) and
M(r) < 22 AR) + L ()]

Case III. When f(z) # constant and f(0) # 0. Let h(z) = f(z) — f(0). Then h(0) = 0. So, by case II, we have

max{|h(z)|: |z| =71} < Rzi max{Re h(z) : |z| = R}. (2.2.5)
Now,
max{[h(2)| : |z[ =7} = max{|f(z) - f(O)|: |z[ =1}
> max{|f(z)]: [2| =7} —|f(0)]
= M(r)—[f(0)],
and
max{Re h(z) : |z| = R} = max{Re (f(z) — f(0)): |z| = R}
= max{(Re f(z) —Re f(0)) : |z[ = R}
< max{Re f(z) : |z[ = R} +|f(0)]
= A(R)+[f(0)].

Hence from (2.2.5), we get,

2r

—, (AR) +[£(0)])

M(r) =170 < &

R
o, M(r) < 22— A(R) + 7170
]
Corollary 2.2.3. If A(R) > 0, then
2r R+ R+
M) £ 22— AR) + | f(O)] < 1 (A(R) +|£O))

: 2r r+r
[smoe ey < oy a8 R+r>2r|.
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Corollary 2.2.4. If A(R) > 0, then

2"t2 . nIR

o7 (AR) + [ £(0)))-

max{ [ /)] = el =7} <

Proof. By Cauchy’s Integral formula for derivatives, we have,

(= ™ [ fdt
Pz =5 /7 T (2.2.6)
where, y: [t —z| =0 = (R—1)/2.

On 7,

1 1
|t|:|t—z—|—z\S|t—z\+]z\:§(R—r)+T:§(R+T)<R,

which ensures that -y lies within |z| = R. By Borel Caratheodory theorem, we have,

R+ i(R
max|f()] < SalE)
3R+r

= S HAR) + 1)

4R
—(A(R) + |£(O):

n! f(t)dt
9 /v(t_z)nﬂ
n! 4R

< i (A(R) + |£(0)]) 275

n! 4R
= s o AR IO

2nt2 . nIR

= W(A(R) + | f(0)]).

(A(R) +|7(0)])

Hence from (2.2.6),

D) =

Hence, i
2= . nlR
W(A(R) + | £(0)]).

max{] f"(z)] : |2| =7} < (

O]

Exercise 2.2.1. If f is an analytic function defined on D such that |f(z)| < 1 for all z in D and f fixes two
distinct points of I, then show that f is the identity function.

2.3 Open Mapping Theorem

In this section, we are interested in functions that send open sets to open sets. A function f defined on an open
set U is said to be an open mapping if for every open subset V' of U, the image f(V') is open. Consider the
mappings f, g, h : R — R defined by
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respectively. Clearly,
f(R) = [0700)7 Q(R) = (07 1]7 h(R) = [1700)

showing that each of f, g and h are not open mappings. Each of the above functions are infinitely differentiable
non-constant real valued functions defined on the real line. Thus, the above examples show that the following
theorem does not hold for real line R. Let us now state the open mapping theorem.

Theorem 2.3.1. Let GG be a region and suppose that f is a non-constant analytic function on . Then for any
open set U in G, f(U) is open.

Proof. Let U C G be open. To show that f(U) is open, we show that for each a € U, 3§ > 0 such that
the open ball B(f(a);5) C f(U). Let ¢(z) = f(z) — f(a). Then a is a zero of ¢. Since the zeros of a
non-constant analytic functions are isolated points, so there exists an open ball B(a;r) with B(a;r) C U
such that ¢(z) # 0in 0 < |z — a| < r. In particular, ¢(«) # 0 for o € OB(a; p) where p < r.
Let
20 = min{|¢p(a)| : a € IB(a;p)}.

Then § > 0. Now, for any w € B(f(a);d), we have,

[fl@) —w| > |f(a) = fla)] = [f(a) = w|

[¢(a)] = [f(a) —wl
> 20—190
=9
> [f(a) —wl,
for all « € 9B(a; p). This implies that
min{|f(a) —w|: o€ IB(a;p)} > |f(a) —w]. (2.3.1)

Let F'(z) = f(z) — w. Then F has a zero in B(a; p). For, if F'(z) # 0 in B(a; p), there exists a nbd N (a) of
a containing B(a; p) lying in G such that F(z) # 0in N(a). Then 1/F(z) will be analytic in N (a) and

< max{‘F(la)‘ L a€ aB(a;p)} ~ min{[F(a)] : 104 € 0B(a;p)}

o

that is,
min{|f(a) —w|: o € IB(a;p)} < |f(a) —w],

which contradicts (2.3.1). Hence 3 zp € B(a;p) such that f(zp) = w. Since w is an arbitrary point of
B(f(a);0), it follows that B(f(a);0) C f(U), and hence the theorem. O

Few Probable Questions

1. State and prove Schwarz lemma.
2. State and prove Borel-Caratheodory theorem.

3. State and prove the Open Mapping theorem.




Unit 3

Course Structure

* Dirichlet series, abscissa of convergence and abscissa of absolute convergence,

* Their representations in terms of the coefficients of the Dirichlet series.

3.1 Introduction

In mathematics, a Dirichlet series is any series of the form

o0

fls) =Y o

n=1

an,

where s is a complex number, and a,, is a complex sequence. It is a special case of general Dirichlet series.

Dirichlet’ s series were, as their name implies, first introduced into analysis by Dirichlet, primarily with a
view to applications in the theory of numbers. A number of important theorems concerning them were proved
by Dedekind, and incorporated by him in his later editions of Dirichlet’s Vorlesungen uber Zahlentheorle.
Dirichlet and Dedekind, however, considered only real values of the variable s. The first theorems involving
complex values of s are due to Jensen, who determined the nature of the region of convergence of the general
series; and the first attempt to construct a systematic theory of the function f(s) was made by Cahent in a
memoir which, although much of the analysis which it contains is open to serious criticism, has served and
possibly just for that reason as the starting point of most of the later researches in the subject. We will however,
not go into a very vigorous treatment of the subject. We will mainly concern ourselves with the preliminaries
of Dirichlet series and gain some idea about their convergence.

Objectives

After reading this unit, you will be able to
* define general and ordinary Dirichlet’s series and its examples
* deduce various conditions for convergence of Dirichlet’s series

* define certain terms related to the convergence of Dirichlet’s series and deduce certain properties

15
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3.2 Dirichlet Series

We formally define the Dirichlet series as follows.

Definition 3.2.1. The series of the form
o0
fls)=> ane ™ (3.2.1)
n=1

where, {\,,} is an increasing sequence of real numbers whose limit is infinity, and s = o + it is a complex
variable, whose real and imaginary parts are ¢ and ¢ respectively. Such a series is called a Dirichlet’s series of
type An. If A, = n, then (3.2.1) is a power series in e~ ". If A, = logn, then (3.2.1) becomes

fls)=> anm™* (3.2.2)
n=1

is called an ordinary Dirichlet’s series. In this unit, we will mainly deal with the ordinary Dirichlet’s series.

It is clear that all but a finite number of the numbers \,, must be positive. It is often convenient to suppose
that they are all positive, or at any rate A\; > 0. Sometimes, an additional assumption is needed, such as the
Bohr condition, namely \,,11 — A\, > ¢/n for some ¢ > 0.

We will look into certain examples of Dirichlet’s series now.

Example 3.2.1. A very important example is the Riemann zeta function which is
oo
1
C(s) = s

n=1

For t = 0, thatis, s = o € R, it is proved from elementary calculus, that (o) diverges for o = 1 and is
absolutely convergent for ¢ > 1. This is called the ”p-test”, where p = o. We will learn more about this in
our next unit.

Example 3.2.2. Another familiar example is the alternating zeta series
n=1 ne

again when s = o € R known as the Euler-Dedekind function. It is proved in elementary calculus that this
series converges for o > 0, where the convergence is conditional for 0 < ¢ < 1 and absolute for 1 < o.

In this section we shall prove that very similar results hold, with appropriate hypotheses on the coefficients
an, for s € C, that is, dropping the condition ¢ = 0.

3.3 Convergence of Dirichlet’s series

Recall that for a power series Y - | anz", there exists a value R € [0, oo}, called the radius of convergence,
such that

1. if |z] < R, then the power series converges;

2. if |z| < R, then the power series diverges;
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3. for any r < R, the series converges uniformly and absolutely in {|z| < R} and the sum is bounded on
this set;

4. on the circle {|z| = R}, the behavior is more delicate.

As we will see, a Dirichlet’s series has an abscissa of convergence oy (f) such that the series converges for
all s € C with Res > o¢(f) and diverges for all s € C with Res < o¢(f). For instance, the abscissa of
convergence for the Riemann zeta function ((s) is 1.

Before we go into further details, we prove the following lemmas.

Lemma 3.3.1. Let o, 5,0 € R,0 < 0,0 < a < 5. Then

|e—as . e—Bs ‘ < t’(e—aa . C_BU).

Proof. We have,
B
e —e P = s/ e " du,
(0%

hence,

B B
e —e P < |s|/ le™ " |du = |s| / e " du= M(e_‘m —e P9,
(03 (63 g

O
Note 3.3.1. Setting o = log(m), 5 = log(n) in the above lemma, 0 < m < n, o > 0, then
-5 _ ,,—S M -0 _ -0
o
Lemma 3.3.2. (Abel’s Summation by parts formula) Let A, = >, _, aj, then
n n
> apby = Apbpi1 — > Ap(bpsr — bi).
k=1 k=1
Proof. Since ap, = A — Ai_1, we have
n n
S arby = > [Ap — Apa]by
k=1 k=1
n n
= Z Apby, — Z Agbiy1 + Apbpta.
k=1 k=1
Hence the result. O

Corollary 3.3.1. The sum ).~ aiby, converges if both Y77 | A (bgr1 — bx) and {A;,b,,41} are convergent.

We remark that Abel’s summation formula can be thought of as a discrete version of the familiar integration
by parts formula from calculus, this should be clear by writing them side by side as

n n
> " arby = Apbni1 — Y Ap(brsr — br), /udv = vu— /vdu.
k=1 k=1

Theorem 3.3.1. Consider > 2, apn™*, a, € C. Let A, = a1 + as + ---. If {|A,|} is bounded, then the
series converges for o > 0.
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Proof. We have, |A,| < C, for some C' > 0 and for all n. We shall use corollary 3.3.1, with a,, = A,, and
b, = n~%. Then
|Apbnt1| = [An| - [bpt1] < C-(n+1)"7 = 0, as n — 0.

Hence the second condition of Corollary (3.3.1) is satisfied, that is, { A;,b,,+1 } converges (in this case, to 0).
For the first condition, we apply the Cauchy convergence criterion to Y po ; Ax((k +1)7° — k~*). Given
€ > 0 and using note 3.3.1, if {.5,, } is the partial sum associated with the series, then we have,

1S, — S| = Z Ap((k4+1)7° — k%)
k=m+1
< C DY R+ k)
k=m+1
Cls| <& ( 1 1 >
< 7! - -
R A
e 1 B 1
o \(m+1)7  (n+1)
< i < €
~— o(m+1)°
for sufficiently large m. Hence, the result follows. O

We now state an elementary theorem for the convergence of Dirichlet’s series.

Theorem 3.3.2. If the series is convergent for s = ¢ + it, then it is convergent for any value of s whose real
part is greater than o.

This theorem is included in the more general and less elementary theorem which follows. The above
theorem can be obtained as a corollary of the theorem that follows.

Theorem 3.3.3. If the series » .-, a,n~° converges at some sy € C, then, for every § > 0, it converges
uniformly in the sector

T T
{s. —§+5<arg(s—30)<§—6}.

Proof. Without any loss of generality, we may assume that s = 0, that is, the series > ° ;| a, converges.
Let r, = Zzoznﬂ ak, and fix € > 0. Then there exists ng € N such that for all n > nyg, |r,| < €. Using
summation by parts, for s in the sector and M, N > ng, we get,

N N
Z apn~® = Z (rp—1 —rp)n™?°
n=M

n=M
N-1
1 1 TM—-1 N
= —_— — — - — 3.3.1
2;/”[(71“)8 RS 2D
n—=

The absolute values of the last two terms are bounded by €, numerators are bounded by €, while the denomi-
nators have absolute value at least 1. To estimate the summation part of (3.3.1), note that

1 1 n+1 —s
_— = 7(1
(n+1)5 ns /n o1 4
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so that
1

(n+1)° ns|~ <ls |/ ’xs+1| - ‘j‘ [ng - (n—i—ll)‘f} . (3.3.2)

Thus the absolute value of the summation part of (3.3.1) satisfies for M, N > ny,

pap e | IR S R
= "ln+1)s ns I "o no (n+1)
N-1
|s] 1 1
< el —
= € P n;w ne (n _|_ 1)0’
Is| [ 1 1
< €e— |—— —
- o |M° N°
< e(d)e,
since
1 1
lsl = < =:¢(9).
o cos(args)| ~ cos (5 —4)
This proves that the series is uniformly Cauchy, and hence uniformly convergent. 0

There are now three possibilities as regards the convergence of the series. It may converge for all, or no, or
some values of s. In the last case it follows from theorem 3.3.2, by a classical argument, that we can find a
number o such that the series is convergent for o > ¢ and divergent or oscillatory for o < oy.

Theorem 3.3.4. The series may be convergent for all values of s, or for none, or for some only. In the last
case there is a number o such that the series is convergent for o > o and divergent or oscillatory for o < oy.

Proof. If the series converges at some sg € C, the theorem follows from the inclusion

{s: Res=0>00} C U{S: |s — so| < w/2—6}.
6>0

O]

In other words the region of convergence is a half-plane. We call o as the abscissa of convergence, and
the line o = oy as the line of convergence. It is convenient to write oy = —oo or oy = oo when the series is
convergent for all or no values of s. On the line of convergence the question of the convergence of the series
remains open, and requires considerations of a much more delicate character.

We formally define the abscissa of convergence as follows:

Definition 3.3.1. The abscissa of convergence of the Dirichlet series Y > | a,n~* is the extended real number
0o € [—00, oo] with the following properties

1. If Re s > oy, then the series converges;

2. If Re s < oy, then the series diverges; If Re s = o, nothing can be said about the convergence of the
series.

Note 3.3.2. To determine the abscissa of convergence, it is enough to look at convergence of the series for
seR.
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Example 3.3.1. 1. The series ) -, a"n~*, where |a| < 1, is convergent for all s. If |a| > 1, then the
series converges for no value of s. And for a = 1, it is not convergent at any point of the line of
convergence, diverging to oo for s = 1 and oscillating finitely for other values of s.

2. The series > oo ,(logn)~2n~* has the same line of convergence as the last series, but is convergent
(indeed absolutely convergent) at all points of the line.

3. The series Y o2, a,n~* where a, = (—1)" + (logn)~2, has the same line of convergence, and is
convergent (though not absolutely) at all points of it.

We also have an abscissa of absolute convergence of a Dirichlet’s series > >~ ; a,n .
Definition 3.3.2. Given a Dirichlet’s series )~ | a,n~°, the abscissa of absolute convergence is defined as
o
o, = inf { p: Z apn”® converges absolutely for some s with Re s = p}
n=1

o
= inf {p : Z a,n~ ° converges absolutely for all s with Re s > p} .

n=1
The following theorem gives the relationship between o and o, for a Dirichlet’s series.

Theorem 3.3.5. For any Dirichlet series, we have
o0 < 0q <o0p+ 1.

Proof. The first inequality is obvious. For the second, assume, that 0 = 0. We need to show that for o > 1,
>o02 | |ann~*| converges. Take € > 0 such that o — ¢ > 1. Then,

Z|an —S|_Z ’an| Z|an| 1 <C'an : 0,

where, C' := sup,, |a,/n¢| is finite, since o¢ = 0. O

Remark 3.3.1. If a,, > 0 for all n € N, then 09 = 0. This follows immediately by considering s € R.

Recall that for the radius of convergence of a power series, we have the following formula
. 1
1/R = limsup |ap|~.
n—oo

The following is an analogous formula for the abscissa of convergence of a Dirichlet’s series.

Theorem 3.3.6. Let Zflozl ann” % be a Dirichlet’s series, and let o be its abscissa of convergence. Let
sSp=a1+az+---+agandry, = apy1 + apyr + -

1. If ) a,, diverges, then

1
0 < gg = limsup og|sn].
n—oo logm

2. If > ay, converges, then

1
0 > 0¢ = limsup M.
n—00 10g n
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Proof. 1. We assume that the series Y - | a,n~° diverges and define
o log |sn|
a = limsup ———.
n—00 log n

We will first show that o < oy. Assume that 220:1 an,n~ 7 converges. Thus, o > 0 and we need to
show that o > «. Letb,, = ap,n~° and B,, = ZZ:1 by, (so that By = 0). By assumption, the sequence
{B,} is bounded, say by M, and we can use the summation by parts as follows:

so that
N—1

syl < MY [(n+1)7 —n’]+ MN7 < 2MN°.
n=1

Applying the natural logarithm to both sides yields
log |sn| < olog N + log 2M,

S0,
log |sy| log 2M
—— <o ,
log N — log N

and this tends to o as N — oo, giving the desired upper bound for «.

We need to show the other inequality o9 < «. Suppose o > . We need to show that > > | a,n™?
converges. Chosen an € > 0 such that o + € < o. By definition, there exists ng € N such that for all
n = no,

log |sn|

< a-+e.
logn

This implies that

log |sn| < (o + €) logn = log (n**°).

Using summation by parts, we can compute

N N
Z iz = Z Sn[n_a—(n+1)a]+SN(N+1)J—SMM_U
n=M+1 " n=M
N
< Z na+e[o_n—a—1] + Na—l—eN—a + Ma+eM—cr
n=M
S (M -1ty

and the last quantity tends to zero as M tends to oo.
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We estimated Zfz\[: ynotee ~1 by the integral
N-1
/ xa+efcrfldx SJ (M o 1)0{4’670’7
M-1

and the symbol < means less than or equal to a constant times the right hand-side (where the constant
depends on « + € — o, but, critically, not on M).

2. Similar to the first part.
O

From the formulae above we can simply deduce formulae for the abscissa of absolute convergence, although
these can be derived easily on their own.

Corollary 3.3.2. For a Dirichlet’s series >~ | a,n~*, we have
1. if Y |a,| diverges, then
log(lai| + |az| +--- + |an|)

04 = limsup >0,
n—r00 log n
2. if ) |a,| converges, then
1 .
o0 = lim sup og(lany1| + |aniol +--+) <0.

n—o00 IOg n

Example 3.3.2. The series

—= P
(where, p,, are primes) has g = 0 and o, = 1.
The series of coefficients diverges and so we use the first of the pair of formulae for each abscissae
log1

op = lim sup =0,
n—oo lOgn

and, using the prime number theorem,

I logn — log(1
Ogq = lim sup M = lim sup ogn Og( og TL)
n—00 log n n—00 IOg n

=1,

where, 7(x) denotes the number of primes less than or equal to x.

Theorem 3.3.7. Suppose that the series Y - | a,n~° converges absolutely to some f(s) in some half-plane
H. = {s: Re s > ¢} and f(s) = 0 in the half-plane H.. Then a,, = 0 for all n € N.

Proof. We may assume that ¢ < 0, so, in particular, > |a,| < oo. Suppose that all a,,’s are not zero, and let
ng be the be the smallest natural number such that a,,, # 0.
We claim that lim f(o)n§ = ap,. To prove the claim that
g—00

0 < ng Zann*”
n>no
no\°
< Y ()
n
n>ngo

IA

o
1o
(e7) Xl

n>no
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and the last term tends to 0 as 0 — oo, since ) | |a, | converges. As
flo)nd = an, +nf Z anpn” 7,
n>ngo

the claim is proved.
The proof is also finished, because the limit in the claim is obviously 0, a contradiction. O

Few Probable Questions

1. Define the abscissa of convergence of a Dirichlet’s series Y .~ | a,n~°. Show that if the series diverges,
then |
) og |s
0 < 0p = limsup M
n—oo logmn
2. Define the abscissa of absolute convergence of a Dirichlet’s series 220:1 apn~—%. Show that og < 0, <
og + 1.

3. Show that if the series ) -, a,n~° converges for some sy € C, then, for every ¢ > 0, it converges
uniformly in the sector

7r ™
{s. —§+5<arg(s—so)<§—5}.




Unit 4

Course Structure

¢ The Riemann Zeta function

* The product development and the zeros of the zeta functions.

4.1 Introduction

As we have introduced in the previous unit, the Riemann zeta function ((s) is a function of the complex

variable s, defined as
1
C(s) = vy
n=1
which plays a pivotal role in the analytic number theory and has applications in physics, probability theory,
and applied statistics.

As a function of a real variable, Leonhard Euler first introduced and studied it in the first half of the
eighteenth century without using complex analysis, which was not available at the time. Bernhard Riemann’s
1859 article ”On the Number of Primes Less Than a Given Magnitude” extended the Euler definition to a
complex variable, proved its meromorphic continuation and functional equation, and established a relation
between its zeros and the distribution of prime numbers.

The values of the Riemann zeta function at even positive integers were computed by Euler. The first of
them, ¢(2), provides a solution to the Basel problem. In 1979 Roger Apéry proved the irrationality of {(3).
The values at negative integer points, also found by Euler, are rational numbers and play an important role
in the theory of modular forms. Many generalizations of the Riemann zeta function, such as Dirichlet series,
Dirichlet L-functions and L-functions, are known. We will however not indulge into such rigorous treatments
of the zeta function. We will only restrict ourselves to some preliminary ideas, starting with the definition,
convergence, etc.

Objectives

After reading this unit, you will be able to

* define the Riemann zeta function and know about its origins in a preliminary level

24



4.2. RIEMANN ZETA FUNCTION 25

* deduce the product development of the zeta function

* deduce the functional equation and its other forms

4.2 Riemann Zeta Function

The Riemann zeta function, as we have already seen, is the function

o0

)=

n=1

where, s = o + it is a complex number. First, we will discuss the convergence of the function. See that

[C(s)l =

IA
(]
3|~

no’
n=1
which converges for all ¢ > 1. Hence, oy = 1 is the abscissa of convergence of the series Y n~°. Also, the
series is not convergent on the line of convergence. Also, since for o > 1,

1

nS

1

no’

and since the series > - n~? converges in the said region, so by Weierstrass M-test, the series > n~°

converges uniformly and absolutely in the hlf-plane ¢ > 1, and thus, defines an analytic function in the plane
H; ={s€C: Res>1}.

4.3 The Product Development

The number-theoretic properties of ((s) are inherent in the following connection between the zeta function
and the ascending sequence of primes p1,p2, ..., Pn, - - -

Theorem 4.3.1. For o > 1, we have

C(ls) =1 =p " )X =py°) - (L=p,%) - =132 (1 = p,°),

where, p1,p2, ..., Dn, - - ., are prime numbers and the term on the right hand side of the above equation is the
infinite product of the numbers (1 — p;,%).
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Proof. Under the assumption that o > 1, we see that

1
¢(s) =) —- (4.3.1)
n=1 n
Multiplying equation (4.3.1) by 2779, we get
1 =1 1 X1
L= .= = . 4.3.2
C(S) 9s ns 2s Z (277,)5 ( )
n=1 n=1
Subtracting equation (4.3.2) from (4.3.1), we get,
1 S I | =1
¢(s) (1 — 2) => - > Gy = > et (4.3.3)
n=1 n=1 n=1; n#2k

The last term in the above equation is the sum of all terms n™*, excluding the terms n which are multiples of
2.
Again, multiplying the equation (4.3.3) by 37°, we get

1 1 > 1 1 > 1
¢(s) <1 - 2) 3= > = > Gy (4.3.4)
n=1; n#2k n=1; n#2k

Subtracting equation (4.3.4) from (4.3.3), we get,
1 1 > 1
w(-3)(-5)- 2
n=1; n#2k; n#3k

The last term in the above equation is the sum of all terms n~*, excluding the terms n which are multiples of
2 and 3.
Continuing in this way, we get,

c<s)<1_218) <1_;>(1_;>:%k;

where, the term on the right hand side of the above equation is the sum of all those terms n~%, which are not
the multiples of the primes 2, 3,5, ..., p, arranged in ascending order. Thus, taking limit as n — oo, we get

hmg(s)<1_21>(1_31>...(1_1): iy
n—00 s s S s
Pn ”#Pnkn

where, the sum is taken over all such n™?, such that n is not a multiple of any prime p,, and such number can
be none other than 1. So, the above equation becomes,

¢(s) <1_215> <1_318>...<1_p1%>...:17

5= =)=y (=)

where, p1, p2, D3, ..., Pn,- .. 1S the complete list of prime numbers arranged in ascending order. (]

s

which finally gives,



4.4. FUNCTIONAL EQUATIONS 27

The above representation of the zeta function is called the Euler product representation of the zeta function.
Also, notice that the product development explained above, includes the introduction of an infinite product.
Infinite products, like the infinite series, are convergent when the sequence of partial products converge as we
will see in subsequent units. The infinite product in this case is convergent uniformly in the region o > 1.

We have taken for granted that there are infinitely many primes. Actually, the reasoning can be used to
prove this fact. For if p,, were the largest prime, then we would have got

Q@O—;>G—;>~Q—%>:l

and it would follow that ((c) has a finite limit when o — 1. This contradicts the divergence of the series
Yo
4.4 Functional Equations

4.4.1 Relationship with the Gamma Function

We are familiar with the gamma function which is written as

I'(s) = / t=le ™t dt,
0

and the integral converges for all values of Re s > 0. We make the substitution
t = nu = dt = ndu,

where n is positive integer. So the above integral changes to

o0 o0
I'(s) / (nu)s_l T / Sl e du,
0 0

1 o0
I'(s)— / ut e ™ du.
0

which gives

nS

Summing over n from 1 to oo, we get,

00 1 00 00
MY o= [ wtea
n=1 " n=1"0

Since the integral on the right hand side is absolutely converging, so the sum and integral can be exchanged.
Thus, the above equation changes to

['(s)((s) = /000 utt Z e " du
n=1

& 1
= / us_1< — —1>du
0 1—e

oo ,,5—1
= / Y du.
0 ev —1
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for Re s > 1. Thus, the celebrated relationship between the gamma and zeta function is given by

for Re s > 1.

4.4.2 Theta Function
We need to learn certain basics of the Jacobi theta function that we will need in the sequel. The theta function
is given by
I(a) =Y e
nez

Let f be any complex function that is analytic in the strip {z € C : |Im z| < a}, and |f(z+iy)| < A/(1+2?)
for some constant A > 0 and all € R such that |y| < a fora > 0. e~ ™% gatisfies the properties stated thus.
By Poisson summation formula, we have for such f as described above,

S sy =3 fn),

nez neL

where, f is the Fourier transform of f. The Fourier transform of the function e™ is the function itself, that
1s,

& 2 ; 2
/ e T e—27rz:s§ dr = e—mﬁ )

—00

For fixed values of ¢ > 0 and a € R, the change of variables = +— t'/2(x + a) in the above integral show that
the Fourier transform of the function
f(a) = e et

for fixed values of ¢ > 0 and a € R, we get

f(f) _ t_1/2 e—7r§2/t e27ria§ ]

Applying the Poisson summation formula to the above pair we get,

Z e—ﬂt(n+a)2 _ Z t—1/2 e—ﬂ'nz/t e2mina

neZ ne”

This identity has noteworthy consequences. For instance, the special case a = 0 is the transformation law for
the theta function we defined above. Thus, we get,

d(t) =t~ Y29(1/1), (4.4.1)
fort > 0.

4.4.3 Functional equations

Now, we will derive the Riemann functional equation. The equation is

A5T (g) ((s) =7 7T (1 3 S) C(1—s).
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‘We have ~
F(s):/ t5~ et dt.
0

Thus,
s Py
I’()z/ t2" e " dt.
2 0

We use the substitution
t = mn’z = dt = mn’dz

Thus, equation (4.4.2) becomes

S & s 2 o, s 2
r (§> = / (mnz)2~te ™ % mnldr = / menfrzle ™™ (g,
0 0

Multiplying (4.4.3) by 7=%/2 - n=5, we get

Summing the above equation over, from 1 to co, we get,
e.9] o0
s S 1 © 2
Zﬂ'_ir <7) C— = Z .%'5_1 e ™ T dx
2 ns 0
n=1 n=1

which gives,

2T <g) ((s) = /Oooxg_lni::le_””% dz.

‘We have,
oo

I(a) = e ™ T =142 ™ =14 2¢(a).
n=1

nez
Replacing this in the right hand side of equation (4.4.4) we get,

/ x‘*lze*”"%dx = / 27N (x)da
0 — 0

[N

We have, by (4.4.1),

which gives,

Thus,

29

(4.4.2)

(4.4.3)

(4.4.4)

(4.4.5)

(4.4.6)
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Using the substitution in the integral on the right hand of the above equation

1 1
r=—=dr=——du
u u

and the limits also change accordingly and the equation (4.4.6) becomes, with a change in the dummy variable
uto x,

1 & 1 1
31 = —573 -
/0 x2 (x)dx /1 x Y(x)dx + o1

Finally, (4.4.5) becomes
o0 S o0 S o S 1
/ z2 Yp(z)de = / x2_1¢(:p)daz+/ x_i_%w(a:)der —
1 1

0

Thus, (4.4.4) and (4.4.5) together give

() = [T s iy
_ /loo(x;+1:158> wix>d:c+ LI (4.4.7)

_1-—s ]_ — S o0 1—s 1-(1-s) w(l‘) 1
r 1—5) = ( 7) d
T2 < 5 )C( s) /1 2 +x 2 . x+(1—s)(1—s—1)
o
= / (xl‘; —I—aﬁ)) w(x)da:—l— .
1 x (1—3s)s
Notice that the right hand sides of the equations (4.4.7) and (4.4.8) are the same. So, we get

i () ¢ls) = 7T (1 - S) C(1— ).

Which is our required functional equation.

(4.4.8)

Few Probable Questions

1. With proper justification, find the abscissa of convergence of the zeta function.
Establish the Euler product representation of the zeta function.
Establish the relation between zeta function and the gamma function.

Deduce the Riemann functional equation.

A

Write the Riemann functional equation. Hence deduce that

C(s) = 2°n* Lsin gm —8)¢(1— ).




Unit 5

Course Structure
* Entire functions, growth of an entire function

* Order and type and their representations in terms of the Taylor coefficients.

5.1 Introduction

In complex analysis, an entire function, also called an integral function, is a complex-valued function that
is holomorphic at all finite points over the whole complex plane. Typical examples of entire functions are
polynomials and the exponential function, and any finite sums, products and compositions of these, such
as the trigonometric functions sine and cosine and their hyperbolic counterparts sinh and cosh, as well as
derivatives and integrals of entire functions such as the error function. If an entire function f(z) has a root
at w, then f(z)/(z — w), taking the limit value at w, is an entire function. On the other hand, neither the
natural logarithm nor the square root is an entire function, nor can they be continued analytically to an entire
function. Also, a transcendental entire function is an entire function that is not a polynomial. For example, the
exponential function, sine and cosine functions are most common transcendental entire functions. This unit is
dedicated to the study of the growth of entire functions.

Objectives

After reading this unit, you will be able to
* get more idea about the various entire functions
* learn the behaviour of the maximum modulus function M (r) for entire functions
* define the order and type of entire functions

* define the order and type of entire functions with the help of the Taylor coefficients

31
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5.2 Entire Functions
An entire function is a single valued function having Taylor series expansion
f(z)=ao+a1z+--+apz"+---

which converges for all finite z. Moreover, according to the Cauchy Hadamard formula,

lim {/Jan| = 0.

n—oo
There are three possible ways in which an entire function f(z) can behave at infinity:
1. f(z) can have a regular point at infinity, then, according to Liouville’s theorem, f is a constant function;
2. f can have a pole of order k£ > 1 at infinity, and then f reduces to a polynomial,
3. f can have an essential singularity at infinity, and then f is said to be an entire transcendental function.

Note that, the behaviour of f(z) at infinity is determined by the action of f(1/z) at 0. We will be mainly
concerned with the transcendental entire functions from now on. If f is such a function, then we will clearly
have, since M (r) is a strictly increasing function of r,

lim M(r) = oc.

T—00

We have the following theorem for transcendental entire functions f.
Theorem 5.2.1. If f(z) is a transcendental entire function, with maximum modulus function M (r), then

lim inf M =00
r—oo  logr

Proof. Let f(z) = Y 72, axz" be a transcendental entire function with maximum modulus function M (). If

possible, let

liminfM =p < o0.
r—oo  logr

Then for € > 0, we can find an increasing sequence {r,, }, tending to co, such that

log M (rn)

< pu+e
log ry,

for every r,, that is,
log M (1) < (1 + €)logry, = M(ry,) < rkte
for every r,,. Hence, by Cauchy’s inequality,

M(ry)

< < ,LL+Efk
’a’k" = Tﬁ n
for k = 0,1,2,.... Since r, can be chosen arbitrarily large, it follows that a, = O forall & > pu+ ¢ > p.
Hence, f is a polynomial of degree not greater than [u], that is, the largest integer less than or equal to u. This
contradicts our assumption that f is transcendental. Hence the result. O

We have another result analogous to the above for non-transcendental entire functions as follows.



5.3. ORDER OF AN ENTIRE FUNCTION 33

Theorem 5.2.2. For an entire function f, if there exists a positive integer & such that

M
lim (r)
r—oo r

< 00,
then f is a polynomial of degree k atmost.

Proof. Let f(z) = > 77, anz™ be an entire function with maximum modulus function M (r). Let

lim
r—soo r

= p < 00.
Then,
M(r) < (u+ e,

for any positive € and all r > rq, for some 9. By Cauchy’s inequality,

M(r)

Tn

k—n

lan| < < (u+e)r

for all » > r(. Since we can choose r sufficiently large, |a,,| — 0 as r — oo for n > k. Hence, a,, = 0 for all
n > k and thus f is a polynomial of degree at most k. O

Note that the above theorem would also be true if

lim inf M(r) < 00

T—00 Tk

5.3 Order of an entire function

The preceding discussions assert that a transcendental entire function f(z) grows faster than any fixed positive
power of r. This suggests that using the exponential function (that is, the simplest “rapidly growing function”)
to measure the growth of f(z). We now formally define the order of an entire function.

Definition 5.3.1. An entire function f is said to be of finite order if there exists a positive number & such that
the inequality
log M (r) < r¥,

or
M(r) <e

holds for sufficiently large r. Then
p=inf {k: M(r) < e’ holds for sufficiently large r}

is called the order of f. If p = oo, that is, for any number k, there exists arbitrarily large values of  such that
log M (r) > r*, then f is said to be of infinite order.

For example, e if of finite order (in fact, of order 1), while e is of infinite order. From the definition, it is
clear that the order of an entire function is always non-negative.

Theorem 5.3.1. The order p of an entire function f is given by the formula

. log log M (r)
p = limsup ———=.
r—00 logr
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Proof. Let p be the order of f. Then, from the definition of p, we have, for any € > 0, there exists a number
ro(€) > 0 such that
log M (r) < rPte

holds for all » > 7. On the other hand, there exists an increasing sequence {r,, } tending to infinity, such that
log M (r) > rP~*¢

for r = r,,. In other words,

log log M
loglog M(r) _ o vp > 1y (5.3.1)
logr
and
log log M
loglog M(r) _ (53.2)
log r

for a sequence of values of r tending to infinity. Equations (5.3.1) and (5.3.2) precisely means

. log log M (r)
p = limsup ——=.
r—00 log r

5.4 Type of an entire function of finite non-zero order
Next, we subdivide the class of entire functions of finite non-zero order p.

Definition 5.4.1. Let f be an entire function with finite non-zero order p. By the type 7 of f, we mean the
greatest lower bound of positive numbers k such that the inequality

log M(r) < kr? (5.4.1)
holds for all sufficiently large r, that is,
7 =1inf{k : (5.4.1) holds for all » > ro(k)}.

However, suppose that 7 = oo, that is, suppose that given any positive number k, there exists arbitrarily large
values of r such that
log M (r) > kr?.

Then f is said to be of infinite (or, maximum) type. And when, 7 = 0, then f is said to be of minimum type.
From the definition of type, it is clear that 7 is always non-negative. When 0 < 7 < oo, then f is said to be of
normal type.

Example 54.1. 1. If f(z) =e*,thenp=1and 7 = 1.
2. If f(z) = eP*", where p > 0 and n is a positive integer, then p = n and 7 = p.
Theorem 5.4.1. The type 7 of an entire function f with finite non-zero order p is given by the formula

log M
T = limsupw.

r—00 TP
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Proof. Let 7 be the type of an entire function f of order p( 0). Then, from the definition of 7, we have, for

any € > 0, there exists a number 7 (e) > 0 such that
log M(r) < (T4 €)rf, Yr>ro.

On the other hand, there exists an increasing sequence {r,, } tending to infinity, such that
logM(r) > (1 —¢e)rf, Vr=ry,.

In other words,

log M
e (r) <T+e€ Vr>rg
rP
and low 11
82 (r) > T — €,
rP
for a sequence if values of  tending to infinity. Equations (5.4.2) and (5.4.3) together means
log M (r)

7 = lim sup

r—00 TP

Example 5.4.2. We show that the order of any polynomial is zero. Let f(z) = ap + a1z +
polynomial. Then

|f(2)‘ = ‘CLO +arz+---+ anzn‘
lao| + |ax||z] 4 - - - + |an]|2|™

IN

Thus,

M(T) < ’a0| + |a1’7"+ s |an\7“” < Tn(’a0| + |a1’ 4+ 4 ‘an‘) = Br™.

(taking r > 1. This choice is justified since ultimately » — oc.) where,
B, = |a0’ + |a1| +--+ |an|

Hence,
log M (r) <log B + nlogr < logr + nlogr

taking r sufficiently large. Thus,
log M(r) < (n+1)logr

for large . Hence,

log log M 1 1) + logl
p:hmsupw < limsup og(n+1) +loglogr

=0,
r—00 log r r—00 log r

that is, p < 0. Also, we know that by definition, p > 0. Hence, p = 0.

(5.4.2)

(5.4.3)

- +apz"bea

From the above example, it is clear that the order of any constant function is zero. But, it does not mean

that any zero order entire function is always a polynomial.

Example 5.4.3. The order of a transcendental entire function may also be zero. For example, if

[e.9] Zn
f(z):ZWa 0 >0,
nzOn

is a transcendental entire function having order p = 0 as we will soon see.
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5.5 Order for sum and multiplications of entire functions

This section is dedicated to study the growth of the sum and multiplication of entire functions with reference
to the orders of the parent functions.

Theorem 5.5.1. Let p; and p2 be the orders of the entire functions f; and f5 respectively. Then
1. order of f1fo < max{pi, p2}

2. order of f1 + fo < max{p1,p2}
Proof. 1. Let ¢(z) = f1(2)f2(z) and let p be the order of ¢ and let p; > py. Also, let

M(r, ¢) = ‘rn|g>1§|¢(z)\, M(r, fr) = lglg!fl(Z)l, M(r, f2) = ‘maXIfz(Z)l-

zZ|= Z|=Tr
Since p; and po are orders of f1 and f5 respectively, we have for any given € > 0,

log M (r, f1) < rP1+e
log M (r, fo) < rP2Te

for all sufficiently large r. Now,

[¢(2) = A1) f2(2)] < M(r, f1) - M(r, f2), ¥z in |z[ <7

Hence,

M(T,(;S) < M(T7f1) 'M(Tan)
or, logM(r,¢) <logM(r, f1)+log M(r, f2)
< rP1te + rp2te

< pp1te + pP1te
< QpPIte < p€ L pprte — pp1t2e
for large r. Thus,
M(r,¢) < rPrte (5.5.1)

for sufficiently large r. Since € > 0 is arbitrary, so from (5.5.1), it follows that

p < p1 = max{pi, p2}.

Similarly, the result follows when p2 > p;.

2. Lety(z) = f1(z) £ fa(2) be of order p and let p; > pa. Also, let M (r, 1)) = max|i(z)|. Since p; and
T

|2|=
p2 are orders of fi and fo> respectively, we have for any given ¢ > 0,

rp2te

M(r, f) <™, and M(r, o) <™,
for sufficiently large r. Now,

V()| < [fi(2)] + | f2(2)] = M(r, ) < M(r, f1) + M(r, f2)

< erpﬁ-e +erp2+€ < 2er01+6
for sufficiently large r [since exponential function and »™ are both increasing]. Thus,
2e
M(r,¢) < e = log M(r) < pPr2e

for all large . Since € > 0 is arbitrary, it follows that the order of ¢ can’t exceed p1, thatis, p < p; =
max{p1, p2}. Similarly, if pa > p1, the result can be proved.
O
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Corollary 5.5.1. If p be the order of f; & fo and p; # po, then p = max{p1, p2}.

Proof. Let p1 > p2. There exists a sequence r,, — oo such that

p1—e

M(Tn, fl) >e'm

Hence,

—e€ +e 1
M(r,) > e e = exp(rf {1 — exp(rf2 T = 117} > D exp(rf )

if € is chosen so small that po + ¢ < p; — € for sufficiently large n. Hence, p > p;. But already we have,
p < p1. Thus, p = p1 = max{p1, p2}. O

Corollary 5.5.2. If p be the order of f; f2 and p; # pa, then p = max{p1, p2}.

Remark 5.5.1. The result of the above two corollaries are not true if p; = p2. For example, let fi(z) = e*
and fo(z) = —e®. Then the orders of f; and fo are both 1. But the order of f; + f5 is 0. Similarly, if
fi1(z) = e* and fa(z) = e * then the orders of f; and f5 are both 1 and the order of f fs is 0.

Example 5.5.1. Let P(z) be a polynomial of degree n, then the order of e”’ (2) is n and the type of e”’(?) is the
modulus of the coefficient of the highest degree term in P(z).

Let P(z) =ag+aiz+ -+ anz™ ap # 0and f(z) = exp(ap + a1z + - - - + a,2"). Then,

M(r, f) = Trl‘axlf(z)! = |m‘aX\ exp(ao + a1z + -+ + az")|
Z|=r zZl=r
= max|e®.eM?...e¥*" |
|2|=r
= Tn‘ax{| e |- [e®® .. |e™=" |}, (5.5.2)
z|=r

Let us find max|e®*" |. Let a,, = te'® and z = re?’. Then

z|=r

U 2™ = tel® .pm eiml — gpm gi(mf+¢)

Hence,

ﬁgle“mzm = max]|exp{tr™ "t}

= rneax| exp(tr'™{cos(mb + ¢) + isin(mé + ¢)})|
= m6aX| exp(tr'™ cos(mb + ¢))| = exp(tr'™) = exp{|am|r"}.

Hence, from (5.5.2),
M(r, f) = elool . glaalr .. glanlr™ — glaoltlarfrt-+lan|r™

Hence,
log M(r, f) = |ao| + |a1|r + - - + |an|r™.
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Hence,
: loglog M (r, f) . log(|ao| + |ar|r + - - - + |an|r")
p=limsup ————= = limsup
r—00 lOgT r—o00 IOgT‘
log 7™ (‘%3‘ +dal !an!)
= limsup
r—00 logr
nlogr + log (':}%' + rlg%t + |an|)
= limsup
r—00 10g7"
log (‘(;72' + r‘fﬁll + -+ ‘an‘)
= limsup [ n+ =n.
And,
loc M n
7 = lim sup el UPA (r) lim sup [0 + Jax|r + [an]r
r—00 rP r—00 rr
. a a
e hmsup{::’_i_ ’ni‘l ++an|}:|an|
r—00 r r

5.6 Order and coefficients in terms of Taylor’s Coefficients

Let f(z) = > .°,anz" be an entire function with order p and type 7. We now state the formulae for order
and type of f in terms of the Taylor’s coefficients.

Theorem 5.6.1. Let f(z) = > °  a,z" be an entire function of finite order p. Then

. logn
p = lim sup

n—00 Jog (7|an|11/”>
Theorem 5.6.2. Let f(z) = > ° ; a,2" be an entire function of finite order p. Then

1.
7 = — limsup na,|”/™.
€P n—ooco

Example 5.6.1. Let

n

=3 (;!)a, a> 0.

n=0

Let p and 7 be the order and type respectively for f. Here,

1 1
: n

Ay —
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Hence,
) nlogn 1. (n+1)log(n+1) —nlogn
p = limsup = —limsup
rooo  alogn! QA oo log(n + 1)! — logn!
_ llimsup (n+1)logn(l+1/n) —nlogn
A oo log(n+1)
— Dimsup (n+1)logn+ (n+1)log(1+1/n) — nlogn
A rooo log(n +1)
1. logn + log(1 4 1/n)" + log(1 4+ 1/n)
= —limsup
A rooo logn +log(1+ 1/n)
log(141/n)" | log(1+1/n)
= llimsup U e a1
- log(14+1/n) o
O r—oco 1+ —ogn o
Hence p = 1/c. Thus,
(e 1 % o . 1 O"%
7= —limsupn = —limsupn| —
€ r—ooo (n!)a € r—oo n!
o <1>i
= —limsupn | —
€ rooo n!
a .. <n”>711 «
= —limsup | — =—-ax=aqa.
c r—00 n! €

Hence, 7 = «a.

Exercise 5.6.1. 1. Find the order and type of the following functions

(a) e*
(b) e oA

(c) sinz

2. Find the order and type of the following functions

ni::o (%)n, ni:% (loin>n/a 2", a>0.

Few Probable Questions

1. Show that for a transcendental entire function f with maximum modulus function M (7),

lim inf M = 00
r—00 log r
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. If for an entire function f with maximum modulus M (r), the relation

lim M{(r)

r—oc 1k

< 00,

holds, then show that f is a polynomial of degree at most k.

. Show that the order p of an entire function with maximum modulus function M () is given by

log log M
» = limsup 28108 M)
r—00 10g r

Hence find the order of cos z.

. Show that any polynomial is of order zero. Is the converse true? Justify.

. Define the type of an entire function f having finite non-zero order p. Also, show that

log M
T = lim sup e P\ (T)

r—00 TP

. Show that for two entire functions f; and f2 of orders p; and ps respectively,

order of f1 fo < max{p1, p2}.

. Show that for two entire functions f; and f» of orders p; and ps respectively,

order of f1 £ fo < max{p1, p2}.




Unit 6

Course Structure

¢ Distribution of zeros of entire functions.

6.1 Introduction

The zeroes of entire functions play an important role in determining their growth rates. We will start off with
the Jensen’s theorems for analytic functions. In complex analysis, Jensen’s formula, introduced by Johan
Jensen (1899), relates the average magnitude of an analytic function on a circle with the number of its zeros
inside the circle. It forms an important statement in the study of entire functions as we will soon come to see.

Objectives

After reading this unit, you will be able to

* study Jensen’s theorems and related results

6.2 Distribution of zeros of analytic functions

Theorem 6.2.1. (Jensen’s theorem) Let f be analytic on |z] < R, f(0) # 0 and f(z) # O on |z| = R. If

ai,az,...,ay are the zeros of f in |z| < R, multiple zeros being repeated, and |a;| = r;, then
R” 1 2 0
log——— = — 1 Re)|do — 1 0)].
og T — o= [ log F(Re™)|d8 ~ 10z £(0)
Proof. Let
R?2 -Gz R?-—a3z R —a,z
P(z) = [f(2)

(6.2.1)
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The zeroes of the denominator of ¢ are also the zeros of f of the same order. Hence the zeros of f cancel the
poles a,, in the product and so ¢ is analytic on |z| < R. Also, ¢(z) # 0 on |z| < R. Since

R? R* R?

R —Gz=0=2=—=|2| = >R
ay

[l Jax|
since |ag| < Rforall k =1,2,...,n. Thus, any zero of ¢(z) lies outside the circle |z| = R. So, ¢ has neither
zeros nor poles in |z| < R. Thus, the function log ¢(z) is analytic in |2| < R. Thus, by Cauchy’s Integral
theorem, we have

1 1 “r R? —agz
log $(0) = 5 - /z|:R ~log ( f(@ﬂM) dz. (6.2.2)
On |z| = R, we have, z = Re', § € [0, 2x], which implies that dz = Re idf. Also,
R? —ayz R? — a3z R?—a,z

0 =116 | | | e |
On |z| = R, we have

‘Rz—akz _ | 2Z—mez :@ Z—ag| _ Z—ag _

R(z — ag) R(z — ag) R |z—ag z — ag

and thus,
[9(2)| = |f(2)], on |z[=R.
The equation (6.2.2) changes to
n

1 2m 1 ) 2 — )
logp(0) = ——log (f(Rew)HRakz> Reido

2mi Jo Re® i Bz — ar)

1 [ , - R? — Gz
= — log f(Re" log [ ——~

o |, [ssime ”;"g<R<z—ak>>

Taking real parts of equation (6.2.3), we get, by using the conditions deduced in the previous discussions,

de. (6.2.3)

1 2 )
log |6(0)] = o /0 log | f(Re™)|d6. (6.2.4)

Since equation (6.2.1) gives

01 = 1O Lo = FOTT = O
k=1 k=1
Thus, "
log 6(0)| = 1og | (0)] + log -
and thus, equation (6.2.4) gives
g1 = o [T og (e a0~ 1o 10
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Note 6.2.1. Jensen’s theorem can also be written as

1 2 ;
log | £(0) \+Zlog /0 log | f(Re™)|do.
Theorem 6.2.2. (Jensen’s Inequality) Let f be analytic on |z| < R, f(0) # 0 and f(z) # Ron |z| = R. If
ai,az,...,ay are the zeros of f in |z| < R, multiple zeros being repeated, and |a;| = r;, then
RUOL _ o
rirg - --Tp
Proof. Let
6(x) = f(2) R’ -Gz R?—a3z R —a,z
B R(z —a1) R(z—a2) R(z—ayp)
. H — CLkZ
R (z —ag)

The zeroes of the denominator of ¢ are also the zeros of f of the same order. Hence the zeros of f cancel the
poles a,, in the product and so ¢ is analytic on |z| < R. Also,

R? —ayz R? — a3z R?—a,z
0 =11 | | [ | e |
On |z| = R, we have
‘Rz—akz _ |z -z :M Z-ag| _|z—ak _
R(z — ag) R(z — ag) R |z—ay z—ag
and thus,

[¢(2)] = [f(2)], on |z] =
By Maximum modulus theorem, |¢(z)| < M (R) for |z| < R. In particular, |¢(0)| < M (R), that is,

TL
0
|' ‘ < M(R) = |f( ) < M(R).
—ax —an rire - Tn
O
Definition 6.2.1. Let f be analytic on |z| < R, with zeros at the points aj, ag, ..., arranged in the order of

non-decreasing modulus, multiple zeros being repeated. We define the function n(r) as the number of zeros
of fin|z| <r,r < R. Evidently, n(r) is a non-negative, non-decreasing function of r which is constant in
any interval which does not contain the modulus of a zero of f. Observe that if f(0) # 0, then n(r) = 0 for
r < l|ai]. Also, n(r) = n for |a,| < r < |ant1].

We will rewrite Jensen’s inequality in terms of n(r) as follows.

Theorem 6.2.3. Let f be analytic on |z| < R, f(0) # 0. Let its zeros, arranged in order of non-decreasing
modulus be aq, ag, ..., multiple zeros being repeated according to their multiplicities. If |a,| < r < |ap+1],
then

/Ox nf)d:c <log M(r) —log|f(0)].
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Proof. Let |a;| = r;, i = 1,2,..., and r be a positive number such that ry < r < ryy1, (r < R). Let
x1,T2,...,Ty, be the distinct numbers of the set £ = {ry,ra,..., 7y} so that x1 = r1,..., 2, = ry.
Suppose z; is repeated p; times in . Thenp; + - +py, = N. Also, s, =p1+---+pi, 0 =1,2,...,m.
We consider two cases.

CaseI: Letry < r. Then,

T To—€ T3—€ Tom —€ r
/ LG lim{/ ”(x)dwr/ Mda:+-~+/ de}Jr/ ) 4,
0 =0 | S, x . x ey T 2, T

T1—€
[since / @da: =0 as n(x) =0 when 0 <z < xl]
0

x

Tro—e€ Tr3—€ T —€ _ TN
= lim / sld:n—l—/ Sde—l—---jL/ Sm Ly —I—/ —dx
e—0 x1 x 2 x Tm—1 x Tm z

= lim {[51 log z]327° + [salog ]33 7 4 - - + [5y—1 log x]xm_e} + [NV log x|},

Tyn—
e—0 m—1

= 1:11%[51{10g(m2 —¢) —logx1} + so{log(x3 —€) — logaa} + - -

+8m—1{log(zm — €) —log xm—1}] + N(logr — logry)
= si(logzy —logxy) + sa(log g — log z2) + - - - + Spm—1(log zp, — log zp,—1)

+N(logr — logry)
= pilogxy —pilogzy + (p1 + p2)logws — (p1 + p2)logwa + -
+(p1+ -+ pm—1)logxm — (p1 + -+ + Pm-1) log Tm—1
+Nlogr — (p1 + -+ pm)logzy,
= Nlogr — (p1logxi + palogzy + - - + pp log )
= logr" —logabtab? ... alm
N N

log 57— = log ————.
i riry - TN

Case II: Let r5 = r. Then as before,

r To—€ r3—e€ Tom —€
/ n(x)dx = lim / Sldac—i—/ 82dx+~-+/ Sm_ldm
0 T e—0 | /o, T . x PR

= si (log xjy1 — log ;) + sy, (logr — logry) [ since r = 7]

rN

= log———  ( Proceeding as in Case I)
7"1 ... /”‘N

Thus, in any case,

T rro--*TN

r N
/ ") gy —tog
0

But Jensen’s inequality gives us
rv M (r)

T TN = |f (0)]

Hence,

"n(x) rN
/0 . daczlogmSlogM(r)—log]f(O)\
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Note 6.2.2. Jensen’s inequality is also true for entire functions where R — oc.

6.3 Distribution of zeros of entire functions

Theorem 6.3.1. Let f be an entire function with finite order p and f(0) # 0. Then n(r) = O (r**¢) for any
€ > 0 and for sufficiently large values of r.

Proof. By Jensen’s inequality,

/T n;x) dx <log M (r) —log | f (0)] (6.3.1)
0

Replacing r by 2r in (6.3.1) we get,

2r
/ n ;’3) da < log M (2r) — log |£ (0)] (6.3.2)
0

Since p is the order of f we have for each € > 0,
log M (2r) < (Qr)(PJrG) — 9(pte) | p(pte) —_ pp(pte)

for all large values of 7, where k = 2(p1+€) — 4 constant. Hence from (6.3.2)

2r n ( x)
/ dz < Ar(PT9) v large 7, A = constant independent of 7.
0 X

Now, since n (x) is non-negative and non-decreasing function of = we have,

2r 2r
/ de < / de < Arlpte
r 0

T T
and also ) ) )

/ n(x)dx > / n(x)dx = n(r)/ dr _ n (r)log2

. T . T N
Hence,
2r n (x)
n(r)log2 < / wa < Arlrte),

that is,

n(r) < @r(p+e), for all large r.

Hence, n (r) = O (r(P*9) O
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Few Probable Questions

1. State and prove Jensen’s theorem.
2. State and prove Jensen’s inequality.

3. For a function f analytic in |z| < R, f(0) # 0, if a1, ag,... are its zeros, arranged in the order
of non-decreasing modulus, multiple zeros repeated according to their multiplicities, show that, for
|an| <7 < lantl,

xT

T
/ @daz <log M (r) —log|f(0)].
0
4. Show that for an entire function f of finite order p and f(0) # 0, n(r) = O(r”*€) for any € > 0 and
for sufficiently large values of r.

5. If f is an entire function of order p < oo and has an infinity of zeros with f(0) # 0, then show that for
€ > 0, there exists Ry such that for R > Ry

<R> - 1 ) {eXpRP“}
nl| %) < logy ———1r,
3 log 2 1 £(0)]

where n(R) denotes the number of zeros of f in |z| < R.




Unit 7

Course Structure

* The exponent of convergence of zeros.

7.1 Introduction

Let f be an entire function with the zeros z1, 2o, ..., arranged in order of non-decreasing modulus. We
associate with this sequence of zeros a number p; defined by the equation

logn

= Ii
1 nl—golo log Tn

1
or py = lim 287"
r—oo  logr

of convergence of the zeros of function f.

} , where |z,,| = 7,,. This number p; is called the convergence exponent or exponent

Objectives
After reading this unit, you will be able to

* define convergence exponent of the zeros of an entire function and deduce various related results

7.2 Convergence exponent of zeros of entire functions

Theorem 7.2.1. Let f be an entire function with zeros z1, 22, . . ., arranged in order of non-decreasing modulus

o0
. . 1
and |z,| = r,. If the convergence exponent p; of the zeros of f be finite, then the series g —_ converges
r

n=1 "
when o > pp and diverges when oo < p;. If p; is infinite, the above series diverges for all positive values of

Q.

47
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1
Proof. Let py be finite and o > py. Then p; < 3 (p1 + «). Hence, from the definition of p; we have,

1 1
lc?gg;i 5 (p1 + «) for all large n. Hence,
1 l( +a)
logn < 5 (p1 + ) logry, = logr,2'"
that is,

1 2
n < rp2Pt) or paire <oy

2« @x—pq —
1+ a—p1
7% > pete =n et = p!TP where p = >0

a+ p1

o0

1
Hence, — < —— for large n. Hence, g —— converges.
Tn nlt =

1
Next, let « < pp. Then, osn
log

> « for a sequence of values of n, tending to oo, that is, logn > alogr,
rn

= logr,“®. Hence, n > r,“, or — > — for a sequence of values of n tending to infinity. Let NV be such a
Tn n

1 1
value of n for which the above inequality holds, that is, — > N and let m be the least integer greater than
TN

N . ) . .
TR Then, since 7, is non-decreasing with n, we have

N

— C rN-—m1® TNY T rN® rN®  rN® T N T2
1
Since these are values of IV as large as we please, by Cauchy’s principle of convergence, the series Z —
n=1 n®
diverges.
lo
If p; is infinite, then for any value of «, li > « for a sequence of values of n tending to infinity, that
0g Ty
is, logn > logr,?, that is, n > r,“ for a sequence of values of n tending to infinity, from which we may
o0
1
similarly conclude that the series Z —— diverges for any positive . O
n=1 n®

Note 7. 2 1. We may also define convergence exponent p; as the g.l.b of the positive numbers « for Which the

1 1
series Z —— is convergent. For an entire function with no zeros we define p; = 0 and if the series Z —

n= 1 1
diverges for all positive a, then p; = oo.

1
Note 7.2.2. If p; is finite, the series Z ——- may be either convergent or divergent. For example, if v, = n
1"

we have, p; = lim sup = lims up —— =1and Z = Z diverges.
Tn

n—oo 108 Tn n—00 lg =1

Again, if 7, = n (log n)* we have,

: logn . logn _ 1
p1 = limsup = limsup = limsup ———— =1
n—oo 108 Ty n—oo logn 4+ 2loglogn nooo 142 oigogoin
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o

o0
1 1
and = ———— converges.
; TPt ; n (logn)® &

Theorem 7.2.2. If f is an entire function with finite order p and rq, 79, ... are the moduli of the zeros of f,

oo
1
then —— converges if a > p.
n§—1 o g P

Proof. Let 3 be a number such that p < 3 < a. Since n (1) = O (r?T€) for any € > 0. We have, n (r) < ArP

for all large r, A being a constant.
1
. . . . . 8 . g ne
Putting » = r,, n being large, this inequality gives n < Ar,”, that is, r,” > — —

, OI, Ty > or,
A " AF
@ nﬁ e} 1 Bl . (6% .
r,Y > — = Bn#, B = constant. Hence, — <= for large n, B; = constant. Since — > 1, it fol-
AB Tn nB B
1
lows that —— converges. OJ

Corollary 7.2.1. Since convergence exponent p; of the zeros of f is the lower bound of the positive numbers

o0
1
« for which Z — is convergent, it follows from the above theorem that p; < p.
T

n=1""

Remark 7.2.1. We can prove that the result p; < p without using the last theorem.
Proof. We have

logn

p1 = limsup
n—00 10g Tn

— limsup 22 i gup 105 AT)
rooo  10gT T ro00 log
) log A+ (p+e€)logr
= limsup
r—00 log r
= limsup<sp+e+ —
o

r—00

, A= constant

= p+e¢, foranye > 0

Hence, p; < p. 0

logn

Note 7.2.3. Convergence exponent may be 0 or co. For example, if r, = €”, then p; = lim sup = 0.

n—00 n
Also,if r,, = log n, then
. logn
p1 = limsup ——— =00
n—oo loglogn
We may have, p; < p. For example, if f (2) = €7, then p = 1, p; = 0, since there are no zeros of f. For sin z

orcosz, p=p = 1.

Theorem 7.2.3. Let f be an entire function of finite order. If convergence exponent p; of the zeros of f is
greater than zero,then f has infinite number of zeros.

Proof. If possible, let f has finite number of zeros. Let 11, 79, ..., 7x be the moduli of the zeros of f arranged
N
in non-decreasing order. The series Z —, being a series of finite number of terms, converges for every

r
n=1""
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positive value of . It follows p; = 0 which contradicts our assumption. Hence f contains infinite number of
ZEr0s. -
Note 7.2.4. For an entire function with finite number of zeros, p; = 0.

Example 7.2.1. Find the convergence exponent of the zeros of cos z.

Solution. The zeros of cos z are E, _—W, 31, —73%7 ...
272727 2

i1 B 2“+2a+2a 1+2a L
1rna N T s T 3« T 3«
1

. Now,
n=

1 1
The series — + — + — + --- converges when o > 1 and diverges when o < 1. Hence, the lower bound

o0
1
of positive numbers « for which the series Z — converges us 1. Hence, p1 = 1.
Tn
n=1
3
Aliter: The zeros of cos z are (2n + 1)% n=0,+1,+2,....Let 21 = g, 2y = —g, 29 = g
3
zh = —g,...,zn ; (2n — 1)%, 2l =—(2n — 1)%,.... Hence, r1 = |21]| = |24| = g,
m 7r
ro = |29| = |24| = o= |2n| = |21] = (2n — 1)5,...
Hence,
. logn
p1 = limsup
n—oo 108 7Ty
. logn
= limsup —————
n_wop log(2n — 1)m/2
I logn
= limsu
op log(2n — 1) + log /2
. logn
= limsu
ey logn(2 —1/n) + log /2
1
= limsup =
R T B B

Theorem 7.2.4. If f is an entire function having no zeros, then f is of the form f(z) = e9) where g(z) is
an entire function.

Proof. Since f(z) # 0 for all z € C, then the function
f'(z)
f(z)

is also an entire function. Integrating (7.2.1) along any path joining the two points zg and z, we get

h(z) = (7.2.1)

/ h(2)ds = J}(()) 4z = log £(2) — log f (z0),
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where principal branch of logarithm is taken. Hence,

log f(2) = log f(20) + /Z h(z)dz. (7.2.2)

20

The right hand side of equation (7.2.2) is an entire function, say g(z). Hence,
log f(2) = g(2) = f(2) =,

where g(z) is an entire function.

Exercise 7.2.1. Find the convergence exponent of the zeros of sin z.

Few Probable Questions

1. Define convergence exponent p; of the zeros of an entire function. Show that if r; be the moduli of
o0

the zeros of an entire function f, arranged in order of non-decreasing modulus, then the series g —
r
n=1 T

converges for a > p; and diverges for a < p;.

2. Show that an entire function f having no zeros, is of the form f(z) = e9(*), where g(z) is an entire
function.




Unit 8

Course Structure
* Infinite products and infinite product of functions

¢ Weierstrass factorization theorem.

8.1 Introduction

In this unit, our main objective is to deduce Weierstrass’ factorization theorem, which asserts that every entire
function can be represented as a (possibly infinite) product involving its zeroes. The theorem may be viewed
as an extension of the fundamental theorem of algebra, which asserts that every polynomial may be factored
into linear factors, one for each root.

The theorem, which is named for Karl Weierstrass, is closely related to a second result that every sequence
tending to infinity has an associated entire function with zeroes at precisely the points of that sequence.

A generalization of the theorem extends it to meromorphic functions and allows one to consider a given
meromorphic function as a product of three factors: terms depending on the function’s zeros and poles, and
an associated non-zero analytic function.

We will start off with the infinite products of complex numbers and study the conditions required for their
convergence and thereafter establish the results for factorisation of entire functions in the upcoming units.

Objectives

After reading this unit, you will be able to
* define the conditions of convergence of infinite products and also the infinite product of functions
* define the Weierstrass’ primary factors and related results
* learn about the factorisations of entire functions and deduce the Weierstrass’ factorisation theorem

¢ deduce related results for the structures of entire functions

52
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8.2 Infinite Products
An expression of the form

o0
Hun:uluQ---un--- (8.2.1)
n=1

o0
where {u,, } is a sequence of non-zero complex numbers is called an infinite product. Let P, = H Up = UTUY ~ + *

n=1
Then { P, } is called the sequence of partial products of (8.2.1). The infinite product (8.2.1) is said to be con-
vergent if the sequence {P,} converges to a non-zero limit v as n — oo. If h_)m P, = u # 0, then u is
n—oo
o0
called the value the value of the infinite product (8.2.1) and we write H u, = u. If an infinite product does

n=1
not converge to a non-zero limit, it is said to be divergent.

However, sometimes we need to modify the definition as follows:

oo
An infinite product H uy, 1s said to be convergent if atmost a finite number of factors u,, are zero and the

n=1
sequence of partial products formed by the non-vanishing factors tends to a non-zero finite limit.

Analogous to the necessary condition for the convergence of series, we have the following theorem for
infinite products.

o
Theorem 8.2.1. (Necessary Condition of convergence) If an infinite product H uy iS convergent, then,
n=1

lim wu, = 1.
n—oo

oo
Proof. Let H Up = u, then P, = ujus -+ up — u # 0asn — oo, and P,_1 = ujus - - - up—1 — u. Hence

n=1
lim P, u
lim u, = lim —% = == =_=1.
n—00 n—oo ['n_1 lim Pn—l u
n—o0
L]
S on
Remark 8.2.1. The condition is however, not sufficient. For example, if we take the product H E then
n
=1
we have,
1 2 n—1 n 1
Po=—-.—... . — -0 —
"2 3 n n+1l n+l as n oo
and thus the product is divergent. But, lim w, = L So, the condition in the preceding theorem is
n—00 n-+1

not sufficient.

In view of the necessary condition for convergence, we write the general term of the product (8.2.1) in the
oo

form u, = (1 + ay), (a, # 1), so that a necessary condition for convergence of the product H (14 ayp)is
n=1

lim a, = 0.
n—oo
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[e.e]
Definition 8.2.1. (Absolute Convergence) An infinite product H (1 + ay,) is said to be absolutely conver-

n=1
o
gent if the product H (1 + |ay|) is convergent.
n=1

In case of absolute convergence, the factors of the product can be rearranged arbitrarily without affecting
the convergence of the product or changing the value of the product.

o0 oo
Theorem 8.2.2. The infinite product H (1+ ay), (an # 1), converges if and only if the series Z log(1 + ay)

n=1 n=1
converges, where each logarithm has its principal value. Also,

H(l + a,) = exp (Z log(1 + an)).

n=1 n=1
n n
Proof. Let P, = H(l +ag), Sy = Zlog(l +ax) and lim S, = S. Since e*t* = e*-e¥ forall z,w €
n—oo

k=1 k=1
C, we have,

efn = eloslitan) . gloa(ltaz) . gloalltan) — (1 4 4y)(1+ ag) -+ (1 + ap) = P

Since e? is a continuous function on C, S,, — S implies P, = e5» — % # 0. Hence, if the series

oo [e.9]
Z log(1 + a,,) converges to S, then the product H (14 ay,) converges to e”.
n=1 n=1
Conversely, suppose that P, — P(# 0) as n — oo. Without any loss of generality, we may assume that

P ¢ (—00,0]. For, if P € (—00, 0], then we may consider in place of {1+ a,,} a new sequence {1+ b,,} with
1+b=—(1+4aj)and 1+ b, =1+ a, forn > 2. Then

[T +b0)=-]](1+an) =—P ¢ (—o0,0].
n=1 n=1

As P, — P # (—00,0], we have, P, € C\ (—o0,0] for large n and since log z is continuous at P,

log P,, — log P as n — o0. Since eSn = P, we can write
Sn = log P, + 2wkyi. (8.2.2)
Then,
logﬂm+an+1)::5h+1AfSQ::logf%+1—Jogf}—%Zﬂﬂkn+1Afkn% (&23)

where k, 1 and k,, are integers. Equating the imaginary parts on both sides of (8.2.3), we get

arg(l + apy1) = arg Pyy1 — arg Py, + 27 (kpt1 — kn). (8.2.4)
o0

Since the product H (1 + ay,) converges, we have (1+a,) — 1 and since arg(1 + a,,) is continuous at 1, we
n=1

have, arg(1+a,) — arg 1 = 0 as n — oco. Taking limit as n — oo in (8.2.4), it follows that (k1 —k,) — 0
as n — oo. Since ky11 and k,, are integers, there exists an integer N such that k,, 1 = k, = constant = m,
for n > N, m being an integer. By (8.2.2), we conclude that S,, — log P,, + 2mmi as n — oo for some
integer m. This completes the proof. 0
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[e.e]
Theorem 8.2.3. If a,, > 0 for all n € N, then the product H (1 + a,,) converges if and only if the series

n=1

00
Z an converges.
n=1

n

n
Proof. Let P, = H(l + ag), and S,, = Z a. Since a,, > 0 for all n, { P, } and {.S,,} are both increasing

k=1 k=1
sequences. Since 1 + x < e” for x > 0, we have, a; < 1+ a; < e. Hence,

(a1 +ag+--+an) < (1+a)(l+az) - (1+a,) <etrtot tan,

that is, S, < P, < e5». Thus, by the monotonic bounded principle, the series and the product are both

convergent or both divergent according as both are bounded or unbounded. Let .S, be bounded. Then S,, < M

for some M > 0 and for all n. Now, P,, < e and so P,, < eM for all n, that is P, is bounded. Thus, both the
oo

series and the product are either both bounded or both unbounded. Hence the product H (1 + ay) converges

n=1

[e.o]
if and only if the series Z Gy, CONVerges. O

n=1

o0 oo
Corollary 8.2.1. The product H (1 + ay,) is absolutely convergent if and only if the series Z an 1S abso-

n=1 n=1
lutely convergent.

oo
Proof. Since |a,| > 0 for all n € N, so by the previous theorem, the product H (1 + |ay|) is convergent if

n=1

o
and only if the series Z |an| is convergent. Hence the result. U

n=1

oo oo oo
Theorem 8.2.4. The three series Z |an], Z |log(1 + ay)| and Z log(1 + |ay|) either converge or diverge

n=1 n=1 n=1
together.
log(1 log(1
Proof. We know that hH(l) M = 1. Hence for e with 0 < € < 1, we get, M — 1‘ <e€
z— z
whenever z — 0. The triangle inequality shows that
log(1
(1—¢) < log(1 +2) <1+¢€, whenever z— 0
z
that is,
(1 —¢€)|z| <|log(l+2)| < (1+¢€)|z|, whenever z — 0. (8.2.5)
log(1+t¢
Similarty, lim 22T _ 1 for0 < ¢ < 1. Then,
t—0 t
(1 —-e)t <log(l+1t) < (l1+¢€)t, whenever t — 0. (8.2.6)
We now assume that a,, — 0 as n — oo. Consequently, from (8.2.5) and (8.2.6), we have
(1 —¢)|an| < |log(l+apn)| < (1+¢€)|an|, as n— oo (8.2.7)

and (1 —¢€)|an| <log(l+ |an]) < (1 +€)|an|, as n— oo. (8.2.8)
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oo
From (8.2.7) and (8.2.8), by comparison test, for any sequence {a,, } convergent to 0, the three series Z |an],

n=1

oo oo
Z |log(1 + ay,)| and Z log(1 + |ay|) converge or diverge together. O

n=1 n=1

8.3 Infinite product of functions

We now consider the infinite products whose factors are functions defined on a set.

o0
Given a sequence { f,, } of functions defined on some set £ C C, the infinite product H (14 fn(z))is said

n=1
to be convergent on F if for each a € F,

n—o0

n
lim P,(a) = lim H (1+ fr(a)) exists and is non-zero.
n p—

oo
And, the infinite product H (14 fn(2)) is said to be uniformly convergent to a function f(z) in E if the

n=1
n
sequence {P,(z)} of partial products, defined by P, ( H (1 + fx(2)) is uniformly convergent to the
function f(z) in E, with f(z) # 0 in E. -
Theorem 8.3.1. Let every term of the sequence of functions { f,,(z)} be analytic in a region G and suppose
o0

the infinite series Z log(1 + fn(z)) is uniformly convergent on every compact subset of G (in particular,

n=1

o0
none of the terms f,,(z) can take the value —1 at any point of (). Then the infinite product H (14 fu(2))

n=1
converges uniformly on every compact subset of G.

Theorem 8.3.2. (M test) Let every term of the sequence of functions { f,,(z)} be analytic in a region G and
suppose none of the terms f,(z) takes the value —1 at any point of G. Moreover, suppose that there is a
o0

convergent series Z M,,, whose terms are non-negative constants, such that | f,(z)| < M, forall z € G,

n=1

oo
and for all » > N, N being a positive integer. Then the infinite product H (1 + fn(2)) converges uniformly
n=1
and absolutely to a non-vanishing analytic function f(z) on every compact subset of G.

Exercise 8.3.1. 1. Prove that every absolutely convergent product is convergent.

2. Prove the following
o0
1 1
1-—=< ) ==
o I n2> 2
n 1
(b) H <1 + > 1
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8.4 Factorization of Entire functions

In this section, we try to construct an entire function f(z) with the given zeros. Let f be an entire function

with inly finite number of zeros 21, 29, . . ., 2, (multiple zeros being repeated according to their multiplicities).
. z . . . .
Then, the function f(2) is an entire function with no zeros. Hence, by the last
(z—21)(z — 22) -~ (2 — 2)
f(2)

theorem in the preceding unit, = ¢9(), where g(z) is an entire function. Then,

(z—21)(z = z9) -~ (2 = zn)
f(2) =(z—=21)(z = 22) - (2 — 20) €91, g(2) is an entire function.

If, however, an entire function f # 0 has an infinite number of zeros, then set of zeros cannot have a limit
point in any finite region of C since such a limit point would be a singularity of f. The only limit point is
therefore, the point at infinity. We now consider the construction of an entire function with prescribed infinite

number of zeros.

Definition 8.4.1. (Weierstrass’ Primary factors): The functions

22 2P
E(z,0)=1-z, E(z,p)—(l—z)exp<z+2+‘--p>, p=1,2,...

are called Weierstrass’ primary factors. Each primary factor is an entire function with only one zero, a simple
zero at z = 1.

1
Lemma 8.4.1. If |2] < oL |log E(z,p)| < 2|z|PT1.

Proof. First let |z| < 1. Then,

22 2P
log E(z,p) = log(l—z)+z+?+...;
22 2P Pt N +z2+ 2P
= —Z — — — e — — —_— e z —_— FE pp—
2 p p+l1 2 P
zp+1 Zp+2
T p+l pt2
(8.4.1)
: 1
Now if |z| < 3,
|log E(z,p)| < [2[PTh + [2PT2 + .-
P (L o]+ [l )
1 1
< Pt 14+ s e
< (kg
= 2zPt!
O

Theorem 8.4.1. Weierstrass’ Factorization theorem: Let {a,,} be an arbitrary sequence of complex num-
bers whose only limit point is oo, that is, a,, — o0 as n — oo. Then it is possible to construct an entire
function f(z) with zeros precisely at these points.

Proof. We may suppose that the origin is not a zero of the entire function f(z) to be constructed so that
an, # 0 V¥n. Because if origin is a zero of f(z) of order n, we need only multiply the constructed function by
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™. We also arrange the zeros in order of non-decreasing modulus(if several distinct points a,, have the same
modulus, we take them in any order) so that |a1| < |ag| < ---.
Let |a,| = r,. Since 7, — oo, we can always find a sequence of positive integers {p,} such that

Pn
Z <T> converges for all » > 0. In fact, if p,, = n, for any given value of r, the inequality
r

n=1 n

holds for all sufficiently large values of n and hence the series is convergent.
Next, we take an arbitrary positive number R and choose the integer NV such that vy < 2R < ry41. Then,
forn > N and |z| < R, we have

Qn

1
2
z R\ . , .
logE | —,pn—1)| <2 — . By Weierstrass’ M-test, the series
an T

n

From the previous lemma, we get

log & <Z, pn — 1 ] converges absolutely and uniformly in |z| < R. This implies that the infinite product
%9

oo
H E (Z, Dn — 1> converges absolutely and uniformly in the disk |z| < R, however large R may be.
Qn,

Hence, the above product represents an entire function, say G(z). Thus G(z H E ( ,Pn — 1) with
the same Value of R. We choose another integer K such that rg < R < rg41. Then each of the functions of

the sequence H E < s P — 1>, m = K+ 1, K + 2,... vanishes at the points a1, a3, . . . a and nowhere
Gnp,

n=1
else in |z| < R. Hence by Hurwitz’s theorem(Let each function of the sequence { f,} be analytic in the

closed region D and bounded by a closed contour . The sequence { f,,} converges uniformly to f in D. If
f(2) # 0 on ~, then f and the functions f,, for all large values of n have the same number of zeros within
~. Also, a zero of f is either a zero of f, for all sufficiently large values of n, or, else is a limit point of the
set of zeros of the functions of the sequence), the only zeros of G in |z| < R are a1, as,...,ax. Since R is
arbitrary this implies that the only zeros of G are the points of the sequence {a,,}. Thus, G is our required
entire function. Now, if the origin is a zero function of order m of the required entire function f(z), then f(2)
is of the form:

f(z) = 2"G(2)
U

Note 8.4.1. Since there are many possible sequences {p,} in the construction of the function G(z) and
ultimately of f(z), the function f(z) is not uniquely determined. Again, for any entire function g(z), e9(*) is
also an entire function without any zeros. Hence, the general form of the required entire function f(z) is of

the form:
f(2) — M e9(2) G(z)==z2 m e9(2) H ( n—l).

Theorem 8.4.2. If f is an entire function and f(0) # 0, then f(z) = f(0)G(z)e9*), where G() is a product
of primary factors and g(z) is an entire function.



8.4. FACTORIZATION OF ENTIRE FUNCTIONS 59

f'(z) _G'(»)

Proof. We form G(z) as in the previous theorem from the zeros of f. Let ¢(z) = ) Gl Then ¢ is
an entire function, since the poles of one term are cancelled by those of the other. Let
_ [ d
5= [ ot
Then g(z) is also an entire function. Now,
- [(B-cw),
o = [ (7w~ Gw)*
= [ o s —log Gle)
= [log f(t) —log G()]g
= log f(z) —log f(0) — log G(2) + log G(0)
= log f(z) —log f(0) —log G(z) [since logG(0)=1]
g S
F(0)G(2)
Hence, i)
(2) c (2)
) — S = 1) = F0G(G) e
O

Theorem 8.4.3. If the real part of an entire function f satisfies the inequality Re f < 7**¢ for any € > 0 and
for a sequence of values of r tending to infinity, then f is a polynomial of degree not exceeding ..

1
Proof. By Taylor’s theorem, f(z Z anz", where a,, = 5 Z 752 dz, 7y
.

: |z] = r, r being a positive

number. On v, z = re?, 0<6< 27r. Now when n > 0,

(2)

X{ZTH*le = Zamz i
> /
_ Z/Zﬂa 7, e —imb ,LreiGdH
pntlei(n+1)0

21

S | et iag —o,
m=0"0

the term by term integration is valid since the series Z a,z"™ converges uniformly. Hence, for n > 0,

m=0

1@, L [fe),

= z
" 2mi Z”H 2mi J, Zntl
dz
- n+1

2 10
= Rf()ZnJrl:l/ Mde'

i ). T rn gind
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Hence,
1 27 R 10 1 2m .
4™ = / &;)da, = |ap|r" < / IRe f(re®)|dd, for n >0,
T 0 e T 0
Also,
1 f(2) 1 i0
= — dz = — *)do
@0 27rz'[Y z ® 2 Jo f(ret)
and so,
1 2T )
Re ap = 27r/0 Re f(re?)dp
Hence,

2Re ag + |a,|r" < i/%ﬂRe fl+Re f)dd = 2Ref; ifRef >0
" = 0; ifRe f <0.
Since Re f < r**¢ for any € > 0 and for a sequence of values {,,,} of 7 tending to infinity, we have,
2Re ag + |an|r?, < 478t = Ja,| < 4rFFE™ — 9Re agr;,

for any € > 0. Taking limit as r,, — oo, we have, a,, = 0 when n > k and so, f is a polynomial of degree
not exceeding k. O

Theorem 8.4.4. The function e/(*) is an entire function of finite order with no zeros if and only if f(z) is a
polynomial.

Proof. We already know that e/(?) is an entire function with no zeros if and only if f is an entire function.
Moreover, if f is a polynomial of degree k, then e/(*) is of finite order k.

Conversely, we assume that e/(?) is an entire function with finite order p and without any zeros. Then, f is
(2)

. . +e . . .
an entire function. Also, |e <e” , forall » > rg, » = |z| and € > 0 is arbitrary, that is,

—+e
eRe/ <™ = Re f<r’, Vr>ry and € > 0.

Hence, by the previous theorem, f is a polynomial of degree not exceeding p. O

Few Probable Questions

1. When is an infinite product H Up, Uy # 0 for all n, said to be convergent. Deduce a necessary
n=1
condition for the convergence of the product.

o0
2. Show that if an infinite product H Up, Up 7 0O for all n, is convergent, then lim u, = 1. Is the
n—oo

n=1
condition sufficient? Justify your answer.

o0 [e.e]
3. Show that the infinite product H (1+ an), (an, # —1) converges if and only if the series Z log(1 + ay)

n=1 n=1

oo
H + ay) = exp (Z log(1 + an)>
n=1 n=1

converges and
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oo [e.e]
4. Show that the infinite product H (1+ ayn), (an, > 0) converges if and only if the series Z ay, con-

n=1 n=1
verges.
5. State and prove Weierstrass’ Factorization theorem.

6. If for an entire function f satisfies the inequality Re f < r**¢ for any € > 0 and a sequence of values
of r tending to infinity, then show that f is a polynomial of degree not exceeding k.




Unit 9

Course Structure

* Canonical product, Borel’s first theorem. Borel’s second theorem (statement only).

9.1 Introduction

This unit deals with the factorization of entire functions of finite order with the help of the newly defined
canonical product. Hence we have deduced several results related to the relationship between the order of an
entire function f and the convergence exponent of its zeros culminating in the Picard’s little theorem that we
will come across in the next unit.

Objectives
After reading this unit, you will be able to
* define the canonical product and genus of entire functions

¢ deduce the Borel’s first theorem

9.2 Canonical Product

Let f be an entire function with infinite number of zeros a,, n = 1,2,... where a,, # 0 for all n and
o
. . . 1.
|an| = ry. If there exists a least non-negative integer p such that the series Z 577 1 convergent. We
Tn

n=1
o = z ) , L
form the infinite product G(z) = H E <, p). By Weierstrass’ factorization theorem, G/(z) represents an
an
n=1

entire function having zeros precisely at the points a,,. We call G(z) as the canonical product formed with the
sequence {a, } of zeros of f and the integer p is called its genus.

If z = 0 is a zero of f of order m, then the canonical product is 2" G(z).

Observe that, if the convergence exponent p; # an integer, then p = [p;] and if p; = an integer, then

62
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1. p= pl,lfz o is divergent;
1"

D
1
2. p=p1 —1,if g —— is convergent.
p P1 ~ 7‘7’21 4

In any case, p1 — 1 < p < p; < p, where p = order of f(z).

(o.9] oo
1
Example 9.2.1. 1. L = n. Th hil —
ple 9 et a, = n. Then Z 2 Z 3 is convergent, while Z o Z is divergent.
n=1 n n=1 n= 1
Hence, the genus p = 1.
2. Let a,, = e™. Then the genus is p = 0.
1
3. Leta; = = log 2, a, = logn, n > 2. Then there exists no finite p such that the series Z 7T is
n

n=1
convergent.

Theorem 9.2.1. (Borel’s theorem) The order of a canonical product is equal to the convergence exponent of

its zeros.
i z
~112(2)
Qan
n=1

be a canonical product with zeros at the points a, as, ... and genus p. Let p; and p be the convergence
exponent and order respectively of G(z). Since p; < p for any entire function, we only need to prove that
p < p1 for G(z). Let |a,,| = r, and K (> 1) be a constant. Then for |z| = r,

z
log|G(z)| = Z log‘E (a,p)‘—i- Z log

Proof. Let

E (Z,p> ‘ = ¥ + 3, (say).
anp

rn<Kr rn>Kr
. T 1
We first estimate Yo. In Yo, — < e < 1. Hence,
n
z 1 + 1 2 \ P2
loe B[ = - R (e — ...
o8 (an7p> 1 p+2 <an>
p+1 T p+2
logE( ,p)‘ < ) 4
Qanp Tn
p+1
p+1
= <A ,
p+1 1 - (m)
A being a constant. Also, we know thatlog | f| = Re(log f) < |log f| [since log f(2) = log | f(2)|+iarg f(2)],
for any function f.
Hence,

m&f‘)g‘ (&r)l- O<Z <>> ( > >— ()

rn>Kr rn>Kr
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1

[since Z pu] is convergent by the definition of p and converges to B(say)|. If p +1 = pj, then

T'n
rn>Kr

> 5 = O (rfr). Otherwise, p + 1 > p; + €, € > 0 being small enough. Then

e el —py— L1 S
A E Pl =t E (rprter Ly ) <Pt (Kr)e E rpP T =0 (rte)
r>Kr rm>Kr rm>Kr

p1—

[since Zrn> ertn T s convergent} . Thus, in any case,

=0 (r"). (9.2.1)

T 1
> .
rn K

1 p
E(Z,p>‘ = log‘<1—z>exp<z+...<z)>
Qp, (07%9) anp, p (279
r r 1/ r\?
log|1+— ) +—+-=(—) .
Tn Tn P \Tn

Next, we estimate ) ;. In ), Now,

log

IN

Also, log (1 + r> <= [since 14| < el®l, hence log (1 + |x|) < |=|]. Hence, log | E i,p ’ <A(=

Tn Tn an "

p
where A depends only on K. Hence ), = O Z <r> =0 |rP Z 7, P
T'n
rn SKT rm<Kr
= Ol rP Z TfLH—E—P,T;m—e =0 TP(KT)pl—O—E—p, Z T;m—e :O(TPH_E). Using this and
rn <Kr rn<Kr

equation (9.2.1), we get, log |G(z)| = O(rP*T¢). This implies that p < p;. Combining, we have p = p;. U

Example 9.2.2. We find the canonical product of sin z.

Let f(z) = sin z. Then f is an entire function with infinite number of zeros at z = n, n being an integer.
First we consider the zeros of f exceeding the simple zero at z = 0. Let a, = nm, n = +1,£2,... and
|an| = r, = |nm|. Now,

LR L
n=1 n n=1 |TL’7T| & n=1 n
is divergent, but
2 2 2
n=1 "n & n=1 n

is convergent. Hence the genus of the required canonical product is 1. Hence the canonical product is given
by

o) - T (1-2)e T (1-2)es

n=-—o0o n=1
a z z
= I] (1——)eﬁ (1+—)e‘ﬁ
nm nm
n=1

0 2
- <1— §2>
nem
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Now, since zero is a simple zero of f, the canonical product of f will be

o0~ (1- )

Exercise 9.2.1. Find the canonical product of cos z.

Few Probable Questions

1. Define canonical product of the zeros of an entire function. Find the canonical product of the function
sin z.

2. State and prove Borel’s theorem.

3. Show that for an entire function f of finite order p, which is not an integer, and convergence exponent
P1, P = P1-

4. Show that




Unit 10

Course Structure
e Hadamard’s factorization theorem,

* Schottky’s theorem (no proof), Picard’s first theorem.

10.1 Introduction

Picard’s little theorem, named after Charles E. Picard, is an important theorem that puts light on the range
set of a non-constant entire function. In 1879 Picard proved that an entire function takes on every value with
at most one exception, (Picard’s “Little Theorem™), and that in any neighborhood of an isolated essential
singularity, an analytic function takes on every value except at most one, (Picard’s “Big Theorem”). We will
discuss few examples in this light.

Objectives
After reading this unit, you will be able to
¢ deduce Hadamard’s factorization theorem

¢ deduce related results and the celebrated Picard’s little theorem

10.2 Hadamard’s Factorization theorem and results

Theorem 10.2.1. (Hadamard’s Factorization theorem) If f is an entire function of order p with infinite
number of zeros and f(0) # 0, then f(z) = e%(*) G(z), where G(z) is the canonical product formed with the
zeros of f and QQ(z) is a polynomial of degree not greater than p.

Proof. By Weierstrass’ factorization theorem, we have,

f(z) =e9®) G(2), (10.2.1)
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where ()(z) is an entire function and G(z) is the canonical product with genus p formed with the zeros
ai,az,...of f. Since p is finite, we need to show that )(z) is a polynomial of degree less than or equal to p.
Let m = [p|. Then genus p < m. Taking logarithms on both sides of (10.2.1), we get

logf(2) = Q(2)+logG(2)

_ Q(z)+gjllog <1 Zﬂ) g{ <an>2+...+;<;>p} (10.2.2)
[since G(z) :ﬁE( -

Differentiating (10.2.2) m + 1 times, we get
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an (an — 2
Now, Q(z) will be a polynomial of degree n at most if we can show that Q1) (z) = 0.

Let £2) R
wo ST (-2)

a
lan|<R "

-1
Then since f(z) is entire and f(0) # 0 and H <1 — ) gr(z) cancels with the factors in f(z), so

n

lan|<R
gr(z) is an entire function and gr(z) # 0 in |z| < R. For |z| = 2R and |a,| < R, we have, |1 — = > 1.
QA
Hence,
1f(2)] pe _ _
lgr(2)] < TF0)] < Aexp ((2R)?"€), for |z| =2R, A = constant.

By maximum modulus theorem,

lgr(2)| < Aexp ((2R)**€), for |z] < 2R. (10.2.4)

Let hr(z) = loggr(z), the logarithm being determined such that hz(0) = 0. Then hg(z) is analytic in
|z| < R. Now, from (10.2.4), we have

Re hr(2) = log |gr(z)| < log A + 2PTCRPTE,

Hence,
Re hr(z) < KRPT©, K = constant. (10.2.5)

Hence, from the second corollary of Borel Caratheodory theorem, we have,

23 (m + 1)1 R

(m+1) <
lhp ()] < (R — r)m+2

KRPTe, for |z| =7 < R.
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Hence, for |z| = r = 2

R (2) = O (ReYe™ 1) (10.2.6)
But,
z
() = oggn(z) = log £(2) - Tog £(0) — 3 tog (1= 2 ).
lan|<R "
Hence, )
(m—+1) o dl f (Z) | 1
hg (2) = dam <f(z) +m Z (an — 2)mtL’
lan|<R
Hence, from (10.2.2), we have
m+1 _ o (mt1) 1
QUV(z) = hy" T (z)+m! Z (an — 2yt
lan|<R * "
om0 2 L) for o= 2 by (1026) (1027)
lan|>R a1 ) 2

R . . .
and so also for |z] < — by maximum modulus theorem. The first term on the right hand side of (10.2.7)

tends to zero as R — oo if € > 0 is small enough, since m + 1 > p. Also, the second term tends to O

———— becomes the remainder term for large R. Hence,
| [T |

o0
1
since Z ——— is convergent. In fact, Z
n=1 lan|>R |
Q(m“)(z) = 0, since Q1) is independent of R. Thus, Q(z) is a polynomial of degree not greater than
P 0

Note 10.2.1. If z = 0 is a zero of f of order m, then f(z) = 2™ e?*) G(z).

Theorem 10.2.2. If f is an entire function of order p and p; is the convergence exponent of its zeros, then
p1 = p if p is not an integer.

Proof. Since the zeros of f coincide with the zeros of its canonical product G(z), we can take p; to be
the convergence exponent of the zeros of G(z). By Hadamard’s factorization theorem, we have, f(z) =
¢?®) G(z), where Q(z) is a polynomial of degree not exceeding p. In any case, p; < p. Suppose if possible
p1 < p. Also, if degree of Q(z) = ¢, then e@(?) is of order ¢ < p. In this case, ¢ < p, since ¢ is an integer
and p is not an integer. Thus, f is the product of two entire functions each of order less than p. Hence, order
of f is less than p which contradicts the given hypothesis. Hence, p; = p. O

Theorem 10.2.3. Let f be an entire function with order p and g be an entire function with order < p. If the

f(2)

zeros of g are all zeros of f, then H(z) = —— is an entire function of order p at most.

9(2)
Proof. Since the zeros of g are all zeros of f, H(z) is an entire function. Let G (z) and G2(z) be the canonical
products formed with the zeros of f and g respectively. By Hadamard’s factorization theorem, we have

f(z) =Gi(z) e@1(*)  and 9(2) = Ga(2) eQ2(z)’

where Q1(z) and Q2(z) are polynomials with degrees less than or equal to p. Then,

H(z) = G(2) te(z)_QQ(Z), where G(z) =
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is the canonical product formed with the zeros of G1(z) that are not zeros of G2(z). Since the convergence
exponent of a sequence is not increased by removing some of the terms, the convergence exponent and hence
the order of G(z) does not exceed p. Also, Q1(z) — Q2(z) is a polynomial of degree < p. Hence, order of
e@1(2)=@2(2) j5 < p. Thus, H is the product of two entire functions, each of order < p. Hence, order of H(z)
is p at most. 0

Theorem 10.2.4. (Picard’s little theorem) An entire function of finite order takes any complex number
except at most one number.

Proof. Let f be an entire function of finite order. If possible, let f do not take two values a and b. Then
f(2)—a # 0and f(z)—b # O forall z € C. Thus, there exists an entire function g such that f(z) — a = e9*).
Since f is of finite order, the function f(z) — a is also of finite order. By Hadamard’s factorization theorem,
g(z) must be a polynomial. Now,

f(z)=b=f(z)—a+(a—b)=e’®) 4(a—b) £0 Vz € C.

Hence, e9(2) £ b — q for all z € C. This is a contradiction, since g(z) being a polynomial, by fundamental

theorem of algebra, g(C) = C. Hence the theorem. O
Example 10.2.1. 1. The most common example is the non-constant entire function e* which omits only
the value 0.

2. Any non-constant polynomial f takes all the values of the finite complex plane. This is due to the fact
that for any complex number a, the function f(z) — a is also a polynomial in C having zero in C by the
fundamental theorem of algebra.

Theorem 10.2.5. Let f be an entire function of finite order p which is not an integer. Then f has infinitely
many zeros.

Proof. Let f be an entire function of finite order p which is not an integer. If possible, suppose that the zeros
of f are {aj,as,...,a,}, finite in number, counted according to multiplicities. Then f(z) can be expressed
as f(z) = (z —a1)(z — ag) - - (z — an) e9%), where g(z) is an entire function. By Hadamard’s factorization
theorem, g(z) is a polynomial whose degree is less than or equal to p. Clearly, f(z) and e9(2) are of same
order. But the order of e9(%) is exactly the degree of g(z), which is an integer. This implies that p is an integer.
This is a contradiction and hence the result. O

[e.@]
1
Example 10.2.2. If o > 1, we show that the entire function H (1 — %) is of finite order —. Firstly, the
o

n
n=1

o oo
infinite product H (1 — %) is of the form H E <n%’ 0>. Here, p = 0 is the least non-negative integer for
n=1 n=1

n
which,
o+l T ne
n=1"Tn n=1 n

is convergent since o > 1. Hence, the given infinite product is a canonical product. So, the order of
zZ\ . .

H (1 — —a) is the same as the convergence exponent of its zeros. Here, zeros are a, = n®. Hence,
n

n=1

rn = |an| = n®. Hence the convergence exponent

logn 1

n
p1 = limsup = lim sup =—.
n—oo lOg Ty n—oo alogn «
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Exercise 10.2.1. 1. Prove the following.

2

(a) sinmz = TI'ZH (1 — 22>
n
n=1

b 422
(b) COS 2 = H (1 - 7.(_2(271_1)2)

n=1

2. Prove Fundamental theorem of algebra using Picard’s little theorem.
3. With proper justifications, write which of the following functions is constant.

(a) An entire function that omit two values on the complex plane;

(b) An entire function that omit values on the negative real axis;

(c) An entire function whose range set is a dense set;

(d) An entire function whose range set is not a dense set;

(e) An entire function whose range set is a straight line;

(f) An entire function whose range set is B(0; R), R > 0 is a real number;
(2) An entire function for which M (r1) = M (ry) for r1 < ro;

(h) An entire function whose range set is a closed set;

(1) An entire function that takes the value a € C at all points in the set £ that has a limit point in C.

Few Probable Questions

1. State and prove Hadamard’s Factorization theorem.

2. State the Hadamard’s factorization theorem. If f and g be entire functions of order p and p’ respectively,
£
9(2)

such that p’ < p, and also if the zeros of g are all zeros of f, the show that the function H(z)

is an entire function of order at most p.
3. State and prove the Picard’s little theorem.
4. Show that an entire function f of finite order p, which is not an integer, has infinitely many zeros.

5. State Picard’s Little theorem. Hence prove the Fundamental theorem of Algebra.




Unit 11

Course Structure

* Multiple-valued functions

11.1 Introduction

Multifunctions are hard to avoid. Many complex functions, like the complex exponential, are not globally
one-to-one. We may view such a function as having an inverse, so long as we allow the inverse to be a mul-
tifunction. Constructing, at least locally, a well-behaved functional inverse will involve extracting a suitable
value from this multifunction at each point of the domain. But in order to treat more complicated exam-
ples, such as /2, 22/3_ etc., we begin a deeper analysis of many-valuedness. which will enable us to handle
logarithms and powers of rational functions.

Objectives

After reading this unit, you will be able to
* define multifunctions and visualize certain examples related to them
* discuss in detail the argument function and its rle in the many-valuedness of complex functions

¢ define branches and branch cuts of multifunctions

11.2 Multiple-Valued Functions

Thus far, we have considered a complex function f to be a rule that assigns to each point z, a single complex
number f(z). This familiar conception of a function is unduly restricted. Using examples, we now discuss
how we may broaden the definition of a function to allow f(z) to have many different values for a single value
of z. In such a case, f is called a many-valued function or a multifunction.

For example, if we consider the function +/z, then it has three different values (if z is non-zero) for a single
value of z and hence is a three-valued multifunction.

Let us see how. The function z — /z, that is, if w = /z, and «a is a solution of this equation, let us find

the other two solutions too. If z = e orbits round an origin-centred circles, z3 = 7 e3> orbits three times

71
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Figure 11.1

faster executing a complete revolution each time z executes one third of a revolution. Put differently, reversing
the direction of the mapping divides the angular speed by three. This is an essential ingredient, which we will
now study in detail.

Writing z = re?, we have /z = ¢/re'?/3). Here, ¢/r uniquely defined as the real cube root of the
length of z; the sole source of the three-fold ambiguity in the formula is the fact that there are infinitely many
different choices for the angle 6 of a given point z.

Think of z as a moving point that is initially at z = p. If we arbitrarily choose 6 to be the angle ¢ as shown
in fig. 11.1, then /p = a. As z gradually moves away from p, ¢ gradually changes from its initial value ¢,
and /z = J/r e!0/3) gradually moves away from its initial position a, but in a completely determined way-its
distance from the origin is the cubic root of the distance of z, and its speed of movement is one-third that of z.

11.3 Argument as a function

The angle 6 in the expression z = |z| e is not uniquely determined. Indeed, this is the fundamental cause of
many-valuedness in complex function theory. For z # 0, we define the argument of z to be

[argz] = {# € R: z=|z]e"}.

The bracket notation [arg z] is designed to emphasize that the argument of z is a set of numbers, not a single
number. In fact, [arg z] is an infinite set, consisting of all numbers from 6 + 2k for k € Z, where 6 is any
fixed real number such that e? = z/|z|.

The restriction —7 < 6 < 7, or alternatively, 0 < 6 < 2, uniquely determines 6 in the equation
0#z=|z|e”.

Now, consider what happens to a principal value determination of argument Arg z = 6, where z = |z|e®,
0 < 0 < 2w, where z performs a complete anticlockwise circuit round the unit circle starting from z = 1,
with § € [0, 27). Within the chosen range [0, 27), € has value 0 at the start and increases steadily towards 27
as z moves round the circle until it arrives back at 1, when 0 must jump back to 0. Thus, Arg z has a jump
discontinuity. On the other hand, if we insist on choosing 6 so that it varies continuously with z, then its final
value has to be 2, a different choice from [arg 1] from that we made at the start. We can give a more formal
treatment of the issues just discussed.

We show that there is no way to impose a restriction which selects 0(z) € [arg z] for all z € C \ {0}, so
0 : z — 0(z) is continuous as a function of z. We assume for a contradiction that such a continuous function
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6 does not exist and consider

k() = % (0(e™) + (™)), teR.

Then k is continuous and

|
B(t) = o ((t+ 2mum) + (=t + 2ngm)) g,y € Z,

so k takes only integer values. Also k(0) is even and k(7) is odd, so k is non-constant. This contradicts the
intermediate value theorem from real analysis.

This result has implications for other multifunctions. For example, it tells us that there cannot be a con-
tinuous logarithm in C \ {0}: if there were one, then its imaginary part - an argument function - would be
continuous too.

11.4 Branch Points

Take a multifunction f(z), so that w(z) is a non-empty subset of C for each z in the domain of definition of f.
Assume that the many-valuedness arises because, for one or more points a, the definition of f(z) explicitly or
implicitly involves the angle 6, where z — a = |z — a|e?. Such points are called branch points. Any branch
point is excluded from the domain of definition of f(z). More formally, a is a branch point for f(z), if for all
sufficiently small » > 0, it is not possible to choose a particular value of w = f(z) such that f is continuous
in the open ball B(a;r). The motivation comes from the previous section, no continuous argument function
can be drawn from [arg(z — a)] for z on a circle with centre at a.

We illustrate this with the example of /z (see fig. 11.2). Usually, we draw mappings from left to right,
but here we have reversed this convention to to facilitate comparison with 11.1. As z travels along the closed

Figure 11.2

loop A (finally returning to p), +/z travels along the illustrated closed loop and returns to its original value a.
However, if z instead travels along the closed loop B, which goes round the origin once, then /= does not
return to its original value, but instead it ends up at a different cube root of p, namely b. Note that the detailed
shape of B is irrelevant, all that matters is that it encircles the origin once. Similarly, if z travels along C,
encircling the origin twice, then /z ends up at ¢, the third and final cube root of p. Clearly, if z ere to travel
along the loop (not shown) that encircled the origin three times, then /= would return to the original value a.
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The premise for this picture of z — </z was the arbitrary choice of ¢/p = a, rather than b or c. If we
instead chose ¢p = b, then the orbits on the left of fig. 11.2 would simply be rotated by 27 /3. Similarly, if
we chose /p = c, then the orbits would be rotated by 47 /3.

The point z = 0 is the branch point of </z. More generally, let f(z) be a multifunction and let a = f(p) be
one of its values at some point z = p. Arbitrarily choosing the initial position of f(z) to be a, we may follow
the movement of f(z) as z travels along a closed loop beginning and ending at p. When z returns to p, f(z)
will either return to a or it will not. A branch point z = ¢ of f is a point such that f(z) fails to return to a as
z travels along any loop that encircles ¢ once.

Returning to the specific example f(z) = /z, we have seen that if z executes three revolutions round the
branch point at z = 0 then f(z) returns to its original value. If f(z) were an ordinary, single-valued function
then it would return to its original value after only one revolution. Thus, relative to an ordinary function, two
extra revolutions are needed to restore the original value of f(z). We summarize this by saying that 0 is a
branch point of /2 of order two.

Definition 11.4.1. If ¢ is a branch point of some multifunction f(z), and f(z) first returns to its original value
after N revolutions round ¢, then ¢ is called an algebraic branch point of order (N — 1); an algebraic branch
point of order 1 is called a simple branch point. We should stress that it is perfectly possible that f(z) never
returns to its original value, no matter how many times z travels round ¢. In this case ¢ is the logarithmic
branch point-the name will be explained in the next section.

By extending the above discussion of /z, check for yourself that if n is an integer, then z1/™ is an n-valued
multifunction whose only (finite) branch point is at z = 0, the order of this branch point being (n — 1). More
generally, the same is true for any fractional power 2™/ where m /m is a fraction reduced to lowest terms.

11.4.1 Multibranches

Suppose we are given a multifunction f(z). Our goal is to select a value w = f(z) from various possible
values, for each z in as large a domain as possible, so that f is holomorphic. In particular. f has to be
continuous. We now introduce multibranches. These provide a stepping stone on the way to our goal.

There is a sense in which we can make continuous selections from multifunctions in a natural way. The key
idea is the following. Rather than considering z as our variable we introduce, for each branch point a, new
variables (r, §), where z = a + re®. Let us illustrate this with the example of /z.

By arbitrarily picking one of the three values of ¢/p at z = p, and then allowing z to move, we see that we
obtain a unique value of v/Z associated with any particular path from p to Z. However, we are still dealing
with multifunction: by going round the branch point 0, we can end up at any one of the three possible values
of \3/2 .

On the other hand, the value of v/Z does not depend on the detailed shape of the path: if we continuously
deform the path without crossing the branch point, then we obtain the same value of /Z. This shows us how
we may obtain a single-valued function. If we restrict z to a simply connected set S that contains p, but does
not contain the branch point, then every path in S from p to Z will yield the same value of v/Z, which we will
call f1(Z). Since the path is irrelevant, f; is an ordinary, single-valued function of position in S, which is a
branch of the /z.

Fig. 11.3 illustrates such a set S, together with its image under the branch f; of /z. Here, we have reverted
to our normal practice of depicting the mapping going from left to right. If we instead choose /p = b, then
we obtain a second branch f5 of {/z, while ¢/p = c yields a third and final branch f5.

We can simplify it as considering three different single-valued functions

Fulr,0) = Ve, fulr,0) = STECHEB fy(r,0) = YrelCHans
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Figure 11.3

such that for z = re®,
Vz = fi(r,0) if §€0,2m)
= fo(r,0) if 0 € [2m, 47)
= fs(r,0) if 0 € [47,6m).

And, as z circles the origin and § changes from 47 through 67, /= jumps back to the previous branch f;(r, 6).

11.4.2 Branch Cuts

How can we prevent the interchange of f3 to f1? f3 changes to f; due to the change of argument 6. So, if
we restrict the movement of 6, then we can remain in a particular branch of /z, which is single-valued and
holomorphic. We draw an arbitrary curve C' from the branch point 0 to infinity. We are now restricting the
domain of z which includes all points of S excluding those on C. This prevents the closed path in .S from
encircling the branch point; or simplifying, we can say that we restrict the increase of 6 by a value of 27 since
changing the value of 6 by 27 changes the branch of /.

This C is called a branch cut. As we have just seen, this shows up in the fact that the resulting branches are
discontinuous on C, despite the fact that the three values of /2 move continuously as z move continuously.
As z crosses C' travelling counterclockwise, then we must switch from one branch to the next in order to
maintain continuous motion of /z. If z executes three counterclockwise revolutions round the branch point,
then the branches permute cyclically as shown in fig. 11.4.

A common choice for C' is the negative real axis. If we do not allow z to cross the cut, then we restrict the
angle 6 to lie in the range —7 < 6 < 7. This is called the principal value of argument, written as Arg z, as we
have encountered in the beginning of this unit. With this choice of 6, the single-valued function /r /3 is
called the principal branch of the cube root. Let us denote this as [+/z]. Note that the principal branch agrees
with the real cube root function on the positive real axis, but not the negative real axis and note that the other
two branches can be expressed in terms of the principal branch as *(?7/3) [ ¢/z] and e'(47/3) [ ¢/z].
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f f2 f3 fi
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Figure 11.4

Few Probable Questions

1. Which of the following are multifunctions?
A. cosz B. 2z C.e? D. None
2. The branch point of the function log(z) is at
A0 B.1 C. o0 D. -1
3. The function v/22 has an algebraic branch point of order ...... at z = 0.
A. 3/2 B.2/3 C.2 D.3
4. For the function v/z — 1, the point z = 1 is a/an ...... branch point.
A. transcendental B. logarithmic C. algebraic D. not a branch point

5. Define branch of a multifunction. Show that the branches of the square root function are discontinuous
at each point of the negative real axis.




Unit 12

Course Structure

* Riemann surface for the functions 1/ , log z.

12.1 Introduction

Riemann surfaces were first studied by Bernhard Riemann. Riemann surfaces are the easiest way to geomet-
rically understand the multifunctions. The main interest in Riemann surfaces is that holomorphic functions
may be defined between them. We discuss the Riemann surfaces of two major functions: the complex square
root function and the logarithm function.

Objectives

After reading this unit, you will be able to

* discuss the Riemann surfaces of the square root function and logarithm function

12.2 Riemann Surfaces

12.2.1 Square Root function

Just as we have discussed the case of {/z, we can simply show that w = u+iv = f(z) = /2 is a multifunction
having a branch at 0. We define two branches

filz) = e fo(z) = VreOTE2 = _el?2 = (2);

so f1 and fo can be thought of as ”’plus” and “minus” square root functions. The negative real axis is called
a branch cut for the functions f; and fs. Each point on the branch cut is a point of discontinuity for both
functions f1 and fs.

Example 12.2.1. We show that f; is discontinuous along the negative real axis. Let zg = re'™ denote a
negative real number. We compute the limit as z approaches zg through the upper half plane and the limit as

7
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z approaches zg through the lower half plane. In polar coordinates, these are given by

. f 0
lim rey = lim /o[ cos= +isin > =1i,/r9, and
(r,0)—(ro,m) fl( ) (r,0)—(ro,m) 0 < 2 2 0
< 0 0
lim re?) = lim \/ro | cos = + 7sin > = —i/70.
(r,0)—(ro,—m) fl( ) (r,0)—(ro,—m) 0 ( 2 2 0

The two limits are distinct, so fi is discontinuous at zy. Since zg is arbitrary, so f; is discontinuous on the
whole negative real axis.

We will now draw the Riemann surface for f. f(z) has two values for any z # 0. Each functions f; and fo
are single-valued on the domain formed by cutting the z plane along the negative real axis. Let D; (see fig.
12.1) and Dy (see fig. 12.2) be the domains of f; and f, respectively. The range set for f; is H; consisting of
the right-half plane and the positive v-axis; and the range set for fs is Ho consisting of the left-half plane and
the negative v-axis. The sets [ and H> are “glued together” along the positive v-axis and the negative v-axis
to form the w plane with the origin deleted.

= il

Figure 12.2: A portion of D5 and its image under w = /z

We stack D directly above Dy. The edge of D; in the upper half-plane is joined to the edge of D5 in the
lower half-plane, and the edge of D; in the lower half-plane is joined to the edge of Ds in the upper half-plane.
When these domains are glued together in this manner, they form R, which is a Riemann surface domain for
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Figure 12.3: A portion of R and its image under w = /2

the mapping w = f(z) = y/z. The portions of Dy, Dy and R that lie in {z : |z| < 1} are shown in fig. 12.3.

The beauty of this structure is that it makes this ”full square root function” continuous for all z # 0.
Normally, the principal square root function would be discontinuous along the negative real axis, as points
near —1 but above that axis would get mapped to points close to i, and points near —1 but below the axis
would get mapped to points close to —i. As fig. 12.3 indicates, however, between the point A and the point
B, the domain switches from the edge of D; in the upper half-plane to the edge of D in the lower half plane.
The corresponding mapped points A’ and B’ are exactly where they should be. The surface works in such a
way that going directly between the edges of D; in the upper and lower half planes is impossible (likewise for
Ds). Going counterclockwise, the only way to get from the point A to the point C, for example, is to follow
the path indicated by the arrows in fig. 12.3.

We now move on to the logarithmic function.

Exercise 12.2.1. Show that f5 is discontinuous at every point on the negative real axis.

12.2.2 Logarithm Function

The complex logarithm function log(z) may be introduced as the “inverse” of e*. More precisely, we define
log z to be any complex number z that satisfies

elosz — 5
It follows that
logz = In |z| + iarg(z).

Since arg(z) takes infinitely many values, differing from each other by multiples of 27, we see that log(z) is
a multifunction taking infinitely many values, differing from each other by multiples of 27i. For example,

log(2 + 2i) = In2v/2 + z% + 2ni,
where n is an arbitrary integer. The reason we get infinitely many values is clear if we see the behaviour of the

exponential function e*. Each time z travels straight upwards by 277, e* executes a complete revolution and
returns to its original value. Clearly, log(z) has a branch point at 0. However, this branch point is quite unlike
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in
w=logz R
=
u
-t
-In
Figure 12.4

that of {/z, for no matter how many times we loop around the origin, log(z) never returns to its original value,
rather it continues moving upwards forever. You can now understand previously introduced term “logarithmic
branch point”.

Here is another difference between the branch point of {/z and log(z). As z approaches the origin, say
along a ray, | {/z| tends to zero, but | log(z)| tends to infinity, and in this sense, origin is a singularity as well
as a branch point.

To define single-valuedness of log(z), we make a branch cut from 0 out to infinity. The most common
choice for this cut is the negative real axis. In this cut plane, we may restrict arg(z) to its principal value
Arg z. This yields the principal branch of logarithm, written as Log z, defined as

Log z = In|z| + Arg 2.

We are in a position to draw the Riemann surface for log(z). Let define the multibranches of logarithm
function as follows
Fy(z) =log |z| +i(0 + 2k7), k € Z.
Each F}, is a continuous function of z. Furthermore, for any fixed ¢ € R, and for 0 # z = r et
log(z) = {Fk(z): k€Z, 0¢lc,c+2m)},

with no values repeated, and if similarly, 6 is restricted to any interval (c, ¢ + 27].

The domain of definition of each F}, are none other than the whole complex plane with different arguments.
Let Sk be the domain of definition of the branch F}; of log(z). (These copies of the complex plane are each
cut along the negative real axis) These cut planes are then stacked directly on top of each other and joined as
follows. For each integer k, the edge of Sy, in the upper half plane is joined to the edge of Sk in the lower half
plane. The resulting Riemann surface of log(z) looks like a spiral staircase that extends upwards on Sp, S, . . .
and downwards on S_1,S_o,... as shown in fig. 12.4. If we start on Sy and make a counterclockwise circuit
around the origin, we end up on S, and the next circuit brings us to .So, etc, so each time we cross the negative
real axis, we end up on a new branch of log(z).



Unit 13

Course Structure

* Analytic continuation, uniqueness of analytic continuation

13.1 Introduction

Analytic continuation is an important idea since it provides a method for making the domain of definition of an
analytic function as large as possible. Usually, analytic functions are defined by means of some mathematical
expressions such as polynomials, infinite series, integrals, etc. The domain of definition of such an analytic
function is often restricted by the manner of defining the function. For instance the power series representation
of such analytic functions does not provide any direct information as to whether we could have a function
analytic in a domain larger than disc of convergence which coincides with the given function. We have
previously seen that an analytic function is determined by its behaviour at a sequence of points having limit
point. This was precisely the content of the identity theorem which is also referred to as the principle of
analytic continuation. For example, as a consequence, there is precisely a unique entire function on C which
agrees with sin z on the real axis, namely sin z.

Objectives
After reading this unit, you will be able to
* define analytic continuation of an analytic function and consider examples of such process

* show that the analytic continuation of an analytic function is always unique

* define chain and function elements and discuss the condition for analytic continuation from a domain
into another

* discuss the power series method and its examples

81
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13.2 Analytic Continuation

As we have seen in the introduction that if G is a region and f is an analytic function on GG. Also, let g be an
analytic function defined on an open set D C G, such that f(z) = g(z) in D. Then, by uniqueness theorem
(identity theorem), we have f = g on G. It is a simple process to extend the domain of g over to G. A natural
question is the following: Is it always possible to have such an extension? Clearly that is not the case. For
example,

1
f(z)=~, 2€C\{0}
does not have an extension to C. Similarly, if we take two domains
Dy =C\{z: Rez<0,Imz=0}, and Dy =C,

then for f(z) = Log (z), which is the principal branch of logarithm function that is analytic on the domain
D, but can’t be extended on to Ds.

However, if the extension is possible, there are ways to carry out the process of continuation so that the
given analytic function becomes analytic on a larger domain. To make this point more precise, let us start by
examining the analytic continuation of the function

flz)=> =" (13.2.1)

n>0

The series on the right hand side of (13.2.1), as is well known, is convergent for |z| < 1 and diverges for
|z| > 1. On the other hand, we know that the series given by the formula (13.2.1) represents an analytic
function for |z| < 1 and the sum of the series (13.2.1) for |z| < 11is 1/(1 — z). However, the function F’
defined by the formula

is analytic for z € C \ {1} = D, since

1 1
FlZ)= __“
z 1—271 2-1
is analytic at z = co. Now, f(z) = F(z) forall z € DN D, and we call F’ an analytic continuation of f from
D into D, that is, the function f, given at first for |z| < 1, has been extended to the extended complex plane
but for the point 1, at which the function has a simple pole. Thus, it seems that I, which is analytic globally,

is represented by a power series only locally.
We now, formally define analytic continuation of a function f as follows.

Definition 13.2.1. Suppose that f and F' are two functions such that

1. f is analytic on some domain D C C;

2. Fisanalytic in a domain D; such that D1ND # @ and D C Dy, suchthat f(z) = F(z) forz € DND;s.

Then we call F' an analytic continuation or holomorphic extension of f from domain D into D;. In other
words, f is said to be analytically continuable into D;.

The definition can also be given as follows.

Definition 13.2.2. A function f(z), together with a domain D in which it is analytic, is said to be a function
element and is denoted by (f, D). Two function elements (f1, D7) and (fa, D2) are called direct analytic
continuations of each other if and only if

DiNDy#0 and fi = fy on DyN Ds.
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Remark 13.2.1. Whenever there exists a direct analytic continuation of (f;, D7) into a domain Dy, it must
be uniquely determined, for any two direct analytic continuations would have to agree on D; N Dy, and by
identity theorem, would consequently have to agree throughout D5. That is, given an analytic function f; on
Dy, there is at most one way to extend f; from D; into D> so that the extended function is analytic in Ds.

The property of being a direct analytic continuation is not transitive. That is, even if (f1, D1) and ( fa, D2)
are direct analytic continuations of each other, and (f2, D2) and (f3, D3) are direct analytic continuations
of each other, we cannot conclude that (f1, D) and (f3, D3) are direct analytic continuations of each other.
A simple example of this occurs whenever D and D3 have no points in common. However, there is a
relationship between f1(z) and f3(z) that is worth explaining.

Definition 13.2.3. Suppose that {(f1, D1), (f2, D2), ..., (fn, Dn)} is a finite set of function elements with the
property that (fi, Dy ) and (fx11, Dy+1) are direct analytic continuations of each other for k = 1,2,...,n—1.
Then the set of function elements are said to be analytic continuations of one another. Such a set of function
elements is then called a chain.

Example 13.2.1. Consider the figure 13.1. Let

YA

L

—
]

>

Figure 13.1

fi(z) = Logz, z€ Dy
fo(2) = Logz, z€ Do
f3(z) = Logz+2mi, z € Ds.

Then {(fl, D1), (f2, D2), (fg,Dg)} is a chain with n = 3. Note that 0 = f1(1) # f3(1> = 2mi.

Note that (f;, D;) and (f;, D;) are analytic continuations of each other if and only if they can be connected
by finitely many direct analytic continuations.
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13.3 Analytic Continuation along a curve

Definition 13.3.1. If y : [0, 1] — C s a curve and if there exists a chain {(f;, D;)}; of function elements such
that

'7([07 1]) - Uznlei? 20 = 7(0) €Dy, zp = 7(1) € Dy,
then we say that the function element ( f,,, D,,) is an analytic continuation of ( f1, D;) along the curve +. That
is a function element (f, D) can be analytically continued along a curve if there is a chain containing (f, D)
such that each point on the curve is contained in the domain of some function element of the chain.

As another example, the domains of a chain are also shown in Figure 13.2.

Figure 13.2

The definition can also be given as

Definition 13.3.2. Let v : [a, b] — C be a curve such that
() = 2(t) = z(t) +iy(t), a <t <b.

Let us consider a partitiona =ty < t; < ... < t, = bof[a, b]. If thereis achain {(f1, D1), (f2, D2), ..., (fn, Dn)}
of function elements such that ( fi41, D+1) is a direct analytic continuation of ( fx, D) fork =1,2,...,n—1
and z(t) € Dy fortj_1 <t < ty, k = 1,2,...,n, then (f,, D,) is said to be an analytic continuation of
(f1, D1) along the curve 7.
Thus we shall obtain a well defined analytic function in a nbd. of the end point of the path, which is called
the analytic continuation of (f1, D1) along the path . Here, D), may be taken as discs containing z(t;_1).

Further, we say that the sequence { D1, Do, ..., D, } connected by the curve ~ along the partition if the image
z([tk—1,tx]) is contained in Dy.

Theorem 13.3.1. (Uniqueness of Analytic Continuation along a Curve) Analytic continuation of a given
function element along a given curve is unique. In other words, if ( f,,, Dy,) and (g, Dy,,) are two analytic
continuations of (f1, D1) along the curve 7 defined by

v(t) = 2(t) = x(t) +iy(t), a <t <b.

Then f, = g, on D, N E,,.
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Proof. Suppose there are two analytic continuations of (f1, D7) along the curve -, namely,

(f1,D1), (f2,D2),...,(fn,Dn)
(91, E1), (92, E2); - - -, (Gm, Em)

where f| = g1 and Fy = D;. Then there exist partitions

a=tg<t1<...<t,=0b
a=5<8<...<8p=2"b

such that z(t) € D; fort;_y <t < t;, fori = 1,2,...,nand 2(t) € Ej forsj_; <t < s5forj =
1,2,....,m. Weclaim thatif 1 <¢<n,1 <j <mand

[ti—1,ti] N [sj—1,5;] # 0

then (f;, D;) and (g;, E;) are direct analytic continuations of each other. This is certainly true wheni = j = 1,
since fi = g1 and Ey = D;. If it is not true for all ¢ and j, then we may pick from all (i, ), for which
the statement is false and such that ¢ + j is minimal. Suppose that ¢;_1 > s;_1, where ¢ > 2. Since
[ti—l,ti] N [Sj_l,Sj] 7& @ and Sj—1 < t;—1, we must have t;_1 < 8- Thus, Sj—1 < ti1 < Sj. It follows
that z(¢;—1) € D;—1 N E; N E;. In particular, this intersection is non-empty. None of (f;, D;) is a direct
analytic continuation of (f;_1, D;—1). Moreover, (f;_1,D;—1) is a direct analytic continuation of (g;, £;)
since i+ j is minimal, where we observe that t;_1 € [t;_2,t;_1]N[s;_1, s;] so that the hypothesis of the claim
is satisfied. Since D;—1 N D; N E;j # 0, (f;, D;) must be direct analytic continuation of (g;, Ej) which is a
contradiction. Hence our claim holds for all 7 and j. In particular, it holds for ¢ = n and j = m, which proves
the theorem. O

Given a chain {(f1, D1), (f2, D2), ..., (fn, Dn)}, can a function f(z) be defined such that f(z) is analytic
in the domain D; U Dy U - - - U D, ? Certainly this can be done when n = 2. The function

f(z) = fi(z) if z€ Dy
= fa(z) if z € Dy

is analytic in D1 U Dy. If D1 N DyN---N D,, # (), we can show by induction that f, defined by f(z) = f;(2)
forz € D;, 1 =1,2,...,nis analytic.

However, the proof for the general case fails. Consider the four domains illustrated in Figure 13.3.

For a fixed branch of log z, set fi(z) = log z in D;. The function element ( f1, D;) determines a unique
direct analytic continuation (fy, D) which determines (f3, D3) which determines (fy, D4). We thus have
the chain {(f1, D1), (f2, D2), (f3,D3),(f1,D4)}. However, in the domain D; N Dy, it is not true that
f1(z) = fa(z). We actually have f4(z) = f1(z) + 2mi for all points in D N Dy4. The difference in the two
functions lies in the fact that the argument of the multiple-valued logarithmic function has increased by 2w
after making a complete revolution around the origin. Note also that we can continue ( f1, D) into the domain
D5 by different chains and come up with different functions. For the chains {(f1, D1), (f2, D2), (f3, D3)}
and {(f1,D1), (91, D4), (g2, D3)}, we have the values of f3 and g9 differing by 27i. We shall continue this
discussion which ultimately culminates into Monodromy theorem, in the upcoming units.
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Qs \

Figure 13.3

Few Probable Questions

1. Define analytic continuation of an analytic function f from a domain D; into another domain D». Show
that such a continuation is unique. Is the analytic continuation of an analytic function always possible?
Justify your answer.

2. Define analytic continuation along a curve. Show that it is unique.

3. Let {(f1,D1),(f2,D2),...,(fn,Dyn)} be a chain. With proper justifications, show that a function
defined by f(2) = fi(z), for 2 € D; is analyticin D1 UDyU---UD, if DN DyN---ND, #0.Is
the result true for any general case? Justify.




Unit 14

Course Structure

* Continuation by the method of power series

14.1 Introduction

We have seen that for a given analytic function f; on D1, if there exists an analytic continuation fy on Do, then
it is unique. When does a power series represent a function which is analytic beyond the disc of convergence
of the original series? One way to provide an affirmative answer is by the power series method. Let us start
our discussion on this method and see how one can use the power series to go beyond the boundary of the disc
of convergence.

Objectives

After reading this unit, you will be able to

* discuss the power series method and its examples

14.2 Power Series Method

A fundamental fact about a function f, analytic in a domain D, is that, for each a € D, there exists a sequence
{an}n>0 and a number r, € (0, o] such that

flz) = ian(z —a)" forall z € B(a;r,).

n=0

87
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To extend f, we choose a point b other than a in the disc of convergence B(a;r,). Then |b — a| < r, and

Zan(z—a)" = Zan[z—b—i-b—a]”
n=0 =
= Z an (Z < >(b —a)"F(z - b)k>

k=0
_ kf; (i an <Z> (b— a)"k> (z — b)k

= > Alz—b)
k=0

The interchange of summation is justified since

00 " /n o 00 .
S laal 3 ()10 a0 = 3 faal (= 8+ 0~ o)
n=0 k=0 n=0

whenever |z — b| 4 |b — a| < r,. Therefore, the series about b converges at least for |z — b| < r, — |b — a.
However, this may happen that the disc of convergence B(b; ;) for this new series extends outside B(a; 1),
that is, it may be possible that r, > r, — |b — a|. In this case, the function can be analytically continued to the
union of these two discs. This process may be continued.

Example 14.2.1. Let

Take b = 7. In order to get the expression for z € B(i;ry), we write

1 1
11—z  1—i—(2z—1)
> 1
n=0
o0 .
. 1+4)"H .
= ZAn(z—z)”, Anzi( 2n+)1 Clz—il < =V2.

oo o0
Thus, Z Ay (z — )™ is an analytic continuation of Z 2™ in D to the disc B(i;+/2). Similarly, one can see

n 0 n=0
[e.e]
that Z (z + 1)" is an analytic continuation of Z 2" from D to the disc B(—1;2).
n=0

Example 14.2.2. We show that the function
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can be continued analytically. This series converges within the circle Cy : |z| = |a| and has the sum

fe) =ty =

a—z

The only singularity of f(z) on Cy is at z = a. Hence the analytic continuation of f(z) beyond Cj is possible.
For this purpose we take a point z = b not lying on the line segment joining z = 0 and z = a. We draw a
circle Cy with centre b and radius |a — b| that is, C is |z — b| = |a — b|. This new circle Cy clearly extends
beyond Cj as shown in the figure 14.1

Figure 14.1

Now, we reconstruct the power series given in powers of (z — b) in the form

o~ (2 —b)" (n) n!
E ——~—, where f"(b) = ———. (14.2.1)
= (a—b) i (@ —b)m+t

This power series has the circle of convergence C; and has cum function . Thus, the power series

a—=z
(14.2.1) and the given power series represent the same function in the region common to Cyy and C;. Hence
(14.2.1) represents an analytic continuation of the given series.

Few Probable Questions

1. Check whether the function

can be continued analytically.
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2. Show that the functions defined by

a+az+a222+...
1 (1—a)z (1—a)?2?

=2 (=22 1=2p

are analytic continuations of each other.




Unit 15

Course Structure

* Continuation by the method of natural boundary,

* Existence of singularity on the circle of convergence

15.1 Introduction

This unit deals with the continuation by natural boundary. Suppose that a power series has radius of conver-
gence R and defines an analytic function f inside that disc. Consider points on the circle of convergence. A
point for which there is a neighbourhood on which f has an analytic extension is regular, otherwise singular.
Convergence is limited to within by the presence of at least one singularity on the boundary of . If the sin-
gularities on are so densely packed on the circle, that analytic continuation cannot be carried out on a path
that crosses, then it is said to form a natural boundary. In particular, the circle is a natural boundary if all its
points are singular. More generally, we may apply the definition to any open connected domain on which f is
analytic, and classify the points of the boundary of the domain as regular or singular: the domain boundary is
then a natural boundary if all points are singular. We will study about this in details.

Objectives

After reading this unit, you will be able to
* define natural boundary of an analytic function f on a domain D

* deduce certain results on the existence of singularities on the circle of convergence

15.2 Continuation by method of natural boundary

We start by the definition of natural boundary.

Definition 15.2.1. (Natural Boundary) Let f be analytic on a domain D. If f cannot be continued analyt-
ically across the boundary 0D, then 0D is called natural boundary of f. A point zp € 0D is said to be a
regular point of f(z) if f can be continued analytically to a region D; with zy € D;. Otherwise, f(z) is said
to have a singular point at z.

91
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Example 15.2.1. Consider the power series

flo) =3 2% (15.2.1)

k>0

A direct consequence of the Root test is that the radius of convergence of the above series is 1 and so, f(z)
defined as above is analytic for |z| < 1. If |z| > 1, then lim |22"| # 0 is therefore, the series diverges for
n—oo
|z| > 1.
Let ¢ = e2™™/2" 1m =0,1,2,...,2" — 1, (n € N) be the 2"th root of unity. If z = r e2™"/2" € I, then

n—1 . 00 .
f(z):Zzz +Zzz
k=0 k=n
and so for r — 17, we have
0 . n—1 . fo'e) .
r)| > re — 22| > re —n
FErI= > =D 2| =) " —n,
k=n k=0 k=n

and hence, for every 2"th root of (, we have,
lim [f(¢r)| = ooc.
r—1

Therefore, if D is a domain containing points of D and of its complement, then D contains the points { =
e?™m/2" and so any function F' in D which coincides with f in ID N D cannot be continued analytically
through ¢?" = 1 for each n € N. In other words, any root of the equation

2=1, 2zt=1, ...,22"=1 (neN)

is a singular point of f and hence any arc, however small it may be, of JID contains an infinite number of
singularities. Thus, f on D cannot be continued analytically across the boundary D of ID. This observation
shows that the unit circle |z| = 1 is a natural boundary for the power series defined by (15.2.1).

Example 15.2.2. Similarly, if
flz)=>) 2" (15.2.2)

k>0

then f is analytic in D. Upon taking ¢ = e*™/" m = 0,1,2,...,n — 1, z = r(,(where m/n is the
irreducible fraction), and choosing 7 close to 1 from below along a radius of the unit circle it can be seen that
lim |f(¢r)] = oco. Hence, f is singular at every n-th root of unity for any n € N. Since, every point on
r—1-

|z| = 1 is a singular point, f cannot be continued analytically through the n-th root of unity for any natural
number n. In other words, there can be no continuation anywhere across |z| = 1 and hence, |z| = 1is a
natural boundary for the power series defined by (15.2.2).

15.3 Existence of singularities on the circle of convergence

Theorem 15.3.1. If f(z) = Z anz" has a radius of convergence R > 0, then f must have at least one
n>0
singularity on |z| = R.
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Proof. Suppose, on contrary that f has no singularity on |z| = R. Then f must be analytic at all points of

|z| = R. This implies f is analytic on |z| < R. It follows, from the definition of analyticity at a point, that for

each ¢ € ODp, there exists for some R > 0 and a function f: which is analytic in B((; R¢) and
f=1Ffc onB((R:)NDg

In this way, if (;, and (; € ODg(k # 1) with G = B((x; Re,) N B((;; Re,) # ¢, then we have two functions

fe, and f¢, which are respectively analytic in B((; R¢, ) and B((j; Re,) such that
f=Jg =g GNDg

Since G is connected and G' N Dp, is an open subset of G, by the uniqueness theorem, f¢, = f, on G. Since

)
0B(¢; Re)

g

Figure 15.1: Tlustration for singularity on circle |z| = R.

|| = Ris compact, by the Heine-Borel theorem, we may select a finite number of B((1; R, ), B(C2; R, )5 - - -

B((n; Re,,) from the collection {B((; R¢) : ¢ € ODg} such that it covers the circle ODg. Let
O = Up_1B(Ck; Re,) and 06 = dist(ODg )
Then, as R¢, > 0 for each k, we have 6 > 0. Moreover,
{z:R—0<|2|<R+46}CQ and DpysCD=DrUQ
Then g is defined by

g(z) = f(z) for|z| <R
= fo(z) forlz— (G <Rg, k=12,...,n

)

as well defined, single-valued and analytic on D and has same power series representation as f for |z| < R.
Thus there exists an analytic function, say ¢, in Dg. s, which coincides with f on Dg. But, then by Taylor’s

theorem we have the power series representation

o(z) = Z bz for z € Dpys
n>0
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Since f = g on Dpg, by the uniqueness theorem, we have a,, = b,, for each n. This shows that the radius of
convergence of f is R + 4, which is a contradiction. O

Theorem 15.3.2. If a,, > 0 and f(2) = Z anz" has radius of convergence 1, then (f,D) has no direct
n>0
analytic continuation to a function element (F, D) with 1 € D.

Figure 15.2: Existence of singularity on the circle of convergence

Proof. Foreachz =re® € D(0 < r < 1;0 € [0,27]), we have

fB) = "nn—1)(n—(k—1))az""* (15.3.1)
n>k
so that since a,, > 0
fBre®) <> nn—1)(n—(k—1)anz""" = fP(r) (15.3.2)
n>k

We have to show that 1 is a singular point of f. Suppose, on the contrary that 1 is a regular point of f. Then, f
can be analytically continued in a neighbourhood of z = 1 and so there is a d with 0 < § < 1 (see fig. (15.2))
for which the Taylor’s series expansion of f about §, namely the series

(k)
> / k!(‘S(Z — o), (15.3.3)

k>0

would be convergent for |z — 0| < r with 6 + r > 1. Then by (15.3.2), we find that
FWEe) _ )
k! - kK
From this, the root test and the comparison test with (15.3.3), it follows that the radius of convergence of the
Taylor series about & €? is at least . This observation implies that the Taylor series

> I (e o)’
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would be convergent in the disc |z — § e | < r for each #, with § + r > 1. In other words, the Taylor series

(
ka ZO 720)16

about each zy with |zg| = § would have radius of convergence > r > 1—4¢. Since this contradicts the previous
theorem, and hence 1 must be a singular point of f. This completes the proof. O

Notice that the last series is actually a rearrangement of Z a,z". Indeed, by (15.3.1),
n>0

3 Z(Z)anzg Bl (z—2)k = ZZ( )anzo (2 — 29)F

k>0 \n>k n>0 k=0

= Z an(z — 20 + 20)"

n>0

= g anz".

n>0

Corollary 15.3.1. If a,, > O and f(2) = Z a,z" has the radius of convergence R > 0, then z = R is a

n>0
singularity of f(z).
Finally, we state the following result.
Theorem 15.3.3. If f(z Z apz"* and lim inf kHL L > 1. Then the circle of convergence of the power
50 k—oo Ny

series is the natural boundary for f.
Example 15.3.1. Consider the function

o0 3k

z
f (Z) - Z 3k

k=0

Clearly, nj, = 3*. Thus,
k+1 k
liminf 251 = Jiminf 2 — = liminf 32 =3 > 1.

Thus, by the previous theorem, the circle of convergence of the given series is the natural boundary for f. We
find the radius of convergence by Cauchy-Hadamard’s theorem. Let R be the radius of convergence of the
o0

power series. Writing the given power series as E anz", we get the terms a,, of the power series as
n=0

1 1
f(z):0~20—|—1~21+0~22+§z?’+~-+§z9+~-

1 . .
Thus, the set |a,|» is given below

{|1|1, 0]z,
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Thus, Cauchy Hadamard’s theorem yields

1 1
= T - T
lim sup |a,|» lim sup |agx |3
n—r00 k—o0
1

x-"“

lim sup ‘ 3% ’ 3
k—o0

1
= limsup (3k) S

k—o0

Hence, R = 1 is the radius of convergence of the given power series and |z| = 1 is the natural boundary of f.

Few Probable Questions

1. Show that the function f(z) = Z anz" having radius of convergence R > 0 must have at least one
n>0
singularity on |z| = R.

2. Find the natural boundary of the function f(z) = Z a, 2" has radius of convergence 1, the show that
n>0
(f, D) has no direct analytic continuation to a function element (F, D), with 1 € D.

o0 2k

OED I

k=0




Unit 16

Course Structure
* Monodromy theorem

* germs

16.1 Introduction

This unit is a continuation of the previous unit an deals in the Monodromy theorem. In complex analysis, the
Monodromy theorem is an important result about analytic continuation of a complex-analytic function to a
larger set. The idea is that one can extend a complex-analytic function (from here on called simply analytic
function) along curves starting in the original domain of the function and ending in the larger set. A potential
problem of this analytic continuation along a curve strategy is there are usually many curves which end up at
the same point in the larger set. The Monodromy theorem gives sufficient conditions for analytic continuation
to give the same value at a given point regardless of the curve used to get there, so that the resulting extended
analytic function is well-defined and single-valued.

Objectives
After reading this unit, you will be able to
* define homotopy of two curves
* define germ of an analytic function f at a point a

* deduce Monodromy theorem

16.2 Monodromy Theorem
We first give some definitions.

97
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Definition 16.2.1. Let v, 1 : [0, 1] — G be two closed rectifiable curves in a region G then g is homotopic
to 1 in G if there is a continuous function

F:[0,1] x[0,1] = G
such that
F(s,0) = ml(s)

F(s,1) = m(s) (0<s<1)
F(0,t) = F(1,t) (0<t<1)

Definition 16.2.2. Let 7o, : [0, 1] — G be two closed rectifiable curves in G such that 9(0) = 71(0) = a
and 79(1) = /(1) = b. Then =y and 7, are fixed-end-point homotopic (FEP homotopic) if there is a
continuous map F': [0, 1] x [0, 1] — G such that

F(S,O) :70(8)7 F(S, 1) = ’71(8)
F(0,t) =a, F(1,t)=0b, for 0 <s,t<1.

We note that the relation of FEP homotopic is an equivalence relation on the curves from one given point
to another.

Definition 16.2.3. An open set G is called simply connected if GG is connected and every closed curve in G is
homotopic to zero.

This is equivalent to the definition of simply connected region which we had learnt previously which states
that a set is simply connected if every closed rectifiable curve can be continuously deformed to a single point
without passing through any point outside the set. Now, we define the germ of a function f.

Definition 16.2.4. Let (f, G) be a function element. Then the germ of f at a is the collection of all function
elements (g, D) such that a € D and f(z) = g(z) for all z in a neighbourhood of a. The germ of f at a is
denoted by [f]q-

Notice that [f], is a collection of function elements.

Definition 16.2.5. Let «y : [0, 1] — C be a path and suppose that for each ¢ € [0, 1] there is a function element
(ft, D¢) such that

1. v(t) € Dy;
2. foreacht € [0, 1], there is a § > 0 such that |s — ¢| < ¢ implies that y(s) € D; and
[fs]'y(s) = [ft]'y(s)-
Then (f1, D) is called analytic continuation of (fy, D) along the path .

Remark 16.2.1. Since 7 is a continuous function and ~(t) is in the open set Dy, so there is a § > 0 such that
v(s) € Dy for s — t| < 0.

So, part 2 of the previous definition implies
fs(z) = fi(z) forall z € DsN Dy,

whenever |s — t| < 6.
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Theorem 16.2.1. Let v : [0,1] — C be a path from a to b and let {(f¢, D;) : 0 < 1} and {(g¢, B:) : 0 < 1}
be analytic continuation along -y such that [fy]a = [g0]a- Then [f1]p = [g91]s-

Proof. Consider the set
T= {t € [Oa 1] : [ft}'y(t) = [gt]v(t)}

Since [fo]a = [90]a, $0 0 € T. Thus T' # ¢.
We shall show that 7" is both open and closed. To show 7' is open, let ¢ be a fixed point of 7" such that ¢ # 0.
By definition of analytic continuation, there is > 0 such that for |s — t| < 6.

")/(S) € D; N B; and
[fs]'y(s [ft]
[9s] [9t)(s)

Gsly(s)

But t € T implies
ft(z) :gt(z) VZEDtht

Hence, [fi](s) = [9t](s) for all v(s) € D¢ N Bt. So, [fs]y(s) = [9s],(s) whenever [s —t| < 6. Thatis, s € T
whenever |s —t| < dor (t —0d,t+39) CT.

If ¢ = 0 then the above argument shows that [a,a + 0) C T for some 6 > 0. Hence 7" is open.

To show that T’ is closed let ¢ be a limit point of 7. Again by definition of analytic continuation there is a
d > O such that |[s — t| < 6, vy(s) € Dy N By and

[fs]’y(s) = [ft]’y(s)
[95]1(s) = [9t](s) (16.2.1)

Since ¢ is a limit point of T, there is a point s in T" such that |s — t| < 0. Let G = D; N By N Dy N B,. Then
~v(s) € G. So, G is non-empty open set. Thus by definition of 7', fs(z) = gs(z) forall z € G. But, (16.2.1)
implies

fs(z) = fi(z) and  gs(2) = gi(2) forallze G
fi(z) =aq(2) VzeG.

Since, G has a limit point in D; N By, this gives [f]y ) = [gt]()- Thus, ¢ € T"and so T'is closed.
Now,T is non-empty subset of [0, 1] such that 7" is both open and closed. So, connectedness of [0, 1] implies
= [0,1]. Thus 1 € T and hence [f1],(1) = [91]y(1), that s, [f1]o = [g1]p as v(1) = b O

Definition 16.2.6. If v : [0, 1] — C s a path from a to b and {(f;, D;) : 0 < ¢ < 1} is an analytic continuation
along v then the germ [f1] is the analytic continuation of [fy], along .

Remark 16.2.2. Suppose a and b are two complex numbers and let v and o be two paths from a to b. Suppose,
{(ft, D¢)} and {(g¢, D¢)} are analytic continuations along -y and o respectively such that [fo], = [g0]a. Now,
the question is, does it follow that [f1], = [91]5? If v and o are the same path then the above result gives an
affirmative answer. However, if v and o are distinct then the answer can be no.

Lemma 16.2.1. Let «y : [0, 1] — C be a path and let {(f, D;) : 0 < ¢ < 1} be an analytic continuation along
v. For 0 < ¢ <1, let R(t) be the radius of convergence of the power series expansion of f about z = ~(¢).
Then either R(t) = oo or R : [0, 1] — (0, 00) is continuous.
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Figure 16.1

Proof. Suppose R(t) = oo for some value of ¢. Then, f; can be extended to an entire function. It follows that
fs(z) = fi(z) forall z € Dy so that R(s) = oo for all s € [0,1]. Thatis R(s) = co. Now, suppose that
R(t) < oo forall ¢. Let t be a fixed number in [0, 1] and let a = (¢). Let

fi(z) = Z an(z —a)"
n=0

be the power series expansion of f; about a. Now, let §; > 0 be such that |s — ¢| < J; implies that y(s) €
Dy N B(a; R(t)) and [fs]y(s) = [fily(s)- Fix s with [s — | < d1 and let b = ~(s). Now, f; can be extended
to an analytic function on B(a; R(t)). Since, fs agrees with f; on a neighbourhood of f, can be extended so
that it is also analytic on B(a; R(t)) U Ds. If fs has power series expansion

fs(z) = Z bp(z —b)" about z=10
n=0

Then the radius of convergence R(s) must be at least as big as the distance from b to the circle |z —a| = R(t);
that is,

R(s) d(b,{z:|z—a|=R(t)})

>
> R(t) = la— bl

This implies R(t) — R(s) < |a—b| thatis R(t)— R(s) < |y(t) —~(s)|. Similarly, we can show R(s)— R(t) <
[7(t) = ~(s)|. Hence,
[R(s) = R(t)] < |y(t) = ~(s)| for [s—1t] <01
Since, 7 : [0, 1] — C is continuous so given € > 0, 352 > 0 so that |y(t) — y(s)| < e for |s — t| < Ja. Let
9 = min{d1, d2}. Then 6 > 0 and |R(s) — R(t)| < € for |s — t| < 0. Hence R is continuous at ¢.
O

Lemma 16.2.2. Let v : [0,1] — C be a path from a to b and let {(f;, D;) : 0 < ¢t < 1} be an analytic
continuation along . There is a number ¢ > 0 such that if o : [0,1] — C is any path from a to b with
|7(t) — o(t)| < € forall ¢ and if {(g¢, B;) : 0 < t < 1} is any continuation along v with [go]a = [foa; the
[91]6 = [f1]b-

Proof. For 0 < t < 1, let R(t) be the radius of convergence of the power series expansion of f; about
z = (t). If R(t) = oo then any value of € will be sufficient. So, suppose R(t) < oo for all £. Since R is a
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continuous function and R(t) > 0 for all ¢, R has a positive minimum value. Let 0 < € < § min{R(t) : 0 <
t < 1}. Suppose o : [0,1] — C is any path from a to b with |y(t) — o(s)| < € for all ¢ and {(g;, By) : 0 <
t < 1} is any continuation along o with [go]e = [fo]s. Suppose Dy is a disk of radius R(¢) about (). Since
lo(t) —~(t)| < e < R(t), o(t) € B:N Dy for all t.

Define the set T = {t € [0,1] : fi(2) = gi(2) V 2z € By N D;}. Then 0 € T, since [gola = [fola- So,
T # ¢. We will show that 1 € T. For this, it is sufficient to show that 7" is both open and closed subset of
[0,1].

To show T is open, let ¢ be any fixed point of 7. Choose § > 0

|’)/(S) - W(t)| <6, [fs]v(s) = [ft]v(s)
|U(S) - U(t)| <6 [95}0(5) = [gt]a(s) (16.2.2)

and o(s) € B; whenever |s — t| < 4.
We now show that Bs N By N Dy N D, # ¢ for |s —t| < 4. For this we will show o(s) € BsN BN DsN Dy
for |s —t| < 0. If |s — t] <, then
|o(s) —(s)] < e < R(s)

so that o(s) € Ds. Also

|o(s) = ()] = la(s) = v(s) +7(s) = ()] < [o(s) =(s)| + |7(s) = v(B)] < 2 < R(¢)

So, o(s) € Dy. Since we already have o(s) € Bs N By, so (16.2.2) we have o(s) € BsN BN DsN D, = G.
Since, t € T, it follows that fi(z) = g¢:(z) for all z € G. Also, (16.2.2) implies fs(z) = fi(z) and
9s(z) = g:(2) forall z € G. Thus, fs(z) = gs(2) for all z € G. But since G has a limit point in Bs N D, we
must have s € T'. That s, (¢ — 0,¢ + 0) C T. Hence, T is open.

Similarly, we can show 7 is closed. 7" is non-empty and closed subset of [0, 1]. As, [0, 1] is connected, we
have [0,1] = 7. Thus 1 € T and the result follows. O

Definition 16.2.7. Let (f, D) be a function element and let G be a region which contains D. Then (f, D)
admits unrestricted analytic continuation in G if for any path v in G with initial point in D there is an analytic
continuation of (f, D) along .

Theorem 16.2.2. (Monodromy Theorem) Let (f, D) be a function element and let G be a region containing
D such that (f, D) admits unrestricted continuation in G. Let a € D, b € G and let g and 7 be paths in G
from a to b; let {(fy, Dy) : 0 <t <1} and {(g¢, D;) : 0 <t < 1} be analytic continuations of (f, D) along
~o and ~y; respectively. If v and ~; are FEP homotopic in G, then

[f1]6 = [g1]b-

Proof. Since 7y and ; are fixed end point homotopic in G, there is a continuous function F' : [0, 1] x [0, 1] —
G such that

F(t70) - 70(t>7 F(tv 1) - ’Yl(t)
F0,u)=a, F(1,u)=b.

For all ¢ and w in [0, 1]. Let u be a fixed point of [0, 1]. Consider the path ~,,, defined by
Yu(t) = F(t,u) for t € [0,1].

Then,
.(0) = F(0,u) = a, vu(1) = F(1,u) = b.
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Thus, 7, is a path from « to b. By hypothesis, there is an analytic continuation
{(ht, Dy) : 0 <t <1}

of (f, D) along v,. Now, {(hty, Diy) : 0 <t <1} and {(fi, D) : 0 <t < 1} are analytic continuations
along o so by theorem 16.2.1, we have

[f1lo = [h10]p-
Similarly,

[91]6 = [h11]b-

To prove the theorem, it is sufficient to show
[h1,0lb = [h11]e-

Consider the set
U= {U S [0, 1] : [hl,u]b = [hl,O]b}~

We will show that 1 € U. Now, 0 € U. So, U # (). We claim that U is both open and closed subset of [0, 1].
Let u € [0, 1] be arbitrary. We assert that there is § > 0 such that if |u — v| < J, then

(Ml = [hiw]b- (16.2.3)

By lemma 16.2.2, there is an € > 0 such that if ¢ is any path from a to b with |y, (¢) — o(t)| < € for all ¢ and
if {(k¢, E¢)} is any continuation of ( f, D) along o, then

[h1ulo = [F1lb- (16.2.4)
Now, F'is uniformly continuous function so there is § > 0 such that

|F'(t,u) — F(t,v)| < ¢ whenever |u—v| <9
= |yu(t) —w(t)| < e whenever |u—v| <.

So, for |u — v| < 6, 7, is a path from a to b with

Yul(t) = Ww(t)] <€
for all t and {(h¢ ., D)} is a continuation of (f, D) along 7,, so by (16.2.4),

(M ulb = [hiw]b-

Suppose u € U such that [hy 4], = [h1,0]p- Then as proved above, there is a ¢ > 0 such that |u — v| <
which implies that

(P1uls = [h10]b
ie. ve(u—0,u+9)= [hiy)p=[h1olp
ie. ve(u—du+d)=velU
ie. (u—d,u+d)cCU.

Hence U is open.

To show that U is closed, we show that U = U. Let u € U and J be the positive number satisfying
(16.2.3). Then there is a v € U such that [u — v| < J. So, by (16.2.3), [h1,u]p = [h1,]s. Since v € U, so
[h1.0]p = [h1,0]p- Thus, [h1.u]s = [h1,0]p so that u € U. Thus, U is closed as U = U.

Now, U is a non-empty open and closed subset of [0, 1] and since [0, 1] is connected, so, U = [0, 1]. So,
1 € U and the result is proved. 0
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The following corollary is the main consequence of the Monodromy theorem.

Corollary 16.2.1. Let (f, D) be a function element which admits unrestricted continuation in the simply
connected region G. Then there is an analytic function F' : G — C such that F'(z) = f(z) forall z € D.

Proof. Let a be a fixed point in D and z is any point in G. If «y is a path in G from a to z and {(f;, D) : 0 <
t < 1} is an analytic continuation of (f, D) along ~, then let F'(z,v) = f1(z) since G is simply connected.
F(z,v) = F(z,0) for any two paths v and o in G from a to z. Thus, F'(z) = F(z,) is a well defined
function from G to C. To show that F' is analytic, let z € G. Let y be a path in G from a to z and {(f;, D)}
be the analytic continuation of (f, D) along 7. Then F'(w) = fi(w) for all w in a neighbourhood of z. Hence
F must be analytic. O

Few Probable Questions

1. Let (f,G) be a function element. Define germ of f at a. If v : [0,1] — C be a path from a to b
and {(ft, D) : 0 <t < 1}and {(g:, Bt) : 0 <t < 1} be analytic continuation along « such that
[fola = [gola. then show that [f1]p = [g1]p-

2. State and prove Monodromy theorem.

3. If v : [0,1] — C be apathand {(f;,D;) : 0 <t < 1} is an analytic continuation along 7. For
0 <t < 1,if R(¢) is the radius of convergence of the power series expansion of f; about z = ~y(t), then
show that either R(¢) = oo or R : [0,1] — (0, 00) is continuous.




Unit 17

Course Structure

¢ Conformal transformations

¢ Riemann’s theorems for circle.

17.1 Introduction

In mathematics, a conformal map is a function that locally preserves angles, but not necessarily lengths. We
shall see that the derivative relates the angle between two curves to the angle between their images. In addition,
the derivative will be seen to measure the “distortion” of image curves. They are also worth studying because
of their usefulness in solving certain physical problems, for example, problems about two-dimensional fluid
flow, the idea being to transform a given problem into an equivalent one which is easier to solve. So we wish
to consider the problem of mapping a given region G onto a geometrically simpler region G’. For example
the open unit disc or the open upper half-plane.

Objectives
After reading this unit, you will be able to
* define conformal and isogonal maps and see certain examples
* deduce further conditions satisfied by conformal maps
* define conformally equivalent regions and see certain examples of them

* define Mobius transformation and related terms and deduce few results related to symmetry

17.2 Conformal Transformations

Any straight line in the plane that passes through the origin may be parameterized by o(s) = se'®, where s
traverses the set of real numbers and « is the angle measured in radians between the positive real axis and the
line. More generally, a straight line passing through the point zp and making an angle « with the real axis can
be expressed as o(s) = 29 + se'®, s is real.

104
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Suppose now that a function f is analytic on a smooth (parameterized) curve whose derivative is given
by f'(2(t))2'(t) (by chain rule). A smooth curve is characterized by having a tangent at each point. So, we
interpret z’(t) as a vector in the direction of the tangent vector at the point z(t). Our purpose is to compare
the inclination of the tangent to the curve at a point with the inclination of the tangent to the image curve at
the image of the point.

Let zo = z(tp) be a point on the curve z = 2(¢). Then the vector z’(tp) is tangent to the curve at
the point zy and arg 2’ (tg) is the angle this directed tangent makes with the positive x-axis. Suppose that
w = w(t) = f(z(t)) with wyp = f(z0). For any point z on the curve other than zp, we have the identity

w—wy= LG =T
Z— 20
Thus,
arg(w — wp) = arg W +arg(z —z) ( mod 27), (17.2.1)
— 20

where it is assumed that f(z) # f(zp) so that (17.2.1) has meaning. Note that arg(z — zp) is the angle in the
z plane between the x axis and the straight line passing through the points z and zy, while arg(w — wy) is the
angle in the w plane between the u axis and the straight line passing through the points w and wg. Hence, as

Yi v

A1)
0
O+ arg f'(20)

4\9

T U

z approaches zg along the curve z(t), arg(z — 2z9) approaches a value 6, which is the angle that the tangent to
the curve z(t) at zp makes with the x-axis. Similarly, arg(w — wg) approaches a value ¢, the angle that the
tangent to the curve f(z(t)) at wp makes with the u axis.

Suppose that f/(z9) # 0 so that arg f’(z9) has a meaning. Then, taking limits in (17.2.1), we find (
mod 27) that

¢ =arg f'(20) +0, or argw(tg) =arg f'(z0)+ arg 2’ (to). (17.2.2)

That is, the difference between the tangent to a curve at a point and the tangent to the image curve at the image
of the point depends only on the derivative of the function at the point.

Theorem 17.2.1. Suppose f(z) is analytic at zo with f’(z9) # 0. Let C; : z1(¢) and Cy : z2(t) be smooth
curves in the z plane that intersect at 2o = 21 (tg) = 22(to) with C} : wy(t) and C : wo(t) the images of
(1 and C', respectively. Then the angle between C; and C'5, measured from C to (b, is equal to the angle
between O} and C), measured from C to Cly.

Proof. Let the tangents to C; and Cy make angles 0 and 02 respectively with the x-axis. Then the angle
between C and C) at 2 is 02 — 61 (see fig. 17.1). According to (17.2.2), the angle between C’i and C’é, which
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Figure 17.1
is the angle between the tangent vectors f’(z9)z; (to) and f’(z0)2y(to), of the image curves is
02 + arg f'(z0) — (61 + arg f'(z0)) = 02 — 61,

and the theorem is proved. 0

A function that preserves both angle size and orientation is said to be conformal. Theorem 17.2 says that
an analytic function is conformal at all points where the derivative is non-zero. For example, the function
f(2) = e* maps vertical and horizontal lines into circles and orthogonal radial rays, respectively.

A function that preserves angle size but not orientation is said to be isogonal. An example of such a
function is f(z) = z. To illustrate, Z maps maps the positive real axis and the positive imaginary axis onto the
positive real axis and the negative real axis respectively (see fig. 17.2). Although the two curves intersect at
right angles in each plane, a ”counterclockwise” angle is mapped onto a clockwise” angle.

I _ JlJ
A W= 2 A

=Y
el

Figure 17.2

The non-zero derivatives of f has certain implications which we shall see now.
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Theorem 17.2.2. If f(z) is analytic at zp with f/(zo) # 0, then f(z) is one-to-one in some neighbourhood of
20.

Proof. Since f'(zo) # 0 and f’(z) is continuous at zo, there exists a & > 0 such that

1f'(2) = f'(20)] < ‘f,(;()”

forall |z] <§

Let 2z and 23 be two distinct points in |z| < §, and ~y be a line segment connecting 2z and z5. Set ¢(z) =
f(z) = f'(20)z so that |¢'(2)] < |f'(20)]/2 for all |z| < §. Now we have,

/ng'(z)dz

|f(z2) = f(z1) = f(20) (22 — z1)| < (If"(20)|/2)|22 — 21|

Thus, by the triangle inequality, we obtain

|f(z2) = f(z1)| > (|f'(20)]/2)|z2 — 21| > 0.

That is, f(z) is one-to-one in |z| < d. O

|¢(22) — ¢(z1)] = < (1f'(20)1/2)|22 = 21

or equivalently,

The vanishing of a derivative does not preclude the possibility of real function being one-to-one. Although
the derivative of f(z) = z is zero at the origin, the function is still one-to-one on the real line. That this
cannot occur for complex functions is seen by

Theorem 17.2.3. If f(z) is analytic and one-to-one in a domain D, then f’(z) # 0in D, so that f is conformal
in D.

Proof. If f'(z) = 0 at some point 2o in D, then

#(20)
2!

f(z) = f(20) = (z—20)% + -
has a zero of order k(k > 2) at 2. Since zeros of an analytic function are isolated, there exists an r > 0
so small that both f(z) — f(z0) and f’(z) have no zeros in the punctured disk 0 < |z — 29| < r. Let
9(z) == f(2) — f(20), C ={z: |z — 20| =7} and m = min,ec |g(2)|.
Then, g has a zero of order k(k > 2) and m > 0. Let b € C be such that 0 < |b — f(z0)| < m. Then, as
m < |g(z)] on C,
f(z0) = bl <lg(2)| on C

It follows from Rouche’s theorem that g(2) and g(z) + (f(20) — b) = f(z) — b have same number of zeros
inside C. Thus, f(z) — b has at least two zeros inside C'. Observe that none of these zeros can be at zg. Since
1'(2) # 0 in the punctured disk 0 < |z — zp| < r, these zeros must be simple and so, distinct. Thus, f(z) = b
at two or more points inside C. This contradicts the fact that f is one-to-one on D. O

We sum up our results for differentiable functions. In the real case,the nonvanishing of a derivative on an
interval is a sufficient but not a necessary condition for the function to be one-to-one on the interval; whereas
in the complex case, the nonvanishing of a derivative on a domain is a necessary but not a sufficient condition
for the function to be one-to-one on the domain.

An analytic function f : D — C is called locally bianalytic at zo € D if there exists a neighbourhood
N of zj such that the restriction of f from N onto f(/V) is bianalytic. Clearly, a locally bianalytic map on D
need not be bianalytic on D, as the example f(z) = 2"(n > 2) on C — {0} illustrates.

Combining 17.2.2 and 17.2.3 leads to the following criterion for local bianalytic maps.
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Theorem 17.2.4. Let f(z) be analytic in a domain D and zo € D. Then f is bianalytic at zq iff f'(zo) # 0.

A sufficient condition for an analytic function to be one-to-one in a simply connected domain is that it be
one-to-one on its boundary. More formally, we have

Theorem 17.2.5. Let f(z) be analytic in a simply connected domain D and on its boundary, the simple closed

contour C. If f(z) is one-to-one on C, then f(z) is one-to-one in D.

Proof. (See fig. 17.3) Choose a point zg € D such that wg = f(20) # f(z) for z on C. According to

the argument principle, the number of zeros of f(z) — f(zp) in D is given by (1/2m1) / {f(2) = f(z0)}dz.
c

By hypothesis, the image of C' must be a simple closed contour, which we shall denote by C’. Thus the net
change in the argument of w — wy = f(z) — f(20) as w = f(z) traverses the contour C” is either +27 or
—2m, according to whether the contour is traversed counterclockwise or clockwise. Since f(z) assumes the
value wq at least once in D, we must have

That is, f(z) assumes the value f(zp) exactly once in D.

YA VA

C/’f !
C

.ZO

=Y
&=

Figure 17.3

This proves the theorem for all points zy in D at which f(z) # f(z9) when z is on C. If f(2) = f(20)
at some point on C, then the expression / {f(2) = f(z0)}dz is not defined. We leave for the reader the
c

completion of the proof in this special case. 0

17.3 Conformal Equivalences and Examples

An analytic map f : G — G’ which is bijective is called a bianalytic map as we have already come across.
Given such a map f, we say that G and G’ are conformally equivalent or simply biholomorphic. An important
fact is that the inverse of f is analytic in that case automatically. We have also seen that if an analytic map
f: G — G'isinjective, then f'(z) # 0 forall z € G, thatis, f is conformal. We begin our study of conformal
mappings by looking at a number of specific examples. The first gives the conformal equivalence between the
unit disc and the upper half-plane, which plays an important role in many problems.
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Example 17.3.1. Let H = {z € C : Im z > 0} be the upper half plane. A remarkable fact, which at first
seems surprising, is that the unbounded set H is conformally equivalent to the unit disc. Moreover, an explicit
formula giving this equivalence exists. Indeed, let

. 1_
— 7% and Gw) =1 d
1+ z

F(z)

Then it is a regular exercise to check that map F' : H — D is conformal with inverse G : D — H. An
interesting aspect of these functions is their behaviour on the boundaries of our open sets. Observe that F' is
analytic everywhere on C except at z = —¢, and in particular it is continuous everywhere on the boundary of
H, namely, the real line. If we take z = x real, then the distance from z to ¢ is the same as the distance from
x to —1i, therefore | F'(z)| = 1. Thus, F' maps R onto the boundary of D. We get more information by writing

i—x  1—a? 2z
F = = ) s
(2) i+ 1—|—£L’2+Zl—|—$2
- . . o )
and parametrizing the real line by x = tant with ¢ € (—5, 5) Since
2t 1 — tan?
sin 2a = icé and cos2a = #,
14 tan“a 14 tan“a

we have, F(x) = cos 2t + isin 2t = e*?’. Hence the image of the real line is the arc consisting of the circle
omitting the point —1. Moreover, as x travels from —oo to co, F'(z) travels along the arc starting from —1
and first going through that part of the circle that lies in the lower half-plane. The point —1 on the circle

corresponds to the ”’point at infinity” of the upper half-plane.

Example 17.3.2. Mappings of the form
az+b

cz+d’
where a, b, c and d are complex numbers, and where the denominator is assumed not to be a multiple of the
numerator, are usually referred to as fractional linear transformations.

Z =

Example 17.3.3. The map
14z

takes the upper half-disc {z = z + iy : |2|] < 1 and y > 0} conformally to the first quadrant {w =
utiv: u>0, v>0} (see fig. 17.4).

Indeed, if z = z + iy, we have so f maps the half-disc in the upper half-plane into the first quadrant. The
inverse map, given by

w—1
g(w)_rﬂ’

is clearly analytic in the first quadrant. Moreover, |w + 1| > |w — 1] for all w in the first quadrant because
the distance from w to —1 is greater than the distance from w to 1; thus g maps into the unit disc. Finally, an
easy calculation shows that the imaginary part of g(w) is positive whenever w is in the first quadrant. So g
transforms the first quadrant into the desired half-disc and we conclude that f is conformal because g is the
inverse of f.

To examine the action of f on the boundary, note that if z = '’ belongs to the upper half-circle, then

1 +ei9 efi9/2+ei9/2 i

F&) =18 = o o2 = tan(0/2)
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14z
f(z) = 1—_i__-_,
—_
0 1 0
Figure 17.4

As 0 travels from 0 to 7 we see that f(e') travels along the imaginary axis from infinity to 0. Moreover, if

z = x 1is real, then

1+
C1l-z

f(z)

is also real; and one sees from this, that f is actually a bijection from (—1, 1) to the positive real axis, with
f(x) increasing from 0 to infinity as x travels from —1 to 1. Note also that f(0) = 1.

Exercise 17.3.1. 1. Show that for h € C, the translation map f(z) = z + h is a conformal map from C to
itself.

2. Show that the map f(z) = e’ takes the half-strip {z =x+iy: — g <z < g, y > 0} conformally
to the half-disc {w =u+iv: |w| <1, u > 0}.

17.4 Mobius Transformations

We have already seen that the functions of the form

az+b
cz+d

fz) = (17.4.1)

is a linear fractional transformation. If ad — bc # 0, then f(z) is called a Mébius Transformation. If f is a

Mobius Transformation, then
dz—0b

—cz+a

ROE

is the inverse map of f. Also, if f and g are two linear fractional transformations, then their composition f o g
is also so. Hence, the set of all Mobius Transformations form a group under group composition.

Theorem 17.4.1. If f is a Mobius Transformation, then f is the composition of translations, dilations and
inversion.

The fixed points of a Mébius Transformation (17.4.1) are the points where f(z) = z, that s,
2+ (d—a)z—b=0.

Hence a Mobius Transformation has at most two fixed points unless it is the identity transformation.



17.4. MoBIUS TRANSFORMATIONS 111

Now, let f be a Mobius Transformation and let a, b, ¢ be distinct points in C, such that f(a) = «, f(b) =
B, f(c) = ~. Suppose that g is another Mébius Transformation with the same property. Then g~ ! o f
has a,b and c as fixed points and hence it is the identity transformation and thus, f = g. Thus a Mdbius
Transformation is uniquely determined by its action on three points in Cq.

Let 29, z3 and z4 be points on C,. Define f : Co, — C, by

Z— 23 22— Z4 .
f(Z) = ' 1f22723,,24 S C()o

Z—Z4 RZ2 — Z3
Z — Z3 .

= if z9 = 00
Z — Z4
22 — 24 .

= if z3 = 00
Z — Z4
Z — Z3 .

= if z4 = o0.
292 — Z3

In any case, f(z2) =1, f(23) =0, f(z4) = oo and f is the only transformation having this property.

Definition 17.4.1. If z; € C,, then the cross ratio of z1, 22, z3 and z4 is the image of z; under the unique
Mo transformation which takes 29 to 1, 23 to 0 and z4 to co. The cross ratio of z1, 2o, z3 and z4 is denoted by

(2’17 22,23, 24)-

For example, (22, 22, 23,24) = 1 and (2, 1,0, 00) = z. Also, if M is a Mobius map and we, w3, wy are the
points such that Mwy = 1, Mws = 0 and Mwy = oo, then Mz = (2, wa, w3, wy).

Theorem 17.4.2. If z5, z3 and z,4 are distinct points and 7" is any Mdbius transformation, then
(21,22, 23, 24) = (T(21), T(22), T (23), T (24))
for any point z;.

Proof. LetS(z) = (2, 29, 23, z4). Then S is a Mébius map. If M = ST, then M (T (z2)) = 1, M(T(23)) =
0, M(T(z4)) = oco. Hence, ST 1(z) = (2,T(22),T(23), T(24)) for all z € C. In particular, if z = T'(21),
the desired result follows. O

Theorem 17.4.3. If 25, 23, z4 are distinct points in C,, and ws, w3, wy are also distinct points of C, then
there is one and only one Mdbius transformation S such that S(z2) = wa, S(23) = w3, S(z4) = wa.

Proof. Let T(2) = (2,22, 23, 24), M(2) = (2, w2, w3, wy) and put S = M~'T. Clearly, S has the desired
property. If R is another Mobius transformation with Rz; = w; for j = 2, 3,4 then R~!. S has three fixed
points (2o, 23 and z4). Hence, R~ - S = I or S = R. O

It is well known that three points in the plane determine a circle. The next result explains when four points
lie on a circle.

Theorem 17.4.4. Let z1, 29, 23, 24 be four distinct points in C,. Then (z1, 22, 23, 24) is a real number iff all
four points lie on a circle.

Proof. Let S : Coo — Co be defined by S(z) = (2,22, 23,24); then S™!(R)=the set of z such that
(2, 22, 23, 24) is real. Hence, we will be finished if we can show that the image of R, under a Mdbius
map us a circle.

Let
az+b

17.4.2
cz+d ( )

S(z) =
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If z=w € Rand w = S~!(x) then z = S(w) implies that S(w) = S(w). That is,

aw+b aw+b
cw+d  w+d

Cross multiplying this gives
(a — @c)|w|? + (ad — be)w + (be — da)w + (bd — bd) = 0 (17.4.3)
If ac is real then a¢ — @c = 0; putting o = 2(ad — bc), 8 = i(bd — bd) and multiplying (17.4.3) by i gives
0 =Im (cw) — f =Im (aw — B) (17.4.4)

since 3 is real. That is, w lies on the line determined by (17.4.4) for fixed a and 3. If a€ is not real then
(17.4.3) becomes

lw|? +Fw + T — 6 = 0 (17.4.5)
for some constants «y in C, § in R. Hence,
w4+ = A (17.4.6)
where
A= VEFe = |2 2@ 0.
Since ~ and A are independent of = and since (17.4.6) is the equation of a circle, the proof is done. U

Theorem 17.4.5. A Mobius transformation takes circles into circles.

Proof. Let T" be any circle in Co, and let .S be any Mdbius transformation. Let 2o, 23, 24 be three distinct
points on I' and put w; = S(z;) for j = 2,3,4. Then wo, w3, wy determine a circle I''. We claim that
S(T") =T". In fact, for any z in C,

(2722723724) = (S(Z),UJQ,U)?,,’UJ;}) (1747)

by theorem 17.4.2. By the preceding theorem, if z is on I', then both sides of (17.4.7) are real. But this says
that S(z) € I, O

Now, let I" and TV be two circles in Co, and let 29, 23, 24 € T'; wa, w3, wy € I". Put R(2) = (2, 22, 23, 24),
S(z) = (2, w2, w3, ws). Then T = S~ o R maps I" onto I'’. In fact, T'(z;) = w; for j = 2, 3,4 and, as in the
above proof, it follows that T'(T") = T".

Theorem 17.4.6. For any given circles I and I'" in C, there is a Mdbius transformation 7" such that 7'(I") =
I'". Furthermore we can specify that 7" takes any three points in I onto any three points on . If we specify
T(zj) for j = 2,3, 4 (distinct z; in I") then 7 is unique.

Now that we know that a Mobius map takes circles to circles, the next question is: What happens to the
inside and the outside of these circles? To answer this we introduce some new concepts.

Definition 17.4.2. Let I" be a circle through points z5, 23, z4. The points z, z* in C, are said to be symmetric
with respect to I is

(2%, 29, 23, 24) = (2, 22, 23, 24). (17.4.8)
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r

Figure 17.5

As it stands, this definition not only depends on the circle but also on the points 29, 23, 24.

Also by theorem 17.4.4, z is symmetric to itself with respect to I' if and only if z € I'. Let us investigate
what it means for z and z* to be symmetric. If T" is a straight line then our linguistic prejudices lead us to
believe that z and z* are symmetric with respect to I" if the line through 2 and z* are the same distance from
IT" but on the opposite sides of it (see fig. 17.5.

If I is a straight line then, choosing z4 = o0, (17.4.8) becomes

2 — 23 Z—2z3

29 — 23 32—53.

This gives |z* — z3] = |z — z3. Since z3 was not specified, we have that z and z* are equidistant from each
point on I'. Also,
X - -
zZ — Z3 Z—Z3 Z — Z3
Im =Im— — = —Im .
2 — 23 Z2 — %3 72 — %3

Hence, we have (unless z € I') that z and z* in different half planes determined by I'. It now follows that
[z, 2*] is perpendicular to T".

Now, suppose that I' = {z : |z — a] = R} (0 < R < o0). Let 22, 23, 24 be points in I'. Using (17.4.8) and
theorem 17.4.2 for a number of Mobius transformations gives

(2*7227237Z4) = (27227Z37Z4)

= (z—a,29—a,23—a,z4 —a)
R? R? R?
_ <z—a )

"z—a 23 —a z4—a

R2
= < ,Z2—CL,Z3—a,Z4—a>

zZ—a

R2
= <z—CL —l—a,22,23,2’4> .

Hence 2* = a + R?(z —a) ! or (2* — 2)(Z — @) = R2. From this it follows that

ZF—a R?
= > 0,
z—a |z—al?
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Figure 17.6

so that 2* lies on the ray {a+t(z—a) : 0 < t < oo} from a through 2. Using the fact that |z —al|z* —a| = R?,
we obtain z* from z (if z lies inside I') as in the figure 17.6. That is, let L be the ray from a through z.
Construct a line P perpendicular to L at z and at the point where P intersects I'; construct the tangent to I'.
The point of intersection of this tangent with L is the point z*. Thus, the points a and oo are symmetric with
respect to I

Theorem 17.4.7. (Symmetry Principle) If a Mobius transformation 7’ takes a circle I'; onto the circle T's,
then any pair of points symmetric with respect to I'; are mapped by T onto a pair of points symmetric with
respect to I's.

Few Probable Questions

1. Define conformal maps. Show that a map f, analytic at zy with f’(29) # 0 is one-to-one in a neigh-
bourhood of zj.

2. Show that a one-to-one analytic function in a domain is conformal there.

3. If a function f is analytic in a simply connected domain D and on its boundary C' (which is a simple
closed contour), then f one-to-one on C' implies it is so in D.

4. Define conformally equivalent regions. Show that the upper half disc {z : |z| < 1, Im z > 0} is
conformally equivalent to the first quadrant {w = u + v : u > 0, v > 0}.

5. Define cross ratio of z1, 29, 23, z4. For 21, 29, 23, 24 € C,, show that the cross ratio is a real number if
and only if all the four points lie on a circle.

6. Show that a Mobius transformation takes circles into circles. When are two points said to be symmetric
with respect to a circle I'?




Unit 18

Course Structure

* Schwarz principle of symmetry
* Schwarz-Christoffel formula (statement only)

* Applications of Schwarz-Christoffel formula.

18.1 Introduction

In mathematics, the Schwarz reflection principle, or the Schwarz principle of symmetry, is a way to extend
the domain of definition of a complex analytic function, i.e., it is a form of analytic continuation. It states that
if an analytic function is defined on the upper half-plane, and has well-defined (non-singular) real values on
the real axis, then it can be extended to the conjugate function on the lower half-plane as we shall see. This
unit is also dedicated to a preliminary study of the Schwarz-Christoffel mapping which is mainly a conformal
transformation of the upper half-plane onto the interior of a simple polygon. Schwarz—Christoffel mappings
are used in potential theory and some of its applications, including minimal surfaces and fluid dynamics. They
are named after Elwin Bruno Christoffel and Hermann Amandus Schwarz.

Objectives

After reading this unit, you will be able to
* define symmetric open set and deduce the symmetry principle
* deduce the Schwarz principle of symmetry

* have some preliminary idea about the Schwarz Christoffel mappings

18.2 Schwarz Principle of Symmetry

In real analysis, there are various situations where one wishes to extend a function from a given set to a larger
one. Several techniques exist that provide extensions for continuous functions, and more generally for func-
tions with varying degrees of smoothness. Of course, the difficulty of the technique increases as we impose
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more conditions on the extension. The situation is very different for holomorphic functions. Not only are these
functions indefinitely differentiable in their domain of definition, but they also have additional characteristi-
cally rigid properties, which make them difficult to mould. For example, there exist holomorphic functions in
a disc which are continuous on the closure of the disc, but which cannot be continued (analytically) into any
region larger than the disc.

Let 2 be an open subset of C that is symmetric with respect to the real line, that is

z € Q1 if and only if Z € Q.

Let Q" denote a part of €2 that lies in the upper half-plane and 2~ that part that lies in the lower half-plane
(see fig.18.1 for illustration).

Figure 18.1

Also, let I = QN R so that I denotes the interior of that part of the boundary of QT and 2~ that lies on the
real axis. Then we have
QTUITUQ =90

and the only interesting case of the next theorem occurs, of course, when [ is non-empty.

Theorem 18.2.1. (Symmetry principle) If f* and f~ are analytic in 27 and 2~ respectively, that extend
continuously to I and
fra)=f(z), Vael,

then the function f defined on {2 by
f(z) = ff(z) if zeQF
= ff2)=f(z) ifzel
= f(») if z€Q”

is analytic on all of 2.
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Proof. One notes first that f is continuous throughout 2. The only difficulty is to prove that f is analytic at
points of 1. Suppose D is a disc centred at a point on [ and entirely contained in §2. We prove that f is analytic
in D by Morera’s theorem. Suppose 7' is a triangle in D. If T" does not intersect I, then

/Tf(z)dz =0

since f is analytic in the upper and lower half-discs. Suppose now that one side or vertex of 7" is contained
in I, and the rest of 7T is in, say, the upper half-disc. If 7 is the triangle obtained from 7" by slightly raising
the edge or vertex which lies on I, we have f = O since T, is entirely contained in the upper half-disc an

Te
(illustration of the case when an edge lies on I is given in Figure 18.2). When we let € — 0, and by continuity,

we conclude that
/ f(z)dz=0
T

If the interior of T intersects I, we can reduce the situation to the previous one by writing 7" as the union of

Figure 18.2: Raising a vertex

triangles each of which has an edge or vertex on / as shown in Figure 18.3. By Morera’s theorem we conclude
that f is analytic in D, as was to be shown. O

Figure 18.3: Splitting a triangle

We can now state the extension principle, where we use the above notation.

Theorem 18.2.2. (Schwarz reflection principle) Suppose that f is a analytic function in Q" that extends
continuously to I and such that f is real-valued on /. Then there exists a function F' analytic in all of {2 such
that F = fon Q.
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Proof. The idea is simply to define F'(z) for z € 2~ by

F(z) = f(2).

To prove that F' is analytic in Q™ we note that if 2,29 € 7, then Z,Zy € Q" and hence, the power series
expansion of f near z gives

@) =) an(z—%)"
As a consequence we see that

F(z)= Z&n(z — 2p)"

and F' is analytic in Q. Since f is real valued on I we have, f(x) = f(z), whenever z € I and hence F'
extends continuously up to I. The proof is complete once we invoke the symmetry principle. 0

18.3 Schwarz Christoffel formula

We represent the unit vector which is tangent to a smooth are C' at a point zg by the complex number ¢, and
we let the number 7 denote the unit vector tangent to the image I' of C' at the corresponding point wg under a
transformation w = f(z). We assume that f is analytic at zo and that f/(zg) # 0. We know,

argT = arg f(z0) + argt (18.3.1)

In particular, if C' is a segment of the z-axis with positive sense to the right then ¢ = 1 and arg¢ = 0 at each
point zg = x on C. In that case, equation (18.3.1) becomes

arg T = arg f’(x) (18.3.2)

If f’(z) has a constant argument along that segment, it follows that arg 7 is constant. Hence, the image I" of
C is also a segment of a straight line.

Let us now construct a transformation w = f(z) that maps the whole z-axis onto a polygon of n sides,
where z1, %9, ...,T,—1 and oo are the points on that axis whose images are to be the vertices of the polygon
and where 1 < z3 < --- < x,_1. The vertices are the n points w; = f(z;)(j = 1,2,...n — 1) and
wy, = f(00). The function f should be such that arg f/(z) jumps from one constant value to another at the
points z = x; as the point z traces out the z-axis. If the function f is chosen such that

Yy v Wn,

w1 w3

fl(z) = Az — 2" (2 — 22)*2 - (2 — 21 P, (18.3.3)
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where A is a complex constant and each k; is a real constant, then the argument of f’(z) changes in the
prescribed manner as z describes the real axis. This is seen writing the argument of the derivative (18.3.3) as

arg f'(z) = arg A — kyarg(z — x1) — ko arg(z — x9) — -+ — k1 arg(z — z5_1) (18.3.4)
When z = z and = < x1,
arg(z —x1) =arg(z —x) =~ =arg(z —xp_1) =7

When 21 < & < x9, the argument arg(z — x1) is 0 and each of the other arguments is 7. According to
equation (18.3.4), then arg f’(z) increases abruptly by the angle k17 as z moves to the right through the point
z = x1. It again jumps in value, by the amount ko7, as z passes through the point 2, etc.

In view of (18.3.2), the unit vector 7 is constant in direction as z moves from x;_1 to x;; the point w thus
moves in that fixed direction along a straight line. The direction of 7 changes abruptly by the angle k; at the
image point w; of ;. Those angles k;7 are the exterior angles of the polygon described by the point w.

The exterior angles can be limited to angles between — to 7, in which case —1 < k; < 1. We assume
that the sides of the polygon never cross one another and that the polygon is given is given a positive or
counterclockwise orientation. The sum of the exterior angles of a closed polygon is, then 27 and the exterior
angle at the vertex w,, which is the image of the point z = oo, can be written

knWZQW—(kl—I—k’Q—I—---—Fk‘n,l)W
Thus the numbers £; must necessarily satisfy the conditions
ki+ko+--+kyp 1+ k=2, —1<k‘j<1 (j:1,2,...,n) (18.3.5)

Note that k,, = 0if k1 + ko + - - - + kp—1 = 2. This means that the direction of 7 does not change at the point
wy,. SO, Wy, 18 not a vertex, and the polygon has n — 1 sides.

Few Probable Questions

1. State and prove the symmetry principle.

2. State and prove the Schwarz principle of symmetry.




Unit 19

Course Structure

* Univalent functions, general theorems

19.1 Introduction

In mathematics, in the branch of complex analysis, an analytic function on an open subset of the complex plane
is called univalent if it is injective. The theory of univalent functions is an old subject, born around the turn of
the century, yet it remains an active field of research. This unit introduces the class S of univalent functions
and some of its subclasses defined by geometric conditions. A number of basic questions are answered by
elementary methods. Most of the results concerning the class .S are direct consequences of the area theorem,
which may be regarded as the cornerstone of the entire subject.

Objectives

After reading this unit, you will be able to
* define univalent functions
¢ define normal families of analytic functions and related terms

* learn about preliminary types of univalent functions

19.2 Normal Families

A family .# of functions analytic in a domain D is called a normal family if every sequence of functions
fn € Z has a subsequence which converges uniformly on each compact subset of D.

A family .% is compact if whenever f,, € .% and f,(z) — f(z) uniformly on compact subsets of D,
it follows that f € .#. The defining property of a normal family is analogous to the Bolzano-Weierstrass
property of a bounded set of points in Euclidean space. Compact families are analogous to closed sets.

A family .# of functions analytic in D is said to be locally bounded is the functions are uniformly
bounded on each closed disc B C D; that is, if |f(z)| < M for all z € B and for every f € .%, where
the bound M depends only on B. In view of the Heine Borel theorem, it then follows that the functions are
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uniformly bounded on each compact subset of D. If .# is a locally bounded family of analytic functions, then
by the Cauchy integral formula, the family of derivatives { f’ : f € %} is also locally bounded.
We have the following theorem concerning locally bounded family of analytic functions.

Theorem 19.2.1. A necessary and sufficient condition for a family of analytic functions to be locally bounded
is that, it is normal.

19.3 Univalent Functions

Definition 19.3.1. A single valued function f is said to be univalent (or schlicht) in a domain D C C if it
never takes the same value twice; that is, if f(z1) # f(z2) for all points z; and 2o in D with z; # z9. The
function f is said to be locally univalent at a point zy € D if it is univalent in some neighbourhood of z.

For analytic functions f, the condition f’(z) # 0 is equivalent to local univalence at 2 as we have seen
previously. An analytic univalent function is a conformal mapping because of its angle-preserving property.
We shall be concerned primarily with the class .S of functions f analytic and univalent in the unit disc D,
satisfied by the conditions f(0) = 0 and f’(0) = 1. Thus each f € S has a Taylor series expansion of the
form
f(z)=z+az* +azgz® +---, |2| < 1.

The Riemann mapping theorem states that for any simply connected domain D, which is a proper subset of
the complex plane and any point { € D, there is a unique function f which maps D conformally onto the unit
disc and has properties f({) = 0 and f’(¢) > 0. That is, it says that any simply connected domain D, which
is a proper subset of C, is conformally equivalent to the unit disc .

In view of the Riemann mapping theorem, most of the geometric theorems concerning functions of class
S are readily translated to statements about univalent functions in arbitrary simply connected domains with
more than one boundary point. The leading example of a function of class S is the Koebe function

k(z) =2(1—2)2=2+222 4334 -

The Koebe function maps the disc D onto the entire plane minus the part of the negative real axis from —1/4
to infinity. This is best seen by writing
1/1+2\> 1
k(z) = - - =
(2) =1 (1 - z) 1

14z

11—z

maps D conformally onto the right half-plane Re{w} > 0.
Other simple examples of functions in .S are

and observing that the function

w

1. f(z) = z, the identity mapping;
2. f(2) = 2(1 — )=, which maps D conformally onto the half plane Re{w} > —1/2;
1
3. f(2) = z(1 — 2%)~1, which maps D onto the entire plane minus the two half lines 3 < < oo and
_ < _Z.
0 <T S -5

1 1
4. f(z)=2z— 522 = 5[1 — (1 — 2)?], which maps I onto the interior of a cardioid.
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The sum of two functions in S need not be univalent. For example, the sum of z(1 — z)~! and 2(1 + iz)~!

1
has a derivative which vanishes at 5(1 + i) (verify!). However, the class S is preserved under a number of

elementary transformations.

1. Conjugation: If f € S and

g(z):f<§)22+6222—|—6323+...7
theng € S.

2. Rotation: If f € S and ' ‘
g(z) — 6729 f(efzé Z),
then g € S.

3. Dilation: If f € S and
1
g(z) = —f(rz), where 0 <7 <1,
r

theng € S.

4. Range Transformation: If f € S and v is a function analytic and univalent on the range of f, with
¥(0) =0and ¢'(0) = 1,theng = o f € S.

5. Omitted-value transformation: If f € S and f(z) # w, then

6. Square-root transformation: If f € S and g(z) = \/f(22),the g € S.

The square root transformation requires a word of explanation. Since f(z) = 0 only at the origin, a single
valued branch of the square root may be chosen by writing

9(2) = VI =2{1+ a2 +agz’ +---}2

= 2zt tes® o, |2 <L

Note that g is an odd analytic function, so that g(—z) = —g(z). If g(z1) = g(z2), then f(2?) = f(22) and
22 = 22, which gives 21 = 425. But, if 27 = —zy, then g(21) = g(22) = —g(z1). Thus g(21) = 0, and
z1 = 0. This shows that z; = 25 in either case, proving that g is univalent.

Closely related to S, is the class 3 of functions
g(2) =2 +Dbg+ b1zt Fboz 2+

is analytic and univalent in the domain E = {z : |z| > 1}, exterior to the domain D, except for a simple pole
at infinity with residue 1. Each function g € ¥ maps E onto the complement of a compact connected set E.
It is useful to consider the subclass X/ of functions g € 3 for which 0 € F; that is, for which g(z) # 0 in E.
Any function g € ¥ will belong to Y’ after suitable adjustment of the constant term bg. Such an adjustment
will only translate the range of g and will not destroy the univalence.

For each f € S, the function

o) = {1 (1>}_1 T

z
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belongs to X/, This transformation is called an inversion. It actually establishes a one-to-one correspondence
between S and Y. The class Y is preserved under the square-root transformation

G(2) =g(z2) = 2{1 + boz 2 + bz + -+ }%

It is important to observe that this operation cannot be applied to every function g € X, but is permissible only
if g € Y, because the square root will introduce a branch point wherever g(z2) = 0.

Sometimes, it is convenient to consider the subclass Yy consisting of all g € 3 with by = 0. Obviously
this can be achieved by suitable translation, but it may not be possible to translate a given function g € X
simultaneously to both ¥y and X'.

It is also useful to distinguish the subclass 3 of all functions g € ¥ whose omitted set £ has two dimen-
sional Lebesgue measure zero. The functions g € 3 will be called full mappings.

Few Probable Questions

1. Define normal family.
2. Define locally bounded family of analytic functions in a domain D.

3. Define univalent function on a domain D. Show that for an analytic function f on D, f’(z9) # 0 at
zo € D is equivalent to the local univalence of f at zg.




Unit 20

Course Structure

¢ Area theorem

¢ Growth and Distortion theorems

20.1 Introduction

The univalence of a function

o0
g(z):z—i—bo—&—anz_l, |z| > 1
n=1
places strong restriction on the size of the Laurent coefficients b,,, n = 1,2, .. .. This is expressed by the area

theorem, which is fundamental to the theory of univalent functions. The reason for the name will be apparent
from the proof. Gronwall discovered the theorem in 1914.

Objectives

After reading this unit, you will be able to
¢ deduce the area theorem and related results

* deduce the growth and distortion theorems

20.2 Area Theorem

Theorem 20.2.1. Area Theorem: If g € ), then

o0
Zn\bn|2 <1
n=1

with equality if and only if g € 2
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Proof. Let E be the set omitted by g. For r > 1, let C,. be the image under g of the circle |z| = r. Since g is
univalent, C). is a simple closed curve which encloses a domain E,. O E. By Green’s theorem, the area of E,.

1S
A = — wdw = — (Z) ’(z)dz
" 21 Cr 21 ‘ g g

z|=r

1 27 , o . 0 . A
= 3 / {r e 4 Z bpr™" eme} x {1 — Z vbyr V7t e_z(vﬂ)g}r e dp
0 n=0 v=1

o0

= n{r’— Zn|bn|2r_2”}, r>1
n=1
(20.2.1)
Let r decrease to 1, we obtain
oo
m(E) = w{r® =Y nlbal*}
n=1
where m(E) is the outer measure of E. Since, m(E) > 0, this proves the theorem. O

An immediate corollary is the inequality |b,,| < n~Y2 n=1,2,.... This inequality is not sharp if n > 2,

since the function

1/2 _—n

g(z) =z+n "z

is not univalent. Indeed, its derivative
gl(z) -1 n1/2z—n—1

vanishes at certain points in E if n > 2. However, the inequality [b;| < 1 is sharp and has important
consequences.

Corollary 20.2.1. If g € ), then |b;| < 1, with equality if and only if ¢ has the form

b
g =z+bo+t—,  |l=1
This is a conformal mapping of E onto the complement of a line segment of length 4.

From this result it is a short step to a theorem of Bieberbach estimating the second coefficient ay of a
function of class S. This theorem was given in 1916 and was the main basis for the famous Bieberbach
conjecture.

Theorem 20.2.2. (Bieberbach’s Theorem). If f € S, then |ag| < 2, with equality if and only if f is a rotation
of the Koebe function.

Proof. A square-root transformation and an inversion applied to f € S will produce a function
9(z) = {f(1/2)} V2 =2 — (a2/2)z " + -
of class > . Thus |az| < 2, by the corollary to the area theorem. Equality occurs if and only if g has the form
g(z)=z—¢"? /2
A simple calculation shows that this is equivalent to
FQ)=¢(1=e ()7 =" k(e (),

a rotation of the Koebe function. O]
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As a first application of Bieberbach’s theorem, we shall now prove a famous covering theorem due to
Koebe. Each function f € S is an open mapping with f(0) = 0, so its range contains some disk centered
at the origin. As early as 1907, Koebe discovered that the ranges of all functions in S contain a common
disk |w| < p, where p is an absolute constant. The Koebe function shows that p < 1, and Bieberbach later
established Koebe’s conjecture that p may be taken to be i.

Theorem 20.2.3. (Koebe One-Quarter Theorem): The range of every function of class S contains the disk
{w: |w| < 3}

Proof. If a function f € S omits the value w € C, then

9(2)2m22+(a2+i>z2+...

is analytic and univalent in ). This is the omitted-value transformation, which is the composition of f with a
linear fractional mapping. Since, g € S, Bieberbach’s theorem gives

1
a2+'§2
w

Combined with the inequality |az| < 2 this shows that |1/w| < 4, or |w| > . Thus every omitted value must
lie outside the disk |w| < 1. O

This proof actually shows that the Koebe function and its rotations are the only functions in .S which omit
a value of modulus i. Thus the range of every other function in S covers a disk of larger radius.
It should be observed that univalence is the key to Koebe’s theorem. For example, the analytic functions

have the properties f,,(0) = 0 and f] (0) = 1, yet f,, omits the value —1/n, which may be chosen arbitrarily
close to the origin.

20.3 Growth and Distortion Theorems

Bieberbach’s inequality |az| < 2 has further implications in the geometric theory of conformal mapping. One
important consequence is the Koebe distortion theorem, which provides sharp upper and lower bounds for
|f'(2)| as f ranges over the class S, The term distortion” arises from the geometric interpretation |f'(z)| as
the infinitesimal magnification factor of arclength under the mapping f, or from that of the Jacobian | f’(z)|?
as the infinitesimal magnification factor of area. The following theorem gives a basic estimate which leads to
the distortion theorem and related results.

Theorem 20.3.1. For each f € S,

2f"(2) 22
flz)  1-12

Proof. Given f € S, fix ¢ € D and perform a disk automorphism to construct

< 4r
- 1=

2| =r<1 (20.3.1)

F(E£) -5

P& = a0 1m70

— ot Ag(O)2 - (20.3.2)




20.3. GROWTH AND DISTORTION THEOREMS 127

Then F' € S and a calculation gives

f"(©)
f'(¢)
But by Bieberbach’s theorem, |A2(¢)| < 2. Simplifying this inequality and replacing ¢ by z, we obtain

the inequality (20.3.1). A suitable rotation of the Koebe function shows that the estimate is sharp for each
z € D. O

Ax(Q) = 0~ Py e 20y,

Theorem 20.3.2. (Distortion Theorem). For each f € S
1—7r 1+7
< f < -
Ao SIS g

For each z € D, z # 0, equality occurs if and only if f is a suitable rotation of the Koebe function.

Iz =r <1 (20.3.3)

Proof. Since, an inequality || < cimplies —c¢ < Re{a} < ¢, it follows from (20.3.1) that

2r2 — 4r z2f"(2) 2r2 + 4r
— < <
RelTpiy 1= 100

1—7r2 —
Because f/(z) # 0 and f/(0) = 1, we can choose a single-valued branch of log f/(z) which vanishes at the
origin. Now, observe that

/" a .
Re{ Z}f/(g)} = TERe{log ()}, 2=,
Hence, ) )
2 —4r 0 ., 2r° + 4r
— < — " < — 20.3.4
1_T2 _8T|f(re )’— 1_7,2 ( )
Holding 6 fixed, integrate with respect to r from 0 to R. A calculation then produces the inequality
— ; 1+ R
log ——— <log|f(Re")| <log ———
8T RS = og|f (Re”)[ < % - Ry
ad the distortion theorem follows by exponentiation.
A suitable rotation of the Koebe function, whose derivative is
142
K (z) = 20.3.5

shows that both estimates of | f/(z)| are best possible. Furthermore, whenever equality occurs for z = Re® in
either the upper or the lower estimate of (20.3.3), the equality must hold in the corresponding part of (20.3.4)
for all r, 0 < r < R. In particular,

o0 "(0), _
Re{ 7(0) } = +4,

which implies that |a2| = 2. Hence by Bieberbach’s theorem, f must be a rotation of the Koebe function. []

The distortion theorem will now be applied to obtain the sharp upper and lower bounds for | f(z)|. This
result is as follows.

Theorem 20.3.3. (Growth Theorem). For each f € S,

ﬁ <[f(2)] < ﬁ 2| =r <1 (20.3.6)

For each z € D, z # 0, equality occurs if and only if f is a suitable rotation of the Koebe function.
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Proof. Let f € S and fix z = e with 0 < r < 1. Observe that
r . .
= / f'(pe) e dp,
0

since f(0) = 0. Thus by the distortion theorem,

A< [ W< [ G =

The lower estimate is more subtle. It holds trivially if | f(z)| > 1, since 7(1 +7)72 < 1 for0 < r < 1. If
lf(2)] < %, the Koebe one-quarter theorem implies that the radial segment from 0 to f(z) lies entirely in the
range of f. Let C be the preimage of this segment. Then C' is a simple arc from 0 to z, and

=Lf@%

But f/({)d( has constant signum along C, by construction, so the distortion theorem gives

_ / " 1—p B T
@l = (1@l = [ Gl = s

Equality in either part of (20.3.6) implies equality in the corresponding part of (20.3.3), which implies that f
is a rotation of the Koebe function.

All of this information was obtained by passing to the real part in the basic inequality (20.3.1). Taking the
imaginary part instead, one finds

4r z2f"(2)
_1—7“2§ m{ ()}_1

4 0 4
1—Tr2_8 argf(re )S l—rr2

Radial integration now produces the inequality

1
|arg f'(2)] < 210g1+r,

fes (20.3.7)

Here it is understood that arg f’(z) is the branch which vanishes at the origin. The quantity arg f’(z) can
be interpreted geometrically as the local rotation factor under the conformal mapping f. For this reason the
inequality (20.3.7) may be called a rotation theorem. Unfortunately, however, it is not sharp at any point
z # 0 in the disk. The true rotation theorem

larg f'(z)] < 4sin"lr, r<1/V2

2
< mlog—s r>1/V?2,

27

lies much deeper. The splitting of the sharp bound at 7 = 1/+/2 is one of the most remarkable phenomena in
the univalent function theory. O

One further inequality, a combined growth and distortion theorem, is sometimes useful.
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Few Probable Questions

1. State and prove the Area theorem.

2. State and prove Bieberbach’s theorem.
3. State and Koebe One-Quarter theorem.
4. State and prove Distortion theorem.

5. State and prove Growth theorem.
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