COMPLEX ANALYSIS III

1. MOBIUS TRANSFORMATIONS

1.1. Riemann sphere. First recall the Riemann sphere from previous complex analysis courses.
This is a sphere > in R? defined as

ettt (-5l =1 (11)
i.e. the sphere of radius 3, centered at (0,0,31), and tangent to (z,y)-plane (= C) at the origin.
Denoting N = (0,0,1), there is an obvious one-to-one correspondence between the points on
> \{N} and the complex numbers C. Indeed, we may define the image of z € C to be the point
# N where the line from N to z intersects » . Setting then N as the image of co, we obtain the
required bijective correspondence.

To express the correspondence defined above in an analytic form, let z = (z,y,0) € C be given.
To determine its image » (z) on the sphere >, observe that the line from N to z is given by

T=k+t(xi+yj—k)=ati+ytj+ (1 - t)k,
where ¢ is a real parameter. The image point > (z) is on the sphere, hence

2 24,2 1 2 1
(@ + P+ (507 = 5,
implying that

B 1 B 1
2?4 y?+ 1l 1+ |22
Therefore, we may express the image point in the form

Ser= (o
T+ 2271+ 221+ 22 )

To obtain corresponding expressions for the inverse mapping Zfl, it appears useful to introduce
”geographical coordinates” to determine points on ), i.e. the longitude A and the latitude . To
fix these, let us agree that A = 0 in the direction of the positive z-axis, increasing counterclockwise
to 27, while ¢ = 0 on the equator, ranging from —7/2 at the origin S to 7/2 at N. Given now
(A g) € 3, let z = re® be its image in C under the inverse mapping 5. '. Looking at the
triangle NSz, we immediately observe that

0=\, r = tan,

where 1) is the angle of this triangle at N. By elementary geometry, 2¢p = ¢ + 7/2, hence
Y = £ + 7. Therefore, we obtain

o = A (1.2)

ro= tan(g—i—%)- (1.3)

If we denote by p, resp. p/, the distance between N and a point z in C, resp. N and > (z), then
pp' =1 by an elementary geometric observation.

Exercise. Let P := (£,1,¢) € 3 be given. Determine z = 5. 7' (P) in the form z = Rz + i3z.
1
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Before proceeding, we show that the inverse mapping 271, also called stereographic projec-
tion, maps all circles on the Riemann sphere »_ into circles or straight lines on C. In fact, any
circle on Y is the intersection of Y with a plane in R3,

A¢+Bn+CC+ D =0.

By (1.1), the image of the circle of the intersection under the stereographic projection is

x y |2[?
A B C
1+ |22 + 1+ 22 + 1+ |22

+D=0,

hence
(C+D)(a*+y*) + Az + By + D = 0.

Obviously, this is a circle, if C'4+ D # 0 and a straight line, if C'+ D = 0. The second alternative
appears at (£,1,¢) = (0,0,1) = N. Therefore, the image of a circle on ) under the stereographic
projection is a straight line, if and only if the circle is passing through the north pole N. Observe
that a straight line may be understood as a circle of radius oco.

1.2. Mobius transformations. By a Mobius transformation it will be understood a map-
ping g : C — C defined by

_az+b

9(2) =

where ad—bc # 0. In what follows, we use the notation 9 for the family of Mobius transformation

satisfying the non-singularity condition ad—bc # 0. Indeed, this condition is needed to ensure that

the mapping g is a bijective, continuous map from C onto C. An arbitrary Mobius transformation

can be represented as a composition of certain basic transformations. To this end, we observe

that g(z) = z 4+ a, where a € C, is a translation of the complex plane and, correspondingly,

g(z) = ¢z, where § € R, is a rotation. Moreover, by a dilation we understand a Mdbius

transformation of type g(z) = kz, where k > 0, while g(z) = % is an inversion. We now obtain

(1.4)

Theorem 1.1. Fach Mébius transformation in 9 may be represented as a composition of certain
translations, rotations, dilations and inversions.

Proof. Suppose first that ¢ # 0. Using notations ¢ = |c|e’? and bc — ad = ke, we observe that
az+b  bc—ad a ket a

z) = = =+ —.
9(2) cz+d A(z+d/c ¢ Re?¥(z+4d/c) ¢
Starting from z, we now need to compose a translation, a rotation, a dilation, an inversion,
another rotation, another dilation and a final translation to obtain g(z).

az+b a b
9 =—— =5,

to represent g as composed from a translation, a rotation and a dilation. O

If then ¢ = 0, we may write

Recalling our previous proviso to understand straight lines as circles of radius co, we may easily
prove

Theorem 1.2. A Mébius transformation in 9 maps all circles onto circles.

Proof. By the preceding Theorem 1.1 it is sufficient to prove the claim for arbitrary translations,
rotations, dilations and inversions. To this end, recall that a circle (of finite radius r) has a
representation as

|z — 29| =,
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while a straight line may be represented as
R(az) = ¢, la] =1, ceR.
Concerning translations and rotations, the claim is trivial.

Proceeding to a dilation g(z) = w = kz, k > 0, we observe that z = w/k. Therefore, the image
of a circle is

|lw — kzo| = kr,
which is a circle (of radius kr, centered at kzp), while for a straight line we obtain

R(aw) = ke,
a straight line again.
It remains to see that the claim is valid for the inversion g(z) = w = % Now, for a circle
|z — 29| = r, we observe that
0=|z—2)*—r*= (2 —20)(Z — Z0) — 12 (1.5)
= 2> + |20]? — 2R(Zz) — r?
1 9 9 1w
_ L B 1.7
w2 + (J20” — %) <ww20> (1.7)
—L-i-(\z ]2—7’2)—i%(z w) (1.8)
I w2 |

If now |z9| = r, we immediately see that
1 —2R(zow) =0,
and so

1
R(zow) = 3

1
()
|0 2|20

On the other hand, if zg # 7, multiplication by |w|?/(|z0|? — r?) results in

which in the form

represents a straight line.

!
|20[* — 72

2

0 -
|20[* — 72

+ w]? — R(zow) (1.9)

2
7“2

" (ol =2 (1.10)

20

2

= (W —
‘ |20/? — 7
which clearly represents a circle.

Finally, we have to show that a straight line #(az) = ¢ maps onto a circle (or onto a straight
line) under the inversion g(z) = w = . From R(a/w) = ¢ we obtain (multiplying by w)

R(ow) = c|lw|*.
If now ¢ = 0, we conclude that
0 = R(aw) = R(aw) = R(@)w,
hence the image is a straight line. On the other hand, if ¢ # 0, then
|w?| = R(aw/c),
and this implies that
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a |2 5 af? a
——| = 2R = 1.11
’w 20‘ ol + 4¢? R 2:" (L1.11)
a |2 a 1
_n(@ n (%) = — 1.12
(cw>+4c2 (cw> 42’ (1.12)
which means that the image is the circle jw — &| = 5. O

Remark. Since three distinct points determine a circle uniquely (and this also holds for a
straight line in which case the third point is at infinity), we may determine uniquely a M&bius
transformation in 9 mapping a given disk onto another given disk. To make use of this fact, we
need to give the following

Definition 1.3. Given four distinct extended complex numbers z1, 23, 23, 24, their double ratio

will be defined as
Z1 — %3 . zZ9 — 23

(21122123724) = . 5
21 T R4 22— 24

provided the numbers are finite. If one of the four numbers is infinite, we define

29 — 24 Z1 — 23
(00722,Z3,Z4) = ) (21,00723724) = )
Z9 — 23 Z1 — %4
29 — 24 21 — 23
(21, 22,00, 24) := , (21, 22, 23,00) = .
21 — 24 22 — Z3

Theorem 1.4. The double ratio remains invariant under Mébius transformations in 9N, i.e.
given a Mébius transformation g(z) = (az +b)/(cz +d), ad — bc # 0, then

(g(zl)7 9(22)7 9(23)7 9(24)) = (Zlv 225 235 Z4)'
Proof. A simple proof by ”brute force” is to check the claim by mathematical software (Mathe-

matica, Maple). O

Example. Invariance of the double ratio offers a routine tool to determine the M6bius transfor-
mation mapping three given extended complex points to another given triple of such points. As
an example, we determine a Mobius transformation g(z) such that g(1) = 2,¢(i) = 3,9(—1) = 4.
Then by the invariance we must have

(9(2),9(1),9(1), 9(=1)) = (w,2,3,4) = (2, 1,4, —1),
giving the equality

w—3 2-3 z—i 1-—1
w—4"2—-4 z+1 1+1

After simplification, we obtain
2—4i)z+ (244
So) R A)Z @440

A—i)z+ (1+4)

Theorem 1.5. The family M of Mobius transformations forms a group under mapping compo-
sition o. The composition o is not commutative in general.

Proof. We first observe that the identity map U(z) = z is a unit element for this group. Indeed,
given an arbitrary Mébius transformation g(z) = (az 4+ b)/(cz + d), it is immediate to see that
Uog=gand goU = g. Moreover, the M&bius transformation h(z) := (dz — b)/(—cz + a) is
the inverse mapping of g(z), since ho g = go h = U, as one may easily check by mathematical
software. Finally, composing two Mobius transformations g1, go, it is again a routine computation
(by software) to see that g1 o go is a Mdbius transformation as well.



COMPLEX ANALYSIS III 5

Finally, we may see by a simple example that the group of Mdbius transformations is not Abelian,
i.e. that the composition o is not commutative. To this end, consider

z z4+1
n2)= 7 0=
Then it is immediate to see that
z4+1
g10ge(z) = 5, g2001(z) = =2z — 1.
z
O
1.3. Classification of Mobius transformations. Given a Mobius transformation
9(z) = (az+b)/(cz+d) € M,
we first determine its fix-points. Of course, fix-points ( are determined from the equality { =
(al +b)/(c¢ + d), hence from
e+ (d—a)—b=0. (1.13)

(1) Consider first the case of ¢ = 0, assuming that a # d. Then we obtain (; = b/(d — a) from
(1.13). But from the original equality ¢ = (a/d)( + b/d we infer that (5 = oo is another fix-point
in this situation. Observe that we now have

b

b
9(z) =2+ Q=G+

- d
Therefore,
a
9(2) = S,

Exercise. Describe the geometric meaning of the preceding representation of g(z).

Secondly, if we have ¢ = 0 and a = d, then the transformation reduces into g(z) = z 4+ w, where
w = b/d. We now have two possible situations. If w = 0, then g reduces to an identity mapping,
hence all points in the extended complex plane are fix-points. If then w # 0, then g is a translation
of the plane, and infinity is the only fix-point.

(2) Suppose next that ¢ # 0 and that the discriminant (a —d)? 4+ 4bc # 0. Then, obviously, (1.13)
has two distinct roots (1, (2 in the complex plane, and so we have two distinct fix-points of g. To
see what this means, we shall apply the invariance of the double ratio. Then

(9(2),9(22),¢1,¢2) = (2, 22, (1, C2),

where z9 is an arbitrary complex number distinct from the fix-points (1, (3. By the double ratio
invariance we get

9(2) -G 9(=) -G _z2-G =2—-Q
9(2) =G g(z2) -G 2z-GG 2-—(
This may now be written as

9(2) — G _\* G

9(2) — G2 z =G’
where A is a complex number. Observe that A is independent of the choice of zo which may easily
be seen by the invariance of the double ratio.

Exercise. Check the independence of A of the choice of zs.
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(3) It remains to consider the case ¢ # 0 while (a — d)? + 4bc = 0. In this case, the fix-point
equation (1.13) has exactly one double-root at { = “T_Cd € C, being therefore the only fix-point of
g. To see the behavior of g in this situation, define a Mobius transformation T by

T(z):=C(+ %,

i.e. inversion combined with a translation by ¢. Consider then the transformation 77! o go T,
which is a Mobius transformation by the group property. Next determine the fix-points of this
composed transformation. From T~ ! o g o T(¢) = ¢ we immediately obtain g(T(¢)) = T(¢), and
so T'(&) is a fix-point of g, hence T'(§) = ( + 1/& = (. Therefore, { = co. By the considerations
in part (1) above, we conclude that T=! o go T must be a translation, i.e. T-1ogoT(2) = 2z +w
for some complex number w # 0. But then

1
T :T =
oT(=) = T(:+w) =+ ——,
hence . .
9(C+;):C+Z+w-
Substituting now z = 1/(y — {) we get
1
gy)=¢(+—7
w—i-ﬁ

Writing again z in place of y, and rearranging we finally obtain
1 B 1
&) ¢ “Ti-¢
This now easily shows how the transformation g is formed as a composition of translations and
inversions.
Any Mobius transformation induces a mapping on the Riemann sphere ). Under certain condi-
tions, this induced mapping is geometrically a rotation of >, which means that the diameters of

>~ are mapped on diameters of > . More precisely, it must be that the end-points of a diameter
are mapped onto end-points of another diameter (as the mapping is bijective).

Suppose we have this situation, and denote z* := g(z). Clearly, all five points N, z, 2*,> (2), > (2*)
are in the same plane in R3. Looking at this configuration (draw a picture!), we clearly have

arg 2" = argz + .

Moreover, by elementary geometry,

|zz*| = 1.
On the other hand, denoting z = re®, we see that
o Lopim _ Lag_ L 1
r r re—i z

Writing now g(z) = w = (az + b)/(cz + d), we then have g(z*) = w* = (az* +b)/(cz* +d). As
the induced mapping on ) is required to be a rotation, the by the same argument as above, we
now get

. 1 b—a/zZ —a+bz

VTTT T A=z —crdz

Therefore,
—c+dz

A
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and so B B
—Cc+dz dz—¢
w=— — = — .
—a+bz —bz+a
As this must be the same mapping as our original g(z), the coefficients in these two expressions
must be proportional. Therefore, we must have

a b c d
PRl
and so we get
la| =ld|, [b] =,
Hence, for some ¢ such that |¢| = 1, we see that
d = €a, c = —eb.

This means that we may write

gaz +€b
g(z) = ZEEE

—bz+a

But now, it is easy to find a complex number p such that € = u/f. (Exercise!) Making use of
this, we immediately see that g(z) may be written in the form
_ paz+pb  az+f

—pb+pa  —fz4+a

g9(z

where, of course, a = pa and 8 = ub.

Exercise. The representation just obtained is a necessary condition for the situation that a
Mobius transformation induces a rotation of the Riemann sphere ) . Show now that this condition
is sufficient as well.

To proceed to the anticipated classification of M&bius transformations in 9, we first observe that
there is a natural bijective correspondence between the transformations in 9 and non-singular
2 X 2-matrices

d

A routine computation shows that the composition of Mobius-transformations corresponds to
the standard matrix product, and so the group (9,0) of Mobius transformations is bijectively
equivalently with the group of non-singular 2 x 2-matrices under the matrix product. Although
the correspondence described above is not actually used here, it is important to know this fact,
which is frequently applied in more advanced developments.

( ﬁ b ) € GL(2,C),  ad—bc#0.

Considering now a M&bius transformation g(z) = %IS in M, we define the trace of this trans-

formation as
d 2
tr2g = 7(@—}- ) .
ad — be
In what follows, we may assume that ad — bc = 1 by multiplying the nominator and denominator
of g by a suitable constant. Of course, under this normalization, we have tr’g = (a + d)?.

The notion of trace is one of the two key notions in the classification, the second one being the
set F, of fix-points of g. As we already know from our previous considerations, Fy has three

possibilities, namely it is either @, or a singleton (= a set consisting of one point only), or a set
of two distinct points in C.



8 COMPLEX ANALYSIS III

To separate between the three possibilities of F};, we first recall from our preceding considerations

that g(z) = z, if we have F, = C. Therefore, we must have a —d = ¢ = b = 0. If then F,is a
singleton, then the determinant (a—d)?+4bc = 0. Therefore, under the normalization ad—bc = 1,

(a — d)g + 4bc = a*2ad + d* — 4(ad — be) = (a + d)* —4 =0,

and so we have trg = (a + d)? = 4 in this case. In the remaining case of two distinct fix-points,
we must have tr?g # 4. However, this remaining case contains transformations of quite different
behavior. As an example, if g(z) = kz with |k| # 1, then we have g o g # U, while if h(z) = —z,
then h o h = U. Observe that g(z) is not normalized in the sense that detg =k + 1 # 1.

A key result for classification is the following
Theorem 1.6. Given two Mdbius transformations g, h in MM, we have

tr*g =tr*(hogoh™1).
Proof. This is again a routine computation, best being checked by mathematical software. ]
Remark. In the situation of this theorem, we say that g and h are conjugate to each other.
We denote g ~ h. Clearly, the relation of conjugation is an equivalence relation.

By Theorem 1.6, it appears useful to fix certain normal types of Mobius transformations. These
will be specified as follows, for each k € C\ {0}:

mg(z) = kz, k # 1; mi(z) =z + 1.

Theorem 1.7. For all of the normal types of transformations specified above, we have

1
trzmk:k+é+2.

Proof. First observe for k # 1 that my(z) = kz ~ ( ]S (1) > Therefore,
k+1)? 1
tr2mk—( ;) :k—i-E—FQ

O

To complete the classification task, let now g # U be a Md&bius transformation, having therefore
either two fix-points «, G, or just one fix-point «, in which case we fix another point G # «. In
this latter case, of course, § is not a fix-point.

Theorem 1.8. FEach Mdébius transformation g # U is conjugate to exactly one Mdbius transfor-
mation my of normal type.

Proof. To begin with, we use the notations given above for the fix-points of g, and we consider
first Mobius transformations h which satisfy the following conditions:

(a) h(e) = oo,
(b) h(B) = h(g(B)) =0, if § is a fix-point, and h(g(F)) = 1, if 3 is not a fix-point.

First suppose that g has two fix-points «a, 3. We then show that one of the transformations h
defined above satisfy hogoh™! =my, for some k # 1. The transformation my, is independent of



COMPLEX ANALYSIS III 9

the specific choice of h. To this end, we first observe that, independently of the choice of h, the
composed mapping hogoh ™! has two fix-points, namely 0 and co. Defining then k := h(g(h~'(1)))
we see that k # 1, as 1 is not a fix-point of h o g o h~!. We now observe that

0= h(g(h™(1))) = m(0),

o0 = h(g(h~1(0))) = my(0)
and

k= h(g(h™"(1))) = mi(1).
Since three points are sufficient to determine a Md6bius transformation uniquely, this implies that
hogoh™ = my. It remains to show that my, is independent of the choice of h. To see this, let hg
be another transformation satisfying the required conditions, and let my, be the transformation of

normal type determined by hg. Then we have hgogohgy 1= My, and therefore g = hy 1 oMy, © ho.
But then

my = (hohy') omy, o (hohy') ™,

and so the transformations my, my, are conjugate. Now, hohg ! has fix-points 0 and co. Defining
k' = h(hy'(1)), we also have my/ (1) = K, and therefore h o hy' = mys. Hence

M} O My, O mlz,l = mg.

Therefore, since m;l(z) = %z, we obtain, for all z, that

1
m(z) = k'koyz = koz,

and so we have my = my,.

We still have to consider the case that g has exactly one fix-point a. Then h is being determined
uniquely, and we have hogoh™! = my. It is now immediate to see that oo is a fix-point of hogoh™!.
On the other hand, if v is another fix-point, i.e. if h(g(h~1(y))) = 7, then g(h~1(y)) = h=1(y).
Therefore, as « is the only fix-point of g, we have v = h(a) = 0o by the definition of h. Since
oo is the only fix-point of h o goh™!, we have hogoh™!(z) = z + b for some b # 0. But
b= h(g(h=1(0))) = 1, and we are done. O

We now proceed to show that conjugation of Mdbius transformations actually depends on their
traces only. We first look at transformations in the normal form:

Theorem 1.9. Mobius transformations my, mg of normal form are conjugate if and only if
trzmp = trzmq and this happens if and only if p=q or p =1/q.

Proof. If m), ~ mg, then we have tr2mp = terq by Theorem 1.6. On the other hand, if trzmp =
trzmq, then by Theorem 1.7, we have p + %D =q+ %. But this implies immediately that either

p=qgorp= %. If p = g, then we have m, = my. Finally, if p = % # q, we define h(z) = % Then

h=1(z) = L as well and so

homy b (2) = h(my(2) = h(2) = 1/(p/2) = 2 = 42 = my ),

and so m, >~ my. g

Theorem 1.10. Two Mébius transformations g, h (# U) are conjugate if and only if tr’g = tr°h.
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Proof. By Theorem 1.6 it suffices to show that the equality of traces implies conjugation. So,
suppose that tr2g = tr?h. By Theorem 1.8, there are Mobius transformations my, Mg of normal
form such that m, ~ g and my ~ h. Then, by Theorem 1.6,

tr2mp = tr’g = tr’h = tr2mq.

By Theorem 1.9, we infer that m, ~ m,, and therefore, g >~ h by the equivalence property of
conjugation. O

We are now prepared to offer the following

Definition 1.11. A Mobius transformation g # U is called

(i) parabolic, if g admits exactly one fix-point in C (and then g ~ my),

(i) loxodromic, if ¢ has two distinct fix-points in C and g ~ my, with |k| # 1,
(iii) elliptic, if g has two distinct fix-points in C and g ~ my, with |k = 1.

Remark. By Theorem 1.9, the above definition is independent of the choice of my, i.e. my can
be replaced by my /.

We still have to separate two possibilities in the loxodromic case:

Definition 1.12. A loxodromic Mobius transformation g # U is called hyperbolic, if there
is a disc D (possibly of radius oo) such that g(D) = D. Otherwise, g is said to be properly
loxodromic.

We are now ready to prove our final result in this section:
Theorem 1.13. A Mébius transformation g # U is

(i) parabolic if and only if tr’g = 4,

(ii) elliptic if and only if 0 < tr’g < 4,

(iii) hyperbolic if and only if tr? > 4,

(iv) properly lozodromic if and only if tr*g # |tr*g|, meaning that tr*g is either non-real or it is
real and strictly negative.

Proof. We may assume that g >~ mj, >~ m,,, and so we have
1
trig =p+ - +2.
p
(i) We first observe that g is parabolic if and only g ~ m;. This happens by the preceding trace
formula if and only if trg = 4.
(ii) In the elliptic case we have |p| = 1, hence p = €% for some 0 < § # 7. Therefore,
tr?g = e + 7 + 2 = 2(1 + cos ),
from which the claim follows. If then 0 < tr?g < 4, we may fix a unique w € (0, 7] so that
trgg =2+ 2cosw.
Equation
1
p+—-—+2=242cosw
p
iw

has two solutions, p1 = € and p» = e ™, both of modulus one. Therefore, ¢ is an elliptic

transformation.
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(iii) To treat the remaining cases, suppose first that tr?g > 4. Now, equation
1
trlg =p+ ;) +2

has two solutions, say p1 = k, po = %, both of them > 0. But now m; maps the half-plane
H := {32z > 0} onto itself, since

S(mi(2)) = S(kz) = k2 >0
for all z € H, and reversed. Suppose now that g = h™! o my, o h for a Mobius transformation h.

Then it is immediate to see that g maps the set D = h~!(H) onto itself. But this set is a disc
(possibly of radius oo) by Theorem 1.2, as h € 9, and so h~! € M as well.

To complete the proof, suppose now that g is hyperbolic, hence m, ~ g as well. As m,, can be
replaced by my/,, we may assume that [p| > 1. Let then D be a disc (or a half-plane) so that
my(D) = D. If now z € D, then, by assumption,

(mp(2))" = my(2) =p"2€ D

for each n € Z. If z # 0,00, then |p| > 1 implies that p"z — oo and p™"(2) — 0 as n — oc.
Therefore, 0,00 € D. This means that D must be a half-plane. If now z ¢ D is a finite, non-

zero point, then again p"z — oo and p~™2z — 0 as n — oo. This means that 0,00 € C \ D, and
therefore 0,00 € D. Hence, D is a half-plane the boundary of which is passing through the origin.
Since my(D) = D, it is geometrically clear that p must be real and strictly positive (actually > 1),
hence tr?g > 4.

(iv) What is left now, means characterizing the properly loxodromic situation exactly in the
asserted form. O
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2. HARMONIC FUNCTIONS AND POISSON FORMULA

Recall that a twice continuously differentiable function v : D — R in an open set D C C is called
harmonic in D, provided its Laplacian

Pu 0%u

922 " oy

vanishes identically in D. Partial differential equation Au = 0 is called Laplace differential
equation.

Au =

Also recall that whenever g is analytic in D, then u := g and v := Jg both are harmonic func-
tions. This was an immediate consequence of Cauchy—Riemann equations, see previous complex
analysis courses.

We start now by proving the classical Poisson formula:

Theorem 2.1. Let g be analytic in |z| < R, and let u be its real part. Given r, 0 <r < R, and
any point a € C such that |a| < r, then

1 2 )
u(a) = / u(re'®)K (a,r,0)do,

2 0

where the weight function
Kar,0) =
is the Poisson kernel.
Proof. Look first at the Mobius transformation
9 Z+a
w(z) =7 L

Clearly |w(r)| = |w(—r)| = |w(ir)] = r and |w(0)| = |a| < r. Therefore, by basic properties of
Mobius transformations, w maps the disc |z| < r onto |w| < 7 so that the boundary |z| = r maps
onto |w| = r.

We next observe that the composed function g o w is analytic in some disc |z| < p such that
r < p < R. By Cauchy integral formula,
1 g(w(z))
gwo) =5 [ FEg

= - z.
211

|2|=r

The inverse transformation of w(z) may be written as

s W—a

z(w) = —r*—.
(w) aw — r?

By substitution z = z(w) the integration may be carried over the circle |w| = r in the w-plane,

resulting in

1 g(w) /
a) = g(w(0)) = — ———— 2 (w)dw,
9(a) = g(w(0)) /|w L) (w)

= . —
2 |=r =T Gw—r2

hence ) | ‘2
1 r* —la

= — dw.

9(a) 2mi |w|:Tg(w) (a —w)(aw — r?) v

As now w = e’ and so ww = r2, dw = iwdf, we see that

1 2 7“2 _ |a|2 »
g(a) /0 OO iwdf

T 2mi w)(aw — ww)

12



13

1 27 2 2 2 _ 2
_ 1 o) |al 4o — / glw &dg
27 Jo a—ww(a—w) 2 Jo (a —w)(a —w)
1 2m 7“2 . ‘a|2 1 2 TQ - |a|2
=— —df = — —————df.
27 Jo 9(w) la — wl|? 27 /0 9(w) |rei — a2

Taking real parts we now obtain

ata) = R0) = (5 [ gt )

1 27 2 2 1 2 . 2 2
= / Ry(w) -1 g = 1 [T ety 9l gy
0 0

27 |rei® — a2 27 |rei? — a2

Remark. We add here a few simple remarks concerning the Poisson kernel:

r2—|al|?

(1) Since |a| < r, it is trivial to observe that K(a,r,0) = a2 > 0.
ret?—al
(2) By a simple geometric observation, namely that |[re? — a| > r — |a|, we get
Kiang) < Tl la) _ (= laD(r+]a) _r+ o]
e —af P R T

(3) Considering the constant function g(z) = 1, the Poisson formula results in
1 27

— K(a,r,6)dd =
2T

If now ¢ is analytic in |z| < R and has no zeros there, we may fix a branch of the logarithm
function in the image plane to obtain log g(z) analytic in |z| < R as well. But then, for some
integer k,

Rlogg(z) = R(log|g(z)| + iarg g(z) + 2mik) = log |g(2)|.
Therefore, since Rlog g(z) is harmonic, log|g(z)| is harmonic as well. Theorem 2.1 now applies
to result in

1 2 ;
loglo2)| = 5= [ (ogla(re))K (z.r. )

as soon as 0 < r < R and |z| <.

Considering now a meromorphic function w : D — C instead of an analytic one, the Poisson
formula may be extended to the following Poisson—Jensen—Nevanlinna formula:

Theorem 2.2. Let w(z) be meromorphic in a disc |z| < R < oo, and let o, resp. (B;, denote
the zeros, resp. poles, of w in |z| < R, each being counted according to its multiplicity. If now
0<r <R, |zl <r andif w(z) # 0,00, then

1 2m )
log |w(z)| = /0 log |w(re®)| K (z,r,60)do

27
Z log

loj|<r

( —ﬁa

Z_O‘J)

Before proceeding to prove Theorem 2.2, we need to prove an integral convergence lemma:
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Lemma 2.3. Suppose z € C, |z| < and b = re’ are given. Then the integral

1 2m )
I(r) = 271_/0 log |re? — b|K (z,r,60)df

converges, and I(r) =log|z — b|.

Proof. (1) To prove the convergence, first choose ; small enough to satisfy |re?(®+¢1)| < 1 and
|ret(B+27=21)| < 1, and consider the following two integrals:

B+ )
Lie) = / log |re? — b|K (2, r,60)d0
B+e

and
[B+2m—e

Ir(e) = / log |re? — b|K (z,r,0)d0
B+m

for 0 < € < €1. By the choice of €1, we observe that I(¢) decreases as € decreases, and similarly
for Is(e). Therefore, to show their convergence as € — 0, hence the convergence of the original
integral I(r) as well, it is sufficient to show that the integrals I;(e), I2(r) remain bounded as
e — 0. But now
Btm . .
|I1(e)] < / |log |re'® — re||K (2,7, 00)do
B+e
Btm A A Bt .
- / | log [re||re @) — 1||K (2, r, )6 = / [ log(r|re @ — 1))|K (=, r,0)do
B+e B+e

Bt . Btm ,

< [ ostrlre ) 1D/ < 22 [ o + 1og 10 — 1o
B+e r— |z r— |z B+e

Denoting « := 6 — 3, we observe that the required boundedness follows, if we show that the limit

lim/ |log €' — 1]?|da
e—=0 /.

exists and is finite. We first observe that

2

log|e’™ — 1|> = log | cosa — 1 + isina|? = log((cos a — 1)* 4 sin? )

= log(2(1 — cosa)) = log (4 sin? %) = log 4 + 2log sin %.
Since 0 < o < m, then making use of sin § > ¢ (Exercise!), we see that
|log e’ — 1)?| < log4 — 210gsin% <log4 — ZIOg% =c—2loga,
where c is a real constant. Therefore, since

™ . s s
/ |log\ew‘—1|2da</ cda—Q/ log ada,
3 &€ 3

it is sufficient to show lim._.¢ [ : log adav exists and is finite. But this follows from
™
/ logada = o/l (aloga —a) =nlogm —m —cloge + ¢ — wlogm — 7
&€
as € — 0. The case of I3(e) may be treated in a completely similar way, being omitted here.

(2) To prove the assertion I(r) = log |z — b|, we still need to estimate the integral

1 B+6 »
Is(p) = 5 [ logloc” - bK (.0,
™ )
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when |z| < pp < p < r and ¢ is small enough. If p = r, then clearly I5(r) — 0 as 6 — 0 by
the first part of the proof. If then p < r, then the integrand is continuous and bounded, hence
convergence of the integral will be trivially ensured. We now proceed to show that the estimate

I5(p)] < 16 + c26 log &

holds in a form where the constants ci, ¢ are independent of 9, p. Denote again § — 3 = . Then,
similarly as in the first part of the proof, we get

B+46 ) o+ |z’ 5} )
2rlIs(p)] < [ [logloc” ~ bRz, p,0)d8 < 5 [ flog e — rlda
3-8 p— |Z’ -5

é
| log |pe™® — r|?|da.
é

1 ’ ;
§7T+|Z| |log]pem—r|2\doz:K1/
2p0 — 2| J s -

Again, similarly as in the first part, we get the estimate

pe’™ 1P = |pcosa — 1 + ipsinal’ = (peosa — 1) + p*sin’a

= p* —2prcosa+ 1% = (p—1)? + 2pr(1 — cosa) > 4pr sin® % > 4por(a/m)2.

To estimate the integral ffé |log |pe’®~"|?|de, let ¢ denote constants which may be different
in different occurrences, even within the same expression. Estimating first the integrand, if
|pe'™ — r| > 1, then

|log pe’ — r[?| < 2log(2r) < c,
while if |pe’® — 7| < 1, then

[log [pe™® — 12| < [log(4por)| +2|log(a/m)| = ¢ + 2| log]all.

Now, for § sufficiently small, we obtain by the preceding estimates that
5 ' 5
/ |log |pe'® — r|?|da < ¢ + c/ log tdt
-4 -4
and
0
/ log tdt = 26 — 20 log 9.
-0
Combining the preceding estimates, we obtain the required estimate for |I5(p)|.

(3) As the final phase to prove the lemma, we now show that I(r) = log |z — b|. Fixing the branch
of the logarithm (to ensure that it is analytic) and recalling that Rlog(z — b) = log |z — b|, we
first get by the Poisson formula above that

1 2 )
log|z — b = — / log |pe®® — b| K (z, p, 0)d6.
2T 0
Denote now, for notational simplicity,
H(p,0) :=log|pe”|K (2, p,0).

Fixing € > 0 and letting J be small enough, we see by part (2) of the proof above that
1 B+4

— Hp,@d@‘gs
2 Jo s (p,0)
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for each p such that po < p <r. If (p,0) € [po, | x [B+0, B+ 27 — 6], we have that H(p,8), H(r,0)
are continuous and bounded. Therefore, we may assume that p is close enough to » and § > 0 is
small enough to result in

1 B4+27—6 1 B2r—6
— H(p,0)do0 — — Hr, O)de’ <e.
2m /B+6 21 Jp1s

Therefore,

1 27
\I(r)—log]z—bH:‘ H(r,ﬁ)dﬁ—log\z—b\‘
27T 0

<

1 B42m—95 1 B+6
/ H(r,0)d0 + — H(r,0)df — log |z — b]
2 B+6 2 B—46

1 B+2m—0 1 B+21—5 1 o
<lo [ o)~ sopas| + o [ w0 o [T G0
2T B+6 27 B+6 2 0
1 27 1 /8+5
— H(p,60)do —1 —b — H(r,0)do
tlan [ H 0y —toglz |+ |- [ 0y
1 B42m—4 1 B+6
~|o [ ) - 090+ H(p. 000
B+6 1 o
— H(r,0)do — H(p,0)do —1 —b|| < 4e.
g [, 00|+ |5 [ 000 08z -] < 4
O
Proof. (Proof of Theorem 2.2) For notational convenience, we denote by «y, . .., ay, resp. (i, .., 3,
the zeros, resp. poles in |z| < r, and by ag41,...,qp, resp. Fi4+1,. .., s the zeros, resp. poles in

|z| = r. We also denote

j=1 o1 T PR
s p
Az) =TT -8) [T G-ap™ ], 9() == w(x)e(2)x(2)A(2).
j=I+1 j=k+1
Recall from elementary complex analysis that
r(z—c)| |r(z—c)| rlz—¢ _|z—c|_1
r2 —¢cz 2% —Cz 1z|]z — ¢ zZ—c ’

provided |z| = r and |c| < r. Therefore, we have

l9(2)[ =1, [x(2)] =1
for |z] = r. By construction of g, this function has neither zeros nor poles inside of the closed
disc |z < r|, hence inside of a slightly larger open disc. Therefore, we may fix a branch of log g(2)
to ensure that it will be analytic, and to be able to apply the Poisson formula. Also making use
of Lemma 2.3, we obtain

log [g(z)| = log |w(z)| + log [¢(2)] + log [x(2)| + log |A(2)]|

1 2 )
= / log |g(re®| K (z,r,0)df
2T 0
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1 27 ‘ 1 27 )
:/MWW%W@MW+/kgW%W@MW
2 0 27 0

1 o i 1 2 s Y B
- 2/ log ’w(reze)!K(z,'r,H)dH—i—/ log [ (z—5))

2 f k(2 — )

K(z,r0)df

27 2
/ log |w(re?)| K (z,r,0)d6+ Z / log |re?—B;| K (2, H)dé?—l/ log |re' —a;| K (z,7,0)df
T2 0

2T
/ log |w(re)| K (z,r,0)d6 + Z log [z — ;] — Z log |z — aj]
j=1+1 j=k+1
1 2m )
= 27T/ log |w(re®)| K (z,r,0)d0 + log A(2).
0

Therefore, we obtain

1 2w .
log |w(z)| = /0 log|w(re')|K (2, ,6)df — log|¢(z)| — log |x(2)|

2m
21 _ /8]
— log |w(re)| K (z,r,0)df — log H ——| —log H
( a] ﬁj
|aj|<r 18;|<r
2
/ log |w(re®)| K (z,r,0)d0 — Z log Z log
jagl<r Mz 2Lyt )

O

To close this section, we add as a corollary a special of the Poisson—Jensen—Nevanlinna formula,
known as the Jensen formula. This follows from Theorem 2.2 by taking z = 0:

Corollary 2.4. Under the same assumptions as in Theorem 2.2,

1 2
log |w(0)| = 27r/0 log |w(re®)|d + Z log — |ﬂ] Z lo g
|

1Bj1<r

Proof. The claim follows at once from the fact that

2
K(0,r,0)= — =1

‘r610’2
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3. NEVANLINNA THEORY: FIRST MAIN THEOREM

Nevanlinna theory is a theory about the growth and value distribution of meromorphic functions.
The three key results are First Main Theorem, Logarithmic Derivative Lemma and Second Main
Theorem. First Main Theorem is actually nothing else than a reformulation of the Jensen formula
from the preceding section. Despite of its simplicity, Nevanlinna theory, which is one of the
greatest mathematical achievements in the last century, would not exist without First Main
Theorem. Logarithmic Derivative Lemma on the other hand is a really deep result which has no
direct predecessor. Second Main Theorem then follows from Logarithmic Derivative Lemma in a
way which is technically somewhat complicated, though basically elementary.

The starting point for the necessary reformulation of the Jensen formula the following decompo-
sition of logarithm in its positive and negative part as follows:

Definition 3.1. For any real number o > 0, we set
log® a := max(0,log a).
Lemma 3.2. The operation log™ has the following properties:
(a) loga <log™" a,
(b) logt a < log™ 3, whenever a < 3,
(c) loga = logt a — log™ é,
(d) |logal = log™ a + log™ é,
(e) log™ (af) < log™ a+log* 3,
() tog* (TTj—y o) < Xy log* oy,
(9) log™ (a + 3) <logt a+log™ B+ log 2,
(h) log™ d o1y <logn+3>7% log™ a;.
Proof. (a) If a > 1, then log @ > 0, hence loga = log™ . On the other hand, if 0 < a < 1, then
loga < 0 < log™ a.

(b) If 1 < a < 3, the claim follows from the monotonicity of the logarithm. If then 0 < o, 5 < 1,
we have logt o = log" 3 = 0. Finally, if 0 < o < 1 < 3, then logT a =0 = logt 1 < log™ 3.

(c), (d) Exercise.
(e) If a, 8 > 1, then
log™ (af) = log(aB) =loga + log 8 = log™ a + log™ 3.
If next 0 < , 8 < 1, then log™ (o) = 0 = log™* a + log™ 3.
If then o < 1 < 8 and o > 1, we have
log™ (af) = log(aB) =loga +log B < log™ a +logt 3 = logt a + log™ 3.
Finally, if o < 1 < 8 and a8 < 1, then
log™(af) =0 <log™ a +log™ 3.

(f) This follows by induction from the preceding case.

(g) If a+ B <1, the assertion is trivial. If then a+ 3 > 1, we may assume that 3 < a. Then we
have
log™ (o + B) = log(a + B) < log(2a) =log?2 + loga < logt a + log™ 3 + log 2.
18
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(h) Induction. O

Definition 3.3. (Non-integrated counting function.) Given a € C, let f be a meromorphic
function in C such that f — a does not vanish identically. Then

1
N(T,(I,f) =n <Ta f—a>

denotes the number of a-points of f in |z| < r, each such a-point being counted according to its
multiplicity. Similarly, we define as

n(r,00, f) =n(r, f)
the non-integrated counting function for poles of f in |z| <.

Definition 3.4. (Counting function.) For a € C, we define
1 " -
N(’I",CL, f) =N <7’, f ) = / n(t7a’ f) ; n(07a’f)dt+n(03aa f) 10g’l".
—a 0

Similarly, for poles of f, we define

N(r,00,f) = N(r, f):= /01“ n(r, 00,7) _t n(O,oo,f)dt+ n(0, 00, f)logr.

Lemma 3.5. Let f be meromorphic and let aq,...,a, be its a-points, counting multiplcity, in
|z| < r. Moreover, suppose that f(0) # a, and that 0 < |a1| < ... < |ay| <r. Then

"n(t,a, f) . ["n(ta f)=n(0,af),
/ot dt—/o - dt= Y log’

0< || @ ’
Proof. Denoting |a;| =r; for j =1,...,n, we get by a straightforward computation
n n
Z log =0 Z log = log H log =nlogr — Z logr;
“Tn :
7=1 7j=1
n—1
= Zj(log rj+1 — logr;) + n(logr —logry,)
j=1
n

We next apply the Jensen formula to prove the following

Proposition 3.6. Let f be a meromorphic function with the Laurent expansion f(z) = Zj’;m cj2d,
cm # 0. Then

1
9 7)

f
Proof. Denote by «; the zeros and 3; the poles of f (outside of the origin). Then apply Jensen
formula for the function h(z) := 2z~ f(z). This results in

1 2 )
loglewl = 5= [ loglf(rela# + N(r.f) = N(r

log |¢n| = log [R(0)]

1 /27‘(‘ 0 .
= — log |h(re*|df + log —— log —
2m Jo 2 \@l 2 |

0<|Bjl<r 0<|og|<r
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1/27T N r r
= — log(|f(re*)|r~™)d66 + log — — log —
o7 /. (Lf (re®)|r=™) > 7] > o]

0<|Bl<r 0<|agj|<r

1 2w )
:%/0 log | f(re®)|dd — mlogr + Z logL Z log%

0<|B;l<r H'Bj 0<|ogj|<r 04]|
—1/%10 F(re®)]db — (n(0,%) = n(0, ) ) log
- 277' 0 g Jf 9 g

" n(t, £) — n(0, f) ra(t, 5) —n(0, %)
-I-/O 7 dt — /0 , dt

2 Tn -n
— 2177/0 log | f(re™)|do + (/0 ¢ /) ; (O’f)dt—i—n(O,f) logr)
n(t 1) 0. L
— / n(t, f) n(, f)dt + n(0, 1) log r
0 t f

— 57 [ ol a0 + NG ) - N ),

as required. 0

Definition 3.7. (Proximity function). For the poles of f, we define

21
mmmﬂﬂwwel/lﬁwwW%
27[' 0
and for a € C,

A A IR
m(r,a, f) = m(r, = o : .

f-a 2 Jo 8 f(re?? —a
Definition 3.8. (Characteristic function). For a meromorphic function f, we define its

characteristic function as

T(r, f) :=m(r, f) + N(r, f).

Theorem 3.9. (First Main Theorem). Let f be a meromorphic function not being identically
equal to a constant. Then, for all a € C,

T (r, fl_a) — T(r, f) + O(1)
as T r —— OQ.

In the preceding theorem, the exact expression of O(1) depends on a, as shown by the following
exact form of the First Main Theorem:

Theorem 3.10. Given a € C, suppose that a meromorphic function f has the Laurent expansion
[e.¢]
f(z):a+chzj, cm # 0, m € Z
j=m
about the origin. Then

T <7«, fl_a> = T(r, f) — log cm| + (1. a),

where |p(r,a)| < log™ |a| + log 2.
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Proof. First suppose that a = 0. By Proposition 3.6, we see that

2m .
loglen| = 5= [ ToB F(re™)Jdb -+ N(r.f) = N(r.1/1)

B 1 2m + i0 1 27 N 1
—%/0 log™ | f(re )\dﬂ—%/o log Wd0+N(r,f)—N(r,1/f)

m(r, f) + N(r, f) = (m(r,1/f) + N(r,1/f)) = T(r, f) + T(r,1/ ).
Therefore,
T(r,1/f) =T(r,f) —1og|cm| 4 ¢(r,0),
where ¢(r,0) = 0.

As for the general case a # 0, we define h := f — a. Then clearly f has a pole if and if h has a
pole and f(z) = a if and only if h(z) = 0. Therefore, N(r, f) = N(r,h) and N(r,1/(f —a)) =
N(r,1/h). Moreover, by definition, m(r,1/h) = m(r,1/(f —a)). Since

log® |n| =log™ |f — a| <log™ |f| +log™ |a| + log2

and
log™ |f| =log" |h+a| <log™ |h| +log™ a +log 2,
we get

1 2 :
m(r,h) = 277/0 log™ |h(rei?)|d¢

1 2T ) 1 27
<1 / logt | £ (rei®)[d6 + — / (log™ |al + log 2)d0
27T 0 27T 0

=m(r, f) +log™ |a| + log 2.
A completely parallel reasoning tells that
m(r, f) < m(r,h) +log™ |a| + log 2.
Therefore, if we define ¢(r,a) := m(r,h) — m(r, ), we have established that
[p(r,a)| < log™* |a] + log2.

We may now apply the first part of the proof for the function h, for which h(0) = 0. Then we
obtain
T(ta 1/h) = T(T7 h’) - IOg |cm‘7

m(r,1/h) + N(r,1/h) = m(r,h) + N(r, h) — log |cmm|,

m (g )+ (g ) =)+ elra) + N ) = og e,

1
T (r 52 ) =T f) = oglenl + (r.a)
which proves the assertion. [l

The following lemma is a rather trivial fact about polynomials, needed occasionally in what
follows:

Lemma 3.11. Given a polynomial P(z) = anz™ + -+ + ap, an # 0, and € > 0, then there exists
re > 0 so that whenever |z| =r > re, then

(1 =&)lan|r™ < |P(2)] < (1 +&)lan|r".
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Proof. The assertion immediately follows from
[P()| _|P(2)| _ |anz" + -+ ao

anz™ anz™

ap—11 ag 1
”1,4_... 20219
an 2 Ay 2"

|an|r™

_ ‘1 +
as r — 00. O
In the subsequent considerations, the Landau notations are frequently used. To explain them,
let S : [rg,00) — [0,00) be a given nonnegative function on a right-infinite part of the real axis.

Then the notation o(S(r)) will be used for any real-valued function h on the positive real axis
such that

. h(r)
A S
Similarly, O(S(r)) means that h(r)/S(r) remains bounded, as r — oo. In what follows, Landau
notations may also be applied for functions defined outside of a (typically small) exceptional
set. If so, this state of affairs will be somehow pointed out. In particular, O(1) means a certain
quantity remains bounded as r — oc.
Observe now that First Main Theorem may shortly be expressed in the form

T (r, fl_a> — T(r, f) + O(L).

Landau notations typically appear in almost all computations related to Nevanlinna Theory. This
also applies in the following exercises, as the characteristic function normally cannot be computed
exactly, but only modulo a small error term, say of type O(1), or something else.

=0.

Exercises. Compute T'(r, f), if
a) f(z) = 2%,
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4. NEVANLINNA THEORY: BASIC RESULTS

In this section, we include a collection of basic properties of the Nevanlinna functions which
directly follow from their definitions and from previous complex analysis.

Theorem 4.1. For finitely many meromorphic functions fi,..., fn, the following inequalities
hold:

m(r, fu+ -+ fu) Sm(r, fr) + - +m(r, fu) + logn,
N(r, frd -4 fo) SN f1) + -+ N(r, o),
T(r,fi+-+ fu) <T(r, f1) +---+T(r, fn) +logn,
m(r, fre-- fn) <m(r, f1) -+ m(r, fo),

N(r, fue-fu) SN(r, f1) 4+ N1, fn),

T(r7f1"'fn) < T(T,f1)+"'+T(?”,fn)-

Proof. First observe that the assertions concerning the proximity functions immediately follow
from Lemma 3.2(f) and Lemma 3.2(h) by integration.

Looking next at the non-integrated counting functions, a pole of a product at a point, say zg, ob-
viously is of multiplicity at most the sum of pole multiplicities of the components. By logarithmic
integration, the assertions concerning the counting functions follow at once.

Finally, the assertions concerning the characteristic functions are an immediate consequence of
its definition as the sum of the proximity function and the counting function. O

Remark. Observe that for a power f*, k € N, we obtain

m(r, fk) = km(r, f),

N(r, f*) = kN(r, f)
and

T(r, f*) = kT(r, f).
In fact, for non-integrated counting function of poles, we have n(r, f¥) = kn(r, f), from which the
claim for N(r, f¥) follows by integration. For the proximity function, it is immediate to see that

log™ |(f(re™))¥| = klog™ |f(re')|.

The next result shows that the characteristic function is essentially invariant relative to M&bius
transformations:

Theorem 4.2. Given a Mdbius transformation g € MM and a non-constant meromorphic function
f, then

T(r,go f)=T(r, f)+O(1).
23
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Proof. By Theorem 1.1, each Mobius transformation may be represented as a composition of
inversions, translations and (complex) dilations. Therefore, it is sufficient to treat each of these
special cases separately.

(a) By the Jensen formula, see the proof of Theorem 3.10,
T(r,1/w)=T(r,w)+ O(1).

(b) We may apply the Jensen formula and First Main Theorem to obtain

T(rw—a)=T <r, >+0(1) = T(r,w) + O(1).

w—a

(c)Consider now a complex dilation w — bw, where b € C\ {0}. First observe that the function
bw has exactly the same poles as w, counting multiplicity. Moreover,

1 1
m(r,w) =m (bbw> < m(r,bw) + log* ]
and
m(r, bw) < m(r,w) +log™ [b],
meaning that m(r, bw) = m(r,w) + O(1). Therefore,
T(r,bw) = m(r,bw) + N(r,bw) = m(r,w) + N(r,w) + O(1) = T'(r,w) + O(1).
U
Example. To compute T'(r, f) for f(z) = tanz, we first represent the tangent function in the

form
(eiz _ e—iz) .622'7; -1

(i +e—i2) RPCTEEE R

sin z

f(z) = =

COs z

2ol |~

By the preceding theorem, we now obtain

Tn5) =17 !

T, 62”4—1) +0(1) = T(r,e**) + 0(1) = T(r, () + O(1)

= 9T(r, %) + O(1) = 2T(r, e%) + O(1) = 2% +0(1).

In the special case of entire functions, when T'(r, f) = m(r, f), it appears that the characteristic
function is qualitatively about the same as the maximum modulus as seen by the following

Theorem 4.3. Let f be a non-constant entire function. Then

T(r, ) < log M(r. /) < 7o T(R, f),

provided 0 < r < R < oo and r is sufficiently large.

Proof. By Liouville theorem, f is not bounded. Therefore, the maximum modulus M(r, f) is
not bounded as well. By the maximum principle, M(r, f) is an increasing function and so,
M(r, f) — oo as r — oo. Therefore, we may take rg so that M (r, f) > 1 for all » > ry. For these
values of r, we first observe that

2
T(rf) = 5= | log" |F(re?}d0 < log" M(r,f) = log M(r, )
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To prove the second inequality, take r > 7y arbitrarily and fix it for the rest of the proof. By
continuity of f, there exists zg so that |zg| = r and that |f(z0)| = M (r, f). Clearly, f(z0) # 0,00
and we may apply the Poisson—Jensen—Nevanlinna formula to obtain

1 2m 0 RQ _ |ZO‘2
log M(T, f) = % ) log ’f(Re ’mde — Z 10g
lak|<R

R? — @iz
R(z0 —ag) |’

where (aj) means the sequence of zeros of f. Now, it is not difficult to show that for |ax| < R,
we have |R? — ay20| > |R(20 — ax)| (Exercise!). Therefore,

Z log

lax|<R

R2 — k20

—| > 0.
R(Zo — ak)

Therefore, recalling Remark (2) on p. 13, we obtain that

27
log M(r, f) < o / log | (Re| K (20, R, 0)df
0

Rer1 [om o Ryrl [ |
< _ 1 ’L < _ 1 + 20
< Gran | tesls(re |d9_R_r27T/O ogt [ f(Re|do
R+r R+r
_R—Tm(R’f)_R_TT(R7f)

O

Secondly, it is not difficult to show that the characteristic function behaves like logr if and only
if f is a rational function, while for a non-rational function f, the characteristic functions grows
essentially faster:

Theorem 4.4. A meromorphic function f is rational if and only if T(r, f) = O(logr).

Proof. For a rational function f, we have already shown that T'(r, f) = O(logr). Therefore,
assume now that T'(r, f) = O(logr) and proceed to show that f then is a rational function. By
assumption, we may find 7o > 1 and K > 0 such that N(r, f) < T(r, f) < Klogr for all r > ry.
We may also assume that f is not a constant function. We next show that f has at most finitely
many poles. In fact,

(0(r. ) = (0. ) logr = (a(r. 1) = n0.9) [ F = [ lrp) = n0. 0T

2

< /TT (n(t, f) — n(O,f))% +n(0, f) log 7’

= N2, f) < Klogr? = 2K log,
meaning that n(r, f) < n(0, f) + 2K < oo for all > ry.

Let now by,...,b, be the (finitely many) poles of f. next consider the polynomial P(z) :=
(z—01) - (2 —by) and g(z) = P(z)f(z). Clearly, g is an entire function, as all poles of f are
cancelled by the zeros of P. Since deg P = n, we get by a preceding exercise that

T(r,P)=nlogr+0O(1) < (n+1)logr
for all r sufficiently large. But then
T(r,g)=T(r,Pf) <T(r,P)+T(r,f) <(K+p+1)logr.
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Setting R = 2r, and applying Theorem 4.3, we obtain

2r+r
log M <

— rT(2rjg) =3T(2r,9) <3(K +p+1)log2r

=3(K +p+1)(logr +1og2) < 6(K +p+1)logr =: logrP.
Therefore, M(r,g) < rB, and we conclude by the Liouville theorem that g is a polynomial. But
then, f = ¢g/P must be a rational function. O

The next theorem is the first indication to show that from the two components, the proximity
function and the counting function, of the characteristic function, the counting function is usually
the dominating one:

Theorem 4.5. (Cartan theorem) Let f be a meromorphic function such that f(0) # oo. Then
1 [ 1
T =— N (7, —— | df +log™ .
=g [N (r ) d0+ ot 10)

Proof. (1) As the first part of the proof, we show that

1 2 )
log™ |a| = 27r/0 log |a — e™|dy

for all @ € C. To this end, denote w(z) := a — z, and suppose first that |a] < 1. By the Jensen
formula (Corollary 2.4),

1 2w ) 1 1 2w )
log |a| = / log |a — €™¥|dy) — log — = / log|a — e™|dy + log |al.
27 Jo la] 27 Jo
Therefore,

1 2m )
log" |a| =0 = 27r/0 log la — €™|dv.

If next |a| > 1, then w has no zeros in the unit disc. Since log™ |a| = log |al, the claim now follows
directly from the Jensen formula, applied to w in the unit disc.

(2) We next apply Proposition 3.6 to the function f(z) — %

actually Taylor expansion, about the origin as

. Writing its Laurent expansion,

[e.e]

f(z) — e = chzj,

J=0

where cg = f(0) — €, we get

i0 1 2 i i0 1
g £0) = ¥ = 5 [ 10w () = 4 NG ) < N (n g )

(3) As the next phase, we proceed to integrate the preceding formula with respect to 6 over the
unit circle €?. Using the notations

1 2w 1 2 ” 0
I == — — 1 WY —e¥|dy ) do
v [ (5 [ eslse®) - cflav)

and

1 [ 1
I := — N (r,— | db,
27T 0 f — el

the identity from part (2) of this proof results in

logt — 1 o 10 _
o8 11(0)] = 5= [ 10g|£(0) = €”ld0 = Iy + N(r.f) ~ I
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The first problem is to show that the integrals I, I exist, i.e. are convergent. It is sufficient to
show that this is true for I;. Fix now 1 for a while, and observe that for all a € C,

[log |al] = 21og™ |a] — log |al.
Then we have

1 27 : :
| Tlog fre®) = s

1 2 ) . 1 2 ) )
= - / log® | f(re™) — e|d§ — — / log | f(re'?) — €|dg
m™Jo 2T 0

< 2log™ | f(re™)| 4 log4 — log™ | f(re™)| = log™ | f(re™)| + log 4.

By the theorem of bounded convergence, see [3], Corollary 4.3.6 and the Fubini theorem, [3],
Theorem 6.2.1, I; is integrable and

1 27 1 27 ) ”
w<2/(2/u%mwwawﬁw
™ Jo ™ Jo

1 .
< 2]/ log* |£(re™)|d + log 4 = m(r, f) + log 4.
i 02w

By the identity obtained in part (2) of the proof, see beginning of this part, the integral I exists
as well. Applying the Fubini theorem again, we see that

2m
l0g™ |(0)] = 5= [ 108 1(0) = ¥ld8 = -+ N(r. ) +

27 2
1 (1/ 1og|f(rew)—ei9d0> dp + N(r, f) — I
0

:%0 2T

T ot F (it L[ !
_%/0 logt | f(re )]dw—l—N(r,f)—%/O N<r,f_ei9>d0

1 [ 1
T(r, f)— 27T/0 N (7‘, f—ew) do.

We now close this section by considering the growth of the characteristic function from geometric
point of view. More precisely, we show the T'(r, f) is increasing with respect to r (which is easy to
prove) and convex with respect to logr. Same conclusions hold for the counting function N(r, f)
as well, but not for the proximity function m(r, f) in general.

O

First recall a function f : R — R (or f: (o, 8) — R, where («, ) C R, is convex, for all a,z,b
in the domain of definition of f such that a < z < b, we have

f@) = fla) _ fb) - f(z)

T —a b—=x

As one may easily see, this means geometrically, that the graph of f is below of all of its secants.
We also apply in what follows the elementary fact that convex functions are continuous. For more
details of convex functions, see [4].

Theorem 4.6. Given a meromorphic function f, the counting function N (r, f) and the charac-
teristic function T(r, ) are increasing with respect to r and convex with respect to logr.



28

Proof. To prove the first claim (increasing), observe that the non-integrated counting function
n(r, f) is trivially increasing with respect to r, and this property carries over to N(r, f) in inte-
gration. Moreover, observe that the first claim also applies to N(r,1/(f — a)) for all a € C, as
1/f(z,a) is a meromorphic function as well.

That T'(r, f) is increasing, is an immediate consequence of the Cartan theorem. In fact, given
r1 < rg, we conclude that

1 21 .
T(ri, f) =5 N(ri,e”, f)df +log™ | £(0)]
0
1 2 )
<o [ NGwe? f)do +logt 0] = T2, ).
0

provided f(0) # oc.
A slight modification may be used to prove that T'(r, f) is increasing as well, if f has a pole at
the origin.

To prove the convexity, let 0 < r; < r < ry and a € C be arbitrary. For notational simplicity,
denote n(t) := n(t,a, f) —n(0,a, f). By monotonicity of n(t) and elementary estimates we obtain

N(r,a) — Ni(r,a) I @dt +n(0,a)(logr — logry)

1

logr — logr; logr — log ry

< (n(r) +n(0,a))(logr —logry)  (n(r)+n(0,a))(logrs —logr)

logr — logr; logre — logr

r

n(r) [ 2 dt +n(0,a)(logrs — logr) e " 4t + n(0, a)(log 5 — log 7)

logre — logr logre — logr

IS #dt +n(0,a)logry o @dt +n(0,a)logr  N(rg,a) — N(r,a)

logre — logr logro — logr logro — logr

This means that N(r,a) is convex with respect to logr.
Applying the preceding convexity inequality, we obtain by integration

1 [? N(r, eio) — N(ry, ew) 1 [ N (rq, eie) — N(r, eie)
df <
0

— < — de.
21 Jo logr — log rq 27

logre — logr

By a direct application of the Cartan lemma, we find that
T(r,f)=T(ri,f) 2 Jo N(r,e®)dd +logh [£(0)] 5 Jo" N(r1,e?)df —log* [ £(0)|

logr — logry logr — logry logr — logr;

1 2 N(r, eie) — N(rl,eiede < 1 2m N(T‘Q,eie) — N(r, eig)ah9 _ T(ro, f) = T(r, f)
27 Jo logr — logr ~ 27 J logre — logr ~ logrg —logr

Since all convex functions are continuous, the following corollary is immediate:

Corollary 4.7. The counting function and the characteristic function of a meromorphic function
f are continuous functions of r. Therefore, the proximity function is continuous as well.
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5. SECOND MAIN THEOREM

In this section, we proceed to prove the Second Main Theorem. We first show that a finite sum of
proximity functions of type m(r,1/(f — ¢), where ¢ € C, may be expressed, essentially, in terms
of T'(r, f) and of proximity functions of logarithmic derivatives of f — ¢. This first part towards
Second Main Theorem is elementary needing, however, technical computations. Second Main
Theorem itself comes out by showing that the proximity functions of logarithmic derivatives of
f — c are small in a certain sense to be defined later on. This phase is the deep aspect of the
Nevanlinna theory of meromorphic functions.

Before proceeding to the main task of this section, we prove

Lemma 5.1. Let P(z) = apz" + -+ 4+ ag be a polynomial with constant coefficients and f mero-
morphic function. Then, for the composed function P o f, we have

T(r,P(f)) =nT(r, f)+ O(1).

Proof. Clearly, P(f) has a pole at z if and only if f has a pole at this point. If the pole of f there
is of multiplicity p, then the pole of P(f) at this point is of multiplicity np. Therefore, summing
and integrating, we obtain

N(r, P(f)) = nN(r, f).

To calculate the proximity function, recall Lemma 3.11. By this lemma,
1
glanllzl" < |P(2)] < 2|an]|2"],
provided |z| is sufficiently large, say |z| > rg. Taking logarithms, we get
nlog™ |z| — C <log™ |P(2)| < nlog™ |z| + C

for some constant C. Now, since log™ | P(z)| remains bounded in |z| < 7y, we may increase C' so
that the preceding inequality remains valid for all z € C. Therefore, we have

nlog +|f(2)| = C < log™ [P(f(2))| < nlog™ |f(2)| + C.
By integrating over the circle |z| = r, we obtain
nm(r,f) -C S ’I’I’L(T,P(f)) S nm(r,f) +Cv

meaning that

m(r, P(f)) = nm(r. ) + O(1).
Combining this with the previous asymptotic equality for the coounting function, we get the
assertion. O

Theorem 5.2. Let f be a non-constant meromorphic function, and let ci,...,cq, ¢ > 2, be
distinct complexr numbers. Then

\ 1
m(r, f) +Zm (7’7 f—c) <2T(r, f) — Ni(r, f) + S(r, f),
j=1 !

where

Nl(T,f):N(T,l/f,)+2N(7‘,f)—N(T‘,f/)

sty =m (n )+ q () v

and
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Proof. Before starting the actual proof, it is important to understand the meaning of Ny(r, f).
First, suppose that f has a pole of multiplicity u at some point. Then f’ has a pole of multiplicity
i+ 1. Therefore, summing 2u — (1 + 1) over all poles of f, and integrating logarithmically, we
get 2N (r, f) — N(r, f’). On the other hand, if f’ has a zero of multiplicity ¥ — 1 at some point,
then f has a multiple a-point at this point for some a € C, of multiplicity v. Therefore, Ny(r, f)
counts multiple points of f, with multiplicity reduced by one, i.e. double points will be counted
once, triple points twice, and so on.

To start the proof, we fix a polynomial

q
H = ¢j)-

Then, by elementary analysis, we may find complex constants A; so that

||M

Multiplying with f/, we get

Recalling Lemma 3.2, we see that
!/

f q f/ q f/ q
m(“P(f)):’” nL AT ) s 1m<r’f—c->+210g+|AJ|+logqv

j= J j=1

(it n o) L) e

J=1

and further

(r717)

Looking at the poles of P(f), we immediately observe that

¥ (atp) =28 ()

After these preparations, we proceed to estimate T'(r, f’). First we obtain
f/

T(r, f') =m(r. f))+ N(r, f') = m(r, 7

)+ N, f)

7 ,
§m0%>+mMﬁ+NMﬁ+GWnH—NMﬁ)

!/

:Tmn+m(n§)+va®—NMﬁ)

We then need to estimate T'(r, f’) downwards. To this end, we apply First Main Theorem,
preceding preparations and Lemma 5.1 to obtain

) =m (v ;) + 3 (r ) 000
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q q !
1 /
= m(r, - m(r,
2 ( f-= Cj) z; ( f=q
]_
Combining the two inequalities above we obtain

S (7)o (755) v (o) o

<T(r, f)+m< J}) +(N(rf) = N(r. £))-

Adding now m(r, f) to both sides of the preceding inequality we get
f ' 1
) + Z Y m +N(r ) +0@1)
— c] = —cj f

m(r, f) + T(r. f) +m< ]}) (N J) - NG, f).

Shifting two terms from the left hand side to the right, and adding and subtracting N(r, f) on
the right hand side we finally see that

m(nf)+zm<hflcj><m( P+ N D)+ 1) m (n )

q !
#3om (r 5L ) = (V) 2N ) - NG ),

completing the proof. O

As Ni(r, f) is the preceding theorem is positive, see begin of the proof, a careful analysis of
m(r, f'/f), the proximity function of the logarithmic derivative of f, is needed to find out the
real significance of Theorem 5.2. To start this analysis, we first prove
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Theorem 5.3. Let f be a non-constant meromorphic function such that f(0) # 0,00. Then

fl(Z)) + + 1 + +1 Floet 1
m |7, <4log"™T(R, f) + 3logm™ —— +4log™ R+ 2log™ — +4log™ log" ———— + 10
(76 ) Rr : 70

holds whenever 0 < r < R < oo.

Proof. The proof of this theorem is relatively long, and so we divide it in several distinct parts.

(1) First observe that the Poisson kernel

RQ |Z|2
0 ah N lod N
K(z R.0) = |Re® — 2|2
may be written in the form
2 _ .2
K(z,R,0) = R

R2 — 2Rrcos(6 — ¢) + 1?2’
where z = re'®. Exercise! On the other hand, we also see that

Re® + 2
— =K .
Re — 2 (2, &.9)

Exercise!

(2) Take now a point zp in |z| < R so that f(z9) # 0,00. Then log f(z) is analytic in some
neighborhood of zp. On the other hand, denoting by ay, resp. b; the zeros, resp. the poles, of f,
we may define

1 [ 0 Re? + Z
=— [ 1 Re®|— 1 1
o6 =5 [ lou PR R R~ 5 o g =R Y ot
lag|<R |bj|<R

As f(zp) # 0,00, the two sum terms in the definition of g are analytic in some neighborhood of
z0. Moreover, the integral term may clearly be differentiated (with respect to z) over the integral,
that term is analytic as well in a neighborhood of zy. Hence, g is analytic in some neighborhood
of Zo.

(3) By Theorem 2.2, the Poisson—Jensen—Nevanlinna formula, and Part (1) of the proof, we may
write

2 ) 610 P
log |£(2)] = Rlog f(2) = - /0 log | (ref) R e Zlo

2
ag|<R

—bz
R(z—bj)|

— akz

Z log

|bj|<R

Now it is immediate to see that Rlog f(z) = Rg(z). Therefore, the real parts of two functions
log f(2) and g(z) analytic in a neighborhood of zj are identical. By elementary complex analysis,
the imaginary parts of these functions differ by a real constant, hence log f(z) = g(z) + ic for
some ¢ € R in a neighborhood of zg. By uniqueness of meromorphic functions, the same identity
holds in the whole disc |z| < R. Therefore, we have now

1 (27 .. Re'? tz Pz R? — bz
logf(z):/o log | f(Re”)| Re _ 5 Z log R(z —; + Z logﬁ

5 + ic.

T e lag|<R k) Ib;|<R

(4) Differentiating the preceding identity we obtain

f,Z 1 27 ; 2Ret akQ_RQ b2 — R2

f((z)) = or log | f(Re 9)"(Reie_z) B Z (z—|ak)|(R2—akz) (z —’bj-|)(R2—b<z)'
0 lax|<R [bj|<R J J
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We now proceed to estimate the right hand side of the preceding identity. Recalling that |z| = r,
a simple geometric observation results in

2Re? < 2R
(Re? — 2)2| = (R—1r)%’
Similarly, by a geometric argument,
lag|? — R? _ R(R* —|ax?) ‘ R? —apz
(z — ap)(R? — agz2) |R? —agz|? |R(z — ag)
< R3 R? — a2 _ R R? — a2
“(RP=Rr)?|R(z—ar)| (R—7)?|R(z—ak)|
Exactly same reasoning yields for the poles
|b;1* — R | R*—b;z
(z—b))(R2 —b;z)| — (R—7)? |R(z—bj)|

Taking modulus of |f/(z)/f(2)|, applying triangle inequality in the above identity, and using the
preceding estimates we get

KO I e p
— 1 Re'||df
‘ (R—1)2) 27T/0 | log | f(Re™|| +a§<:R

R? — sz
R(Z — b])

R? —apz
R(z — ay)

3

‘bj|<R

By Lemma 3.2(d) and the First Main Theorem (or actually the proof of Theorem 3.10),

1 27 0 B 1
3 | 1oxI (R0 = m(R. ) +-m(R.1/1) < 2T(R.f) + lo8 o
Therefore,
f'(2) 2R — apz R2—Db.2
)| = e (2T +loa gy —ak> * 2 Ry

|b]'|<R

Taking now plus-logarithms on both sides, observe that the zero-sum, resp. the pole-sum, has at
most n(R,1/f), resp. n(R, f) terms, and so the right hand side has at most n(R, f)+n(R,1/f)+2
sum terms altogether. Therefore, we get

f'(2) Loy 1
log™ ) <log™ R—r2 +logt 2T (R, f) + log™ log 7y
R? —agz R% —b;z
- g;R logt Re—ai|”t lb%:R log* m +log(n(R, f) + n(R,1/f) +2).

(5) The next phase is to apply the Jensen formula, see the proof of Theorem 3.10,
T(r,1/h) =T(r,h) —log |h(0)|

to the meromorphic function h(z) := I}gé—a;z) where |a;| < R. First observe that 1/h is analytic

in |z] < R. Since for each z such that |z| = R, we have |h(z)| = 1, we have [1/h(z)] < 1 for
all z such that |z| < R by the maximum principle. Therefore, m(r, l/h) =0 and N(r,1/h) = 0.
Moreover, the only pole of hin |z| < ris at z = ax, and we may apply Lemma 3.5 to conclude
that N(r,h) = log™ =. Finally, h(0) = R/a). Hence, the Jensen formula now implies that

R
0 =m(r,h) +log* S log —.
|a| |a]
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Summing over all zeros ay, of f in |z| < R, we see that
R? — a2
> om <'r, Rz ay) ) > log Z logt — = N(R,1/f) — N(r,1/f).
lag|<R lag|<R ag|<R
Of course, the same reasoning for poles as well, and we get
R,
S om(r 25 ) = N(R, f) = N(r, f).
R(Z - b])
[bj|<R

Now, integrating the expression for log™ | f’(2)/f(2)| at the end of Part (4), and substituting the
above proximity function sums into the result of integration, we get

+log™ T(R, f) +log™t log™

/ 1 1
m(r,f/f)§210g2+10g+R+210gR |f( I
+N(R,f)— N(r, f)+ N(R,1/f) = N(r,1/f) + log(n(R, f) + n(R,1/f) + 2).

Finally, as this inequality holds for all R > r, we take p to satisfy r < p < R and replace R by p
in the inequality above. Therefore, we have

1
m(r, f'/f) < 2log2+logt p+2log +log™ T(p, f) + log™ log™
p—r

.
£(0)]

N(p, [) = N(r, f) + N(p,1/f) = N(r,1/f) +log(n(p, ) = n(p, 1/ f) + 2).

(6) We next proceed to estimate the quantity n(t) := n(t, f) + n(t,1/f). Denote by N(t) the
integrated counting function determined by n(t). Then

R n o
N(R) >/ g)dt > n(p)%.
p

Therefore,

R R
n(p) < TpN(R) < Ri_p(QT(R, f) +log*

Applying now plus-logarithm in this inequality we obtain

1
7o

1
log™ (n(p) +2) < log™ R +log™ ) + log™ log™ +log™ T(R, f) + 4log 2.

1
[fO)]
To obtain estimate for the integrated counting function N (t), we first observe that N (t) is convex
with respect to logt as the sum of two convex functions, namely of N(¢, f) and N(t,1/f). By
convexity,

N(p) =N(r) _ N(R) = N(r)
logp—logr — logR —logr’

and therefore,

N(p) = N(r) < 8/ iy

~ logR/r
Since
1ogB: p@ p—r logR:/Rdt R-r
r .t r ., t— R’
we finally obtain
Rp—r L1
N(p)—N(T)STR_T<2T(R,f)—|—log T/
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(7) The final trick to complete the proof is now to select p in a suitable way, namely by taking

p=r+ r(R—r)
2R(T(R, f) +1log" gy + 1)’
This choice implies that
0<r<p<R,
N(p) = N(r) <1,
+ 1 +1 +_ 1 + + Floet
logm —— <log™ — +log" —— +log™ R+log" T'(R, f) +log™ log" ———— + log 6.
p—r r R—r £(0)]

Moreover, p —r < RQ_T, hence R—p=(R—r)—(p—1r) > RZ_T, and therefore,

1 1
logt —— <log2 +log" ——.
og R, og 2 + log jr—

Substituting now the expressions we have obtained above into the expression of m(r, f’/f) at the
end of Part (5), we finally obtain

1 1 1
m(r, f'/f) < 4log™ T(R, f)+3log™ ﬁ—i—él log™ R4+-2log™ ;4—4 log™ log™ W+9 log 242 1log 3+1.

This completes the proof as the numerical constant on the right hand side is < 9.44 < 10. O

Remark. Theorem 5.3 essentially remains unchanged, if f(0) =0 or f(0) = co. Indeed, in both
cases, we look at the Laurent expansion
e .
f2)=> ¢z, em#0,
j=m
and define g(z) = z7™ f(z). Then ¢(0) # 0, 00, and so Theorem 5.3 applies to g. Since
/! /
FE) _m g6

)z g(2)’

we have
m(r, f'/f) < m(r,g'/g) +logr + O(1).
Therefore, as the final outcome is a slight change in the coefficients on the right hand side of the

inequality in Theorem 5.3. As we see immediately, this change is of no importance for non-rational
functions f.

The essential problem to understand the real contents of Theorem 5.3 is the term log™ T'(R, f)
as we don’t know enough about the growth of T'(R, f) in terms of R. To obtain control over this,
we need to apply the following important lemma due to E. Borel in 1987:

Lemma 5.4. Let T(r) be a continuous, non-decreasing function defined in the positive real axis.
If for some ro, T'(r9) > 1, then

T (r + T%) < 27(r) (5.1)

outside of an exceptional set E of finite linear measure.
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Proof. We may restrict ourselves to considering the interval [rg,00) only. If (5.1) holds for all
values of r in this restricted interval, then there is nothing to be proved. So, let us denote by
E C [rg,00) the set where (5.1) does not hold, i.e.

1
T —— | > 2T 2
(r+7g9) 2270 2
for each r € E. Since T'(r) is continuous, the set E is closed. We now define

r1:=minF, =14+ =,
! T(r1)

and then, inductively,

I ,00) =1, + !
n—1» ) n n T(Tn)

for each n > 1. It is now easy to see that each interval [r],_;,r,) C [rg,00) \ E, i.e. the inequality
(5.1) holds in each of the intervals [r/,_;,7,). Therefore, E is contained in the union of the
intervals [ry,, ] ]. If the inductive process to determine the sequence (r,) terminates after finitely
many steps, then clearly E is of finite linear measure |E|. If the process is not finite, then the
sequence (r,) has a limit point as an increasing sequence. If the limit point is finite, then (77,)
has the same limit point, since r, < r], < r,41. But then

1
T 2 s = 1>0,
T(rn) — T(ro)

a contradiction. Therefore, lim, .o 7, = 00, and so E C |J;2,[rpn, r},]. Observing first that

Tp = min E N [r

/
T, —Tn =

1
T(rn) > T(rh_1) =T(rn-1+ ) > 2T (rpq) > - > 2" T (ry) > 2771
n—1
we conclude that
E|l < — = < 2" =2
PIE 20 = 2 g =
and we are done. O

To offer the final formulation of the Second Main Theorem, recall Theorem 5.2, we need to define
the order of a meromorphic function f:

Definition 5.5. The order of a meromorphic function f will be defined as

: log T'(r, f)
= limsup ———.
p(f) msup
Exercise. Recall from Complex Analysis II that the order of an entire function has been defined
as
loglog M
p(f) :=limsup log log M(r, /)
r—o00 log T
by using the maximum modulus of f. Show that these two definitions of order are equal for an
entire function.

Exercise. Determine the order of the meromorphic function f(z) = sin+/z/+/z.

Looking at the expression of S(r, f) in Theorem 5.2, it is clearly sufficient to consider the proximity
function of f’/f as the terms of type m(r, f’/(f —¢;)) are proximity functions of the logarithmic
derivatives (f — ¢;)'/(f — ¢;). Therefore, the key for the final formulation of the Second Main
Theorem is
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Lemma 5.6. Given a non-constant meromorphic function f of finite order, then

m (n %) = ottosn),

If f is of infinite order, then

m <7°, J;;) = O(log(rT(r, f))) = O(logT(r, f)) + O(log )

outside of a possible exceptional set of finite linear measure.

Proof. In the finite order case, we have T'(r, f) < r° for some s > 0, at least for all sufficiently
large r. Taking now R = 2r in Theorem 5.3, we immediately obtain the claim.

Suppose now that p(f) = oco. Let E be the exceptional set determined by the Borel lemma,
lemma 5.4, and take r outside of this exceptional set. Fixing R = r + 1/T(r, f), we may again
apply Theorem 5.3 to obtain the claim. O

This enables us now to write

Theorem 5.7. Let f be a non-constant meromorphic function, and let ci,...,¢cq, ¢ > 2, be
distinct complex numbers. Then

(s )+ Yom (1) 20 = Mo f) 4 S0,
j=1 J

where

Ni(r, f) = N(r,1/f') +2N(r, f) = N(r, f') = 0

and -
S(r, f) = O(logr),
if [ is of finite order, while
S(r, f) = O(log(rT'(r, f))) = O(log T'(r, f)) + O(logr)

outside of a possible exceptional set of finite linear measure, if f is of infinite order.

In what follows, let S(r, f) be the same quantity as in Theorem 5.7 above. In particular, this
means that the estimate included in the notation S(r, f) holds outside of a possible exceptional
set of finite linear measure. We then easily get the following simple modification of Second Main
Theorem:

Theorem 5.8. Let f be a non-constant meromorphic function, and let ci,...,¢cq, ¢ > 3, be
distinct number in the extended complex plane C. Then we have

q
> m(r,cj, f) < 2T(r, f) = Nu(r, f) + S(r, f)
j=1
and

(q—Q)T(T,f) < ZN(Tvcj’f) _Nl(rvf) +S(va)'
j=1

Proof. Concerning the first assertion, if ¢; = oo for some j, then the assertion is exactly as in
Theorem 5.7, and there is nothing to prove. If ¢; # oo for all j, then we have

m(r, f)+ Y _m(r,cj, f) < 2T(r, f) = Nu(r, f) + S(r, f)

=1
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and so

q
Zm(racjaf) < 2T(T7f) —m(T’,f) _Nl(r,f) +S(T’f) < 2T(T‘,f) _Nl(T,f) +S(T7f)7
j=1
since m(r, f) > 0. The second assertion now follows from the first one by adding Zq N(r,cj, f)
on both sides of the inequality, and then applying the First Main Theorem. ([l

The following theorem, actually a corollary of Theorem 5.8, is a slight improvement of the classical
Picard theorem:

Theorem 5.9. A transcendental meromorphic function f has at most two Picard exceptional
values ¢ in C, i.e., the equation f(z) = ¢ has at most finitely many solutions in the complex
plane.

Proof. Suppose, contrary to the assertion, that f has three Picard values, say a,b,c. Then f
has at most finitely a-points in the complex plane, and so N(r,a,f) = O(logr). Similarly,
N(r,b, f) = O(logr) and N(r,c, f) = O(logr). By Theorem 5.8 we conclude that

T<Taf) SN(r,a,f)—i—N(r,b,f)—i—N(r,c,f)—Nl(r,f)+5(7",f)

< O(logr) + S(r, f) = O(logr) + O(log T'(r, f)),
outside of a possible exceptional set E of finite linear measure. Dividing now this by T'(r, f) and
letting r — oo outside of E, we obtain for some K > 0,

r—oo,r¢F T(T f) r—oo,r¢F T(’I" f)

a contradiction. O

1 log T
1§K<hmsup 08" + limsup g T(r, f)>:0,

Remark. Since the exponential function f(z) = e* completely omits the values 0 and oo, two
Picard values may appear.

We next proceed to our final version of the Second Main Theorem by considering distinct a-points
of f. In other words, each a-point will be counted only once, independently of its multiplicity.
Denoting by n(r, a, f) the number of distinct a-points of f in |z| < r, and defining 7(0,a, f) =1,
if f(0) =a, and 1(0,a, f) =0, f(0) # a, we may define the integrated counting function for
distinct a-points similarly as we defined the usual integrated counting function:

Nira, f) = /0 ) ;n@, v

Theorem 5.10. Let f be a non-constant meromorphic function, and let cq,...,cq, ¢ > 3, be
distinct numbers in the extended complex plane. Then

dt +7(0,a, f)logr.

(q - 2)T(T7f) < ZN(Tvcjvf) —i—S(’l“, f)
j=1

Proof. Recall our analysis of Ni(r, f) in the proof of Theorem 5.2:

Nl(rvf) = QN(Taf) —N(T,f/)+N(T,1/f/)
counts a p-fold pole of f p — 1 times, and N(r,1/f’) counts all finite multiple a-points so that a
p-fold a-point will be counted p — 1 times in N(r,1/f’). Therefore,

q q
STON(re, f) — Ni(r gz (r, ¢, f)-
j=1 j=1
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Substituting this into the right hand side of the second assertion in Theorem 5.8, we obtain the
inequality asserted in this theorem. O

The final notion in this section is the deficiency:

Definition 5.11. Let f be a transcendental meromorphic function and a € C. Then the defi-
ciency of f with respect to a is defined by

o) = gt 0 =1 - S

Clearly, 0 < d(a, f) < 1. If a is a Picard value of f, then N(r,a,f) = O(logr), and since f
is transcendental, we have d(a, f) = 1 for any Picard value a. If d(a, f) > 0, a is said to be a
deficient value of f.

Theorem 5.12. Let f be a transcendental meromorphic function in the complex plane. Then f
has at most countably many deficient values in the extended complex plane and

> 6, f) <2
acB

Proof. Let first c1,...,¢4, ¢ > 3 be any collection of extended complex numbers. By Theorem
5.8, we have

q
Zm (rycj, f) <2T(r, f) + S(r, f).
7j=1

Dividing by T'(r, f) and letting » — oo outside of the possible exceptional set E determined by
S(r, f), we observe that

q

,Cir f (r,cj, f
E 5(ci, f) liminf —>2% <liminf y ——2=
= “ Zw ,f) Hooz T(r. f)

q .
< liminf M <24 liminf 5(r. f)

~ r—oo,r¢E j=1 T(r, f) r—oo,r¢ B T(r, f)

= 2.

Therefore, for any collection of finitely many extended complex numbers c1, .. ., ¢4, 23:1 d(cj, f) <

2. By this fact, there can be at most 2n extended complex numbers ¢; so that d(c;, f) > 1/n.
Therefore, the set

~ 1 1
= —< —_—
An {aEC,n_5(a,f)<n_1}

is a finite set, having at most 2n elements. Therefore, the set

A={aeCd(a, f)>0} = 4An

n=1
is a countable set. Let us now denote A = {¢;;j € N}. Then

[e.o]

q
> 0 )= 8(ej )= lim > 6(c, f) <2,
j=1 =1

acC

and we are done. O
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6. UNIQUENESS THEOREMS

In this section, we show a few examples of the extensive uniqueness theory of meromorphic
functions, base on the use of the Nevanlinna theory. First recall that Theorem 5.2 had been
proves for all non-constant meromorphic functions, hence for rational functions as well. Let now
R(z) be a non-constant rational function. Then it is well known that R(z) may be written in
form

p
_1(z —ay)

R(z) = c—]q 5.
j=1(z = bj

where ¢ is a complex constant, and a;, resp. bj;, are the zeros, resp. poles, of R(z). But then

2
—
I
~—
i)
—
|
]
—

Therefore, |R'(z)/R(z)| < 1 for all z large enough. This means that m(r, R’/R) = 0 for all z
large enough. We therefore conclude that in Theorem 5.2 is S(r, f) = O(1) for all non-constant
rational functions.

We now say that two meromorphic functions fi, fo share an extended complex value a CM, if
fi(z) = a if and only if fa(z) = a and the multiplicity of an a-point of f; at z is the same as the
multiplicity of the a-point of fy at z. Moreover, we say that fi, fo share an extended complex
value a IM, if f; = a if and only if fo = a, but the multiplicities can be different. Clearly, sharing
CM is a subcase of sharing IM. We can now state the classical five-value theorem due to R.
Nevanlinna in 1926, see [6]:

Theorem 6.1. If two meromorphic functions f1, fo share five distinct extended complex values
ai,...,as IM, then either fi1 = fo, or both functions are constant.

Proof. Suppose first that one of these two functions, say fi, is constant. Then fo completely
omits at least four of the five values aq,...,a5. This is a contradiction to the Picard theorem,
Theorem 5.9, unless f5 is a constant as well.

Therefore, we now assume that both of fi, fo are non-constant meromorphic functions. Assume
also, contrary to the assertion that f; # fo and that all values aj are finite. By assumption, we
have

N(r,ak, f1) = N(r,ax, f2) =t Ng(r)
for k =1,...,5. Applying now Theorem 5.10 for f; and fo, with ¢ = 5 and taking aq,...,as in
place of ci, ..., ¢4, we obtain

5
?’T(T7 fj) < ZNIC(T) + S(T7 f])

k=1

for j = 1,2. Recalling Lemma 5.6 and what we observed above concerning rational functions, we
get for j = 1,2 that

T(r, £7) < 5 30 Nulr) + o(T(r, £7),
k=1

where o(T'(r, fj)) is a quantity that when divided by T'(r, f;) goes to zero as r — oo, at least
outside of a possible exceptional set of finite linear measure. By the preceding inequality, we have

5
(1+ o(1)T(r, f;) < % 3 N(r)
k=1

42
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for 7 = 1,2. Adding results in

(14 o(W)(T(r. 1) + T(r, f2)) sz

again outside of a possible exceptional set. Now, all ag-points of f1 (and of fo at the same time)
are zero—points of f1 — fo. By the First Main Theorem,

ZNk Y < N(r,0, f1 — fo) < T(r, f1 — f2) + O(1) < T(r, f1) + T(r, f2) + O(1).
Combimng this and the preceding inequality we observe that

2
(1 + 0(1))(T(T7 fl) + T(T, f2)) < §(T(’r7 fl) + T(T> f2) + 0(1))
This brings an immediate contradiction by letting r — oo outside of the possible exceptional set.

Finally, if one of the values ap = oo, we may take a € C to be distinct of the values aj, and
consider the functions 1/(f; —a) and 1/(fo —a) instead of fi, fo. Then the situation returns back
to the preceding case of five finite values, and we are done. U

Remark. The number five in the previous theorem is best possible. It is sufficient to look at
fi1(z) = e* and fa(z) = e~ *. These those functions share the values 0, 1, —1, co IM, but are neither
constants nor identically equal.

In what follows, we denote by S(r, f) any quantity such that

S(r, f)
lim sup
r—oo,r¢ T( f)
where E is an exceptional set of finite linear measure. In particular, observe that the S(r, f) in
Theorem 5.2 and later satisfies this condition, even for non-constant rational functions. Therefore,
this new agreement does not bring a contradiction.
We next prove the four-value theorem, also due to Nevanlinna:

=0,

Theorem 6.2. Suppose that two meromorphic functions f, g share four distinct extended complex
values ai,...,aq4 CM. Then either f = g, or there exists a Mdbius transformation T so that
f=Tog and that

T(al) =ai, T(ag) = az, T(ag) = a4, T(a4) = as.

Moreover, as,as are values completely omitted by f,g and the double ratio (a1, az,as,as) = —1.
Proof. Suppose that f # g. By Theorem 5.10,
4
k=1

Therefore, T'(r, f) < T'(r,g)+S(r, f). Changing f and g, we obtain T'(r, g) < T'(r, f)+S(r, g). De-
note further S( ) :=max(S(r, ), S(r,g)), hence S( f) < S(r) and S(r,g) < S( ). Then we see
from the preceding inequalities that 27'(r, f) < Zk L N(r,ag, f) = S(r) and Zk 1 N(ryag, f) <
2T(r, f) + S(r). Therefore, we may write
4
T(r, f) :Z (r,an, f)+ S(r),
k=1

and similarly for g.
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Applying now the double ratio theorem, Theorem 1.4, it is not difficult to see that we may find
¢ # 0,1,00 and a Mobius transformation S so that S(a;) = 0, S(az2) = 1, S(az) = oo and
S(aq) = ¢ (Exercise)!. Considering S o f and S o g instead of f and g, we see that S o f and
S o g share the values 0, 1,00,c CM (Exercise)!. Therefore, we may now proceed by the original
notations f, g, but assuming that the CM-shared values are 0, 1, oo, c. For shortness, we may use
the notations aq,..., a4 as well.

We now consider the following point sets in the complex plane: Let A be the set of all points
z in the complex plane where either f or g takes a multiple value d # 0,1,00,¢, and let B be
the set of all points s in the complex plane where f (and hence g as well by the CM-sharing
assumption) takes a multiple value d € {0,1,00,c}. Let next N*(r) be the integrated counting
function, defined in the usual way for the non-integrated counting function of the set AU B as
follows: (1) If z* € A is a multiple value of f, resp. of g, of multiplicity k, resp. of k then z will
be counted k£ —1 times; if f and g both have a multiple point at 2* € A of multiplicity ky, resp. of
k4 simultaneously, then z* will be counted k¢ + kg, — 2 times. (2) If 2* € B and is of multiplicity
p, then, z* will be counted 2(p — 1) times.

We show now that N*(r) is small in the sense that N*(r) = S(r). To this end, we consider the
following auxiliary function

f'd'(f —9)?
fF=1D(f —c)glg—1)(g—c)
The function v is an entire function. To show this, the possible poles of 1) must be at the ay-
points of f (and of g at the same time). As zeros, one-points and c-points have the same behavior
with respect to v, it is sufficient to see what happens at the zeros and poles of f (and of g).
Suppose first that z* is a p-fold zero of f, hence a p-fold zero of g as well. But then (f — g)?
has a 2¢g-fold zero at z*, where ¢ > p. Then ¢ has a 2g — 2 > 2p — 2 > 0-fold zero at z*, hence
either a zero or a point of analyticity. Let then z* be a p-fold pole of f, hence of g as well. Then
fF(f=1(f—c¢)g(g—1)(g — ¢) has a 6p-fold pole at z*. On the other hand, f — g has a g-fold pole
at z* with ¢ < p. But then v has a 4¢ + 2 — 6p < 2(1 — p)-fold pole at z*. But 1 — p < 0, hence
z* is a point of analyticity of . Therefore, 1 is entire.

b=

Writing now

ff g f! g f! 99’

7/1 = -2 + )
(f=D(f—aglg—Dg—c (f-D(F—c)g—Dg—c Ff-D(f-c)g—1Dg—0)
it is easy to see that 1 is a sum of products of logarithmic derivatives. Therefore, by the loga-
rithmic derivative lemma, Lemma 5.6, we conclude that v is a small function in the sense that

T(r,¢) =m(r,¢) = 5(r).

To compute N*(r), we first observe that a point z* € A will be counted equally many times as is
the multiplicity of a zero of ¢ at z*, unless f and g both have a multiple point at z*. In this case
the contribution of z* to N*(r) is at most the same as the contribution to N(r,1/1) (inequality
appears if f(z*) — g(z*) = 0). Concerning a point z* € B, it suffices to consider zeros and poles
of f, as the one-points and c-points of f behave exactly like the zeros. But looking back at the
reasoning we used to prove that 1 is entire, we observe that again z* contributes to N*(r) less
or equal as to N(r,1/1). Therefore, altogether, we have

N*(r) < N(r,1/¢) < T(r,9) + O(1) = S(r).

Next observe that if N(r,a,f) = S(r, f) for three of a = 0,1,00,¢, then by Theorem 5.10,
T(r,f) = S(r, f), which is a contradiction. Therefore, we may assume that N(r,a, f) # S(r, f)
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for at least two of a = 0, 1,00, c. By an additional Mobius transformation, we may assume that
N(r,f) # S(r, f) and N(r,1/f) # S(r, f).

We proceed to consider the following function

" 1
H = j}/ — Z—/

At simple poles of f (and of g), H has zeros by the assumption of C'M-sharing. At multiple

poles of f (and simultaneously of g), H is analytic. Therefore, poles of H, all simple!), appear

on zeros of f’ and ¢’ which are multiple points of f or g. As these will be counted in N*(r), we

have N(r,H) = S(r). Moreover,

N(r.f)=N(r, f) + S(r).
If now H # 0, then

N(r, f) + S(r) < N(r, %) < T(r, H) + O(1) = m(r, H) + S(r) = S(r),

since H is the difference of two logarithmic derivatives. This now contradicts the assumption that
N(r, f) # S(r), hence we have H = 0. Therefore, by integrating twice we get f = Ag + B for
some complex constants A, B. Since N(r,1/f) # S(r), f has zero-points (which are zero-points of
g as well), we must have B = 0, hence f = Ag for some constant A. Since f # g by assumption,
we have A # 1. But since 1 and ¢ are shared values counting multiplicity, these values must be
completely omitted by f and g. If now f(z*) = A, then g(z*) = 1. Since g omits 1, f must omit
the value A. By continuity, A = ¢. Similarly, if g(z*) = 1/A, then f(z*) = 1. Since f omits 1,
g must omit the value 1/A. Therefore, 1/A = ¢, and so A = 1/A. Since A # 1, we must have
A= —1, hence f = —¢g, and we are done. O

Remark. A lot of work has been to understand in what sense the assumptions in Theorem 6.6
could be relaxed. The following curious example shows that CM can not be replaced by IM: Take

ef+1 _(eF41)?
f(z) = ma 9(z) == m-

Then f and g share the values 0,1,—1/8,00, but IM. In fact, all zeros and 1-points of f are
simple, while the zeros and 1-points of g are double. On the other hand, poles and —1/8-points
of f are double, while for g they are simple. Clearly, f and g are not Md6bius transformations of
each other. Exercise: Show the claims of this remark.

We remark that the assumption 4CM of Theorem 6.6 can be relaxed to 3SCM+IM, see [1] or [3],
Satz 9.19, and even to 2CM+2CM, see [2]. As the case 4IM is not possible by the example above,
it remains the case CM+3IM. This is an open problem.

Another typical collection of uniqueness theorems comes out by assuming certain value sharing
properties between a meromorphic function f and its derivative f’. Such results may also be un-
derstood as characterizations of the exponential function. Before proceeding to this final theorem
in this section, we need a couple of additional lemmas:

Lemma 6.3. Suppose f is a non-constant meromorphic function and let ai,...,aq be distinct
complex numbers, ¢ > 1. Then

f_laj)+0(1).

q
mir, ) < m(r, Y
7 2

=1
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Proof. If ¢ = 1, the assertion is trivial. Therefore, suppose that ¢ > 2, and let § > 0 be such that
la, —a,| > 6 for all 4 # v. Fix z € C. Suppose first that |f(2) — a,| < §/(3¢) for some v. Then,
for all p # v, by triangle inequality,
1f(2) —aul = fay —ay| = [f(2) —au| 2 0 —0/(3q) = 26/3 > /2.
Therefore, if p # v, we have
1 3

[£(2) = aul

Therefore, by triangle inequality again,

a 1 g1 1 1
/;f(z)_au N _QV‘ Z _au’ B (1 2q ) |f(2) — a| = 2|f(2) —ay|

Taking plus-logarithms on both 81des, we get

q
1 1
log™ | >log" ————— —log2.
2w 7~ a

But then

q q 1
logt ————— —qlog™ = —log?2
2:: —a 22 If () —au 5

“w

q
1 3q

> logJr —— —q log —log 2,
2 1f(2) —a 5

il

since all terms with p # v in the sum on the right hand side are < log*(2/§). On the other hand,
if | f(2) —au| > §/(3q) for all i, then the same inequality

q
1 3q
log™ —qlog™ = —log?2
S |2 X

is true again, since the left hand side and log 2 are positive, while the sum on the left hand side
plus the middle term sum up to at most 0. Therefore, the inequality is always true. By integration
over the circle boundary of radius r, centered at the origin, we obtain the assertion. [l

m

Lemma 6.4. Suppose f is a non-constant meromorphic function, and let a1, ...,aq be distinct
complex numbers, ¢ > 1. Then

S 7ms) =n(rp) +sen

J=1

Proof. By the preceding lemma, and the logarithmic derivative lemma, Lemma 5.6,

Jj=1
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Theorem 6.5. Suppose f is a non-constant meromorphic function so that f and f' share three
finite distinct complex values a,b,c IM. Then f = f' and so f(z) = Ce* for a constant C # 0.

Proof. Suppose first that f— f’ is not constant. Using the First Main Theorem and the logarithmic
derivative lemma we conclude that

1 / o o f— ! mlr. f— f'
N(r,f_f,)gT(r,f—f>+0<1>—N<,f )+ mr, f— f) + 0(1)
fl

NG ) +m < / <1 - f)> +0(1) < N(r, f) + N(r, f) + mr, f) + S(r, /)

=T(r,f)+N(r,f)+ S(r, f).

Dividing the reasoning in two cases, suppose that abc # 0. Then we obtain, by the preceding
inequality,

N(r,a, f') + N(r,b, f) + N(rye, f') < N <r, f_1f> <T(r f)+ N f) + 50 f).  (6.1)

Moreover,

N(r,a,f') = N(r,a, f') + N(r,b, ') = N(r,b, ') + N(r,c, f') = N(r,c, f') < N(r,1/f"). (6.2)
Applying next Lemma 6.4 to f’ (and keeping in mind that all of a, b, ¢ are non-zero), we get

( f’)+m(mf)+m(7°’b=f')+m(7‘acvf’)Sm( f,,>+S(r f).

adding now the preceding three inequalities (and using the First Main Theorem), we get

( f’) +3T(r, f') <T(r, f"Y+T(r, f) + N(r, f) + S(r, f). (6.3)

On the other hand, by assumption,
1

N(rya, f)+ N(r,b,f)+ N(r,c, f) < N(r,f_f/

) <T(r, )+ N ) + 50, f)

and, by Lemma 6.4,

m(r,a, f) +m(r,b, f) +m(r,c, f) < m ( f,) )
Adding, and applying the First Main Theorem again, we obtain
ST f) < T ) + W0 f) 4 (17, ) + 502, (6.4
Adding now (6.3) and (6.4), we conclude that
T(r, )+ 3T(r, f') < T(r, /') + 2N (r, f) + S(r, f). (6.5)

By elementary considerations, for any meromorphic function f,
T(r, f)) =m(r, f)+N(r, f) <m(r, f)+ N(r, )+ N(r, f) +S(r, f) = T(r, f) + N(r, [) + 5(r, ).
Since S(r, f') = S(r, f), see Section 7, we obtain
T(r, f") <T(r, f') + N(r, f) + S(r, f).
Combining this with (6.5), we conclude that
T(r, f)+2T(r, f') <3N(r, )+ S(r, f). (6.6)
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On the other, o o
27(r, f') = 2N (r, f') = 2N (r, ) + 2N(r, f) = 3N(r, ).
Finally, combining this with (6.6), we get T'(r, f) = S(r, f), a contradiction.
Therefore, we may now assume that one of a,b, ¢, say ¢ = 0. First observe that the inequalities

(6.1) and (6.2) remain valid in this case with ¢ = 0. As in the preceding case, Lemma 6.4 now
implies that

m(rya, ') +m(r,b, ') +m(r, 1/ f') <m(r,1/f") + S(r, ). (6.7)
Adding now (6.7), (6.1) and (6.2), we get

3T(r, fYST(r, f"Y+T(r,f)+ N(r, f) + S(r, f). (6.8)
Since ab # 0, we know, as before, that a- and b-points of f are simple. Moreover, if f has a zero
of multiplicity p, then the multiplicity of f’ at this point is p — 1, and f — f’ has a zero at this
same point, again of multiplicity p — 1. Therefore, we have

N(r,a, f) + N(r,b, f) + N(r,1/f) < N(r, 1/(f = 1)) < T(r, f) + N(r. f) + S(r. f).  (6.9)

Since f, f' share the value 0, and the multiplicity goes down by one when considering f’ instead
of f, we see that

N(r,1/f) = N(r,1/f)) = N(r,1/f) = N(r,1/f') < N(r,1/f).
Combining this with (6.9), we obtain

N(r,a, f) + N(r,b, f) + N(r,1/f) < T(r, f) + N(r. f) + N(r, 1/ f') + S(r, f). (6.10)
By Lemma 6.4 again, we get
m(r,a, f) +m(r,b, f) +m(r,1/f) < m(r,1/f") + S(r, f). (6.11)
Adding now (6.8), (6.10) and (6.11), we see, after a slight simplification, that
T(r,f)+T(r, ') <3N(r, )+ S(r, f). (6.12)
Therefore,
m(r, )+ N(r, f) +m(r, f)) + N(r, ) + N(r, f) < 3N(r, ) + S(r, f),
hence

m(r, f) +m(r, f') +2(N(r, f) — N(r, f)) = S(r, f).
Writing this in the form

(m(r,f)+N(r,f)—N(r,f))+m(r,f’)—l—(N(r,f)—N(r,f)):S(r,f),

and observing that all three terms on the left-hand side are non-negative, we conclude that

T(r,f)=N(r,f)+S(r.f).

Moreover, o o
0<m(r,f)+N(r,f) = N(r,f) =T(r, ') =2N(r, f) = S(r, f),
hence
T(r,f')=2N(r,f)+ S(r, f) =2T(r, f) + S(r, ).
Finally,

T(r, f") = m(r, f') + N(r, f') + N(r, ') = T(r, f') + N(r, f) + S(r, f)
=3N(r,f)+S(r, f) =3T(r, f) + S(r, f).



49

Substituting now the expressions we got for T'(r, f),T(r, f') and T'(r, ") into (6.8), we obtain

6T (r, f) < 5T (r, ) + S(r, f),

a contradiction.

By the contradicting we have obtained, we conclude that f — f’ must be a constant. By the
Picard theorem, f takes at least one of the values a, b, ¢, say a at a point z*. By assumption,

f) = f(z")=a-a=0,

hence f = f’, and the claim has been proved. U
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7. NEVANLINNA THEORY: MORE ADVANCED RESULTS

In this section, we present three more advanced results of meromorphic functions, frequently
applied in the theory of complex differential equations, namely the theorems due to Clunie, Mo-
hon’ko and Valiron—-Mohon’ko. Although the results itself are more advanced, their proofs needs
nothing but elementary properties of the Nevanlinna theory. The Valiron—-Mohon’ko theorem is
an exception, as the proof is rather long, needing the Euclidean algorithm in addition to the
Nevanlinna theory.

Before proceeding to the actual goal of this section, recall that the logarithmic derivative lemma,
Lemma 5.6, may shortly be written as

m(r, f'/f) = S(r. f). (7.1)

We now prove the generalized logarithmic derivative lemma as follows:

Lemma 7.1. Given a natural number n, we have

m (T‘, f;n)> =S(r, f). (7.2)

Proof. By Lemma 5.6, the claim is true for n = 1. We now proceed by the usual induction. So,
suppose that the assertion has been proved for n = k, i.e. we have m(r, f*)/f) = S(r, f). Then
we get, by elementary properties of the proximity function that

f(k)
m(r, f®) <m | r, )t m(r, f) = m(r, f) + S(r, ).

If now f has a pole of multiplicity p at zo, then f*) has a pole of multiplicity p + k < (k+1)p
at the same point zg. Therefore,

N(r, f®) < (k+ 1)N(r, f).
Adding we obtain
T(r, f®) = m(r, fE) + N(r, fB) <m(r, f) + (k+ DN (r, f) + S(r, f) < (k+1)T(r, f) + S(r, f).

This means that
(k+1)
m ( Al G ) = S(r, f*) = S(r, f).

In fact, for r large enough, and outside of the possible exceptional set, we have T'(r, f (k)) <
2(k+ 1)T(r, f), and therefore

S(r, ) S(r, f*)
T ) < 2(k+ 1)T(r7 ) 0 (7.3)

as r — oo outside of the possible exceptional set. But then

(k+1) (k+1) (k)
m (r, / f+ ) <m (ff(:)> +m (r, ff> =S(r,f)

completing the induction. O

Remark. (1) Observe the essential meaning of (7.3):
S, f0) = S(r, f)

for all natural numbers k.
50
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(2) Observe the important inequality

T(r, fM) < (k+1)T(r, ) + 5(r, f) (7.4)
in the preceding proof. In particular, T'(r, f') < 2T(r, f) + S(r, f).

We now proceed to the Clunie lemma, which is perhaps the most cited result in the field of complex
differential equations. After having proved the lemma, we give a couple of simple examples to
point out the importance of this lemma.

Theorem 7.2. Let [ be a transcendental meromorphic function that satisfies an identity of the
form

fnP(va) = Q(Z7f)7
where P(z, ), Q(z, f) are polynomials in f and finitely may of its derivatives with meromorphic
coefficients. Suppose that all coefficients of P(z, f),Q(z, f) are small in the sense that whenever
a(z) is any such coefficient, then m(r,a) = S(r,f). If now the total degree of Q(z, f) as a
polynomial in f and its derivatives is < n, then

m(r, P(z, f)) = S(r, f).
Proof. Denoting

Ei(r) := {0 € [0,27); | f(re)| < 1}, Eo(r) :=[0,27) \ E1(r),

we may compute m(r, P(z, f)) in two parts as follows:
2rm(r, P(z, f)) = / log™ | P|d6 +/ log™ | P|d6.
Eq(r) Es(r)

Denoting by A = (lp,...,[,) a multi-index, and recalling that P(z, f) is a polynomial (in several
variables), we may write P(z, f) in the form

D=2 P ) =3 a0 (f)

Al Ael
Since |f(re??)| < 1 in Ey(r), we obtain for all z € E;(r) that
1 (v) b
B < @] --‘ff

Therefore, by the generalized logarithmic derivative lemma, Lemma 7.1, and the fact that all
coefficients ay(z) are small in the S(r, f) sense, we obtain

v @)
/ log™ | Py(r, f)|dO < 27m(r, ay + Z27rljm r,— | =S(r, f).
E1(7") j:l f
Therefore, adding over all finitely many terms of P(z, f), we get

/ log*t | P(z, |d0<Z/ log™ |Py(z, f)|d0 + O(1) = S(r, f).
Ei(r) Ei(r)

el

To consider the complementary set Es(r), we now write

50) =2 Oz f) =Y b)) (F)

red Aed
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By assumption, lp + --- + [, < n for all terms Py(z, f), A € J. Therefore, for all z € Ey(r), we

have
Iy

[P(z, )l =

f1” Do) (f)

areJ

<Y e |

AeJ

f

Now, integrating over E3(r) and adding over all terms of P(z, f), we obtain for some K > 0 that

h ‘ F@)

v ®)
/ log™ |P(z, f)|d < Z%'m(r, by) + KZQTMTL (r, / ) =S(r, f).
Es(r)

xeJ Jj=1 !
Adding the integrals of |P(z, f)| over Ej(r) and Ey(r), the assertion follows. O

Example. As a simple example of how to use the Clunie lemma, let us consider the Riccati
differential equation

ff=ao(z) + ar(2)f +a2(2)f?,  az #0,
with polynomial coefficients. It is not difficult to prove (but we are not proving it now) that
all solutions of Riccati equation are meromorphic functions in the complex plane. Let now f be
a non-rational solution. Since the coefficients a;(z), j = 0,1,2 are polynomials and f is non-
rational, we have m(r,a;) = T'(r,a;) = O(logr) = S(r, f). Therefore, we may apply the Clunie
lemma. To this end, write the equation in the form

flaa(2)f) = ' —ai1(2) f — ao(2).

Since the right hand side is of total degree one in f and its derivatives, we conclude by Clunie
that

m(r,azf) = S(r, f),
hence
m(r, f) < m(azf) +m(r,1/a2) = S(r, f) + O(logr) = S(r, f).
If now f has finitely many poles only, then N(r, f) = O(logr), and so

T(r, f) =m(r,f) + N(r, ) = S(r, f) + O(logr) = S(r, f),

a contradiction. Therefore, all non-rational solutions of the Riccati differential equation have
infinitely many poles in the complex plane. However, this is not true for rational solutions, which
may appear for suitable coefficients. For example,

f=22— 2+ f

has a solution f(z) = 2.

Next we prove a theorem due to A. Mohon’ko and V. Mohon’ko, see [2], Proposition 9.2.3:

Theorem 7.3. Let f be a transcendental meromorphic function that satisfies an algebraic differ-
ential equation

P(Z>f7f/7"'7f(n))zo7

where P is a polynomial in all of its n + 2 arguments. Suppose that a finite constant ¢ € C does
not solve this equation, i.e. that P(z,c,0,...,0) # 0. Then
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Proof. Clearly, f — c satisfies another algebraic differential of the same type. Therefore, we may
assume that ¢ = 0. Denoting

D(z) := P(z,0,0,...,0) £ 0,
we may write
Pz f.f .. ™) =D() + Qz, £, f ..., f™).
Here
QUarfif's f™)y = > @) (F)
A=(j0;---,jn €I)
is a finite sum of terms with polynomial coefficients Q) (z) such that |A| = jo+ -+ j, > 1

for all terms. To compute m(r,1/f), it is sufficient to see what happens when |f| < 1, since
log® |1/f| = 0 as soon as |f| > 1. Now, if |f| < 1, then

1.1
7 = [ffor
for all terms in @, hence

1 ’ 73'”
£ f f

Since now D(2) + Q(z, f, f',..., f (")) vanishes identically, and D(z) is a polynomial, elementary
Nevanlinna properties imply that

o (rh)-n(3)en(c5) en(e)

- ( ?) rm (11))> )

since each term in @/ f is a sum of products of generalized logarithmic derivatives, see (7.5), and
so Lemma 7.2 applies. (|

‘fjo (f)r - (fMyin| < (7.5)

71 |f(n)

Example. As a simple example of the Mohon’ko theorem, we consider the first Painlevé equation
f=z+6f

One may prove that all solutions of this equation are meromorphic functions. Let f be an
arbitrary solutions of the Painlevé equation. Writing the equation in the form f(6f) = —z + f”,
we conclude by the Clunie lemma that m(r, f) = S(r, f). Denote now

P(z, f, f") =z +6f — f",

which vanishes identically for the solution f. Take now ¢ € C. Then P(z,¢,0) = z + 6¢2 # 0.
Therefore, by the Mohon’ko theorem, m(r,1/(f — ¢)) = S(r, f), and so, we have m(r,c, f) =

S(r, f) for all ¢ € C.

We next proceed to the Valiron-Mohon’ko theorem, see [2], p. 29-34. The idea is to determine
the characteristic function of the composed function R(z, f), when R is rational in f with mero-
morphic coefficients small with respect to a meromorphic function f. Before the actual theorem,
we need the following

Lemma 7.4. Let
Az, f) = (o1(2)f + -+ @p1(z) P71+ f7) P72
=) P o ()P P p>2,
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be a polynomial in f with meromorphic coefficients. Then there exist ug, ..., Up—1,q0;---,Gp—2
which are polynomials in ¢1,...,pp—1 with constant coefficients, such that

B(z, f) = uo(2) + -+ +up1(2) fP7

satisfies the identity

p—2

Bz, f)* = Az, /) + ) _a; .

j=0
Proof. See [2], p. 30-31. O
Theorem 7.5. Let f be a meromorphic function and let
P(z,f) _ 25-09%(2)/
Q(zaf) ;]':1 b](Z)f]

be an irreducible rational function in f with meromorphic coefficients a;,b; such that T(r,a;) =

S(r,f) forj=1,...,p and T(r,b;) = S(r, f) for j =1,...,q. Then we have for R(z, f(z)) that
T(r,R(z, f)) =dIL'(r, f) + S(r, f),

R(Zaf) =

where d = max(p, q).
Proof. (1) First assume that ¢ = 0. We may assume that by(z) = 1. Since

p p
T\rY aifl | <T|rf> ajf/" | +T(r,a0)+O(1)
j=0 j=1

p

< T(r, f)+ D T(razf"~") + T(r.a0) + O(1),
j=1
an immediate inductive argument results in
P 4 P
T (7Y aif’ | <pT(r,f)+ > T(r.a;)+O(1) = pT(r, f) + S(r, f). (7.6)
§=0 j=0

(2) Still assuming that ¢ = 0, we have to prove the inequality converse to (7.6). To this end, first
assume that p = 1. Then we have

T(rf) =T <r, R “°> < T(r,R) + S(r, f),

ay

and so
T(r,R) =T(ao +arf) =T(r, )+ S(r, f),
proving the case when ¢ = 0,p = 1.
(3) Still keeping in the case ¢ = 0, assume for induction that the assertion has been proved for
all nominator polynomials P(z, f) such that degsP(z, f) = s < p — 1 so that we have
T(r,P(z, f)) = sT(r, ) + S(r, f). (7.7)
To complete the inductive step, we may write

R—a a Ay
0 :if+...+L1fp—1+fp.
ap ap ap
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Now apply Lemma 7.4 to

R — aq _ _ _

Az, f) = Tfp = (pf e P R
P
Here now ¢; :=aj/ap, j =1,...,p— 1. Clearly, we have T'(r,p;) = S(r, f) forall j=1,...,p—
1. Similarly, the functions uo,...,up—1,qo,...,qp—2 determined by Lemma 7.4, all have their
characteristic function of type S(r, f). Therefore, by Lemma 7.4, we have
p—2

R— .
B(z f)? = Tpaofﬂ +3 gt

and degy B(r, f) = p — 1. Therefore, the inductive assumption (7.7) applies to B(z, f) whose
coefficients have, of course, their characteristic functions of type S(z, f). By the inductive as-
sumption, and by part (1) of the proof,

2p— 1)T(r, f) + S(r, f) = 27, Bz, /) = T, B, [)?)
p—2
g(p—2>T<r,f>+T( —“0)+ZTW 1)
7=0

ap
<@=2)T(r, f)+T(r,R) + S(r, f),
hence
T(r,R) = pT'(r, f) + S(r, f).
This completes the case ¢ = 0.

(4) Proceeding to the general case of ¢ > 0, the Jensen formula readily implies that p > ¢ may
be assumed. But we may even assume that p > ¢. Indeed, suppose that p = q¢. Then consider

S :=bpP — apQ = (R — ayb, " )b,Q.
Clearly, degsS < p — 1. Then S/Q is irreducible. If not, then there exists a non-trivial common
factor S1, S = 5152, Q = S1@Q2. Then we have
5 S— =bR—a,=0 P
Q Q@

— Gp.

p———

5102
But then P = Slb;1(5’2 + a,Q2), and so S; would be a common factor of P and @ as well, a
contradiction. Since now b, 1S/Q =R~ apby, 1 we see that

T(r,R)=T (r, b, Q) +S(r, f)=T (r, b,,?) +S(r, f),

meaning that p > ¢ may be applied.

(5) We first prove the inequality

T(r,R) <pT'(r,f)+5(r, f) (7.8)

for p > ¢ > 0. Observe that the case ¢ = 0 has been proved in part (1) above. Now make the
following inductive assumption: Suppose that (7.8) has been proved for all functions R(z, f) of
the requited type such that deg;@Q = k < g —1, degy P = p > k. By the division algorithm, write
R(z, f) in the form

pP—q

d0+ +dq71fq_1 _piq i Ql(zaf)
R(z, f) = jZOCJfJ F et by f _jZOCJfJJr Q(Z»f)i
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By part (1) of the proof, and the present inductive assumption, we see that
T<T7 R) < (p - Q)T(Tv f) + T(ﬁ QI/Q) + S(T, f) - (p - q)T(T, f) + T(T’, Q/Ql) + S<Ta f)
<@ —aT(r f)+qT(r, f) + S(r, f) = pT(r, f) + S(r, ).

(6) Therefore, it remains to prove the inequality converse to (7.8), i.e.
T(r,R) = pT'(r, f) + S(r, f) (7.9)

for p > g > 0. Again, we may assume that ¢ > 0. By the Euclidean algorithm, there exist two
polynomials U(z, f), V(z, f) in f with meromorphic coefficients small in the S(r, f)-sense again
so that

Pz, )lU(z, )+ Q= V(2 f) = 1.
Denote s :=deg;U, t :=deg;V. Since p > ¢, we must have ¢t > s. Clearly,

T <r, % + g) =T (7", PlV> =T(r,PV)+O01)=@+t)T(r, f)+ S(r, f). (7.10)

Since t > s, we also see that
P
T (T, % + g) <T <’I“, Q) +T (7"7 Z) +01) <T(r,R)+tT(r, f)+ S(r, f). (7.11)
Combining (7.10) and (7.11), we immediately obtain the required final inequality (7.9). O

Remark. Observe that the induction process in parts (3) and (5) actually contains a two-fold
induction: We fist have to assume that p, resp. ¢, is just two, and then the induction immediately
works. Assuming then p = 3, resp. ¢ = 3, we may start with the induction assumption for
p—1=2 resp. ¢ —1 =2, proving this case. Then we may continue inductively over all positive
integer values of p, resp. gq.
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8. STARTING COMPLEX DIFFERENTIAL EQUATIONS

In this section, we show how Nevanlinna theory may be applied to obtain information of the
behavior of solutions of differential equations in the complex plane. Observe that we restrict
ourselves to considering situations where a solution under consideration solves the differential
equation in the whole complex plane. Since we are not going to prove this fact here, we always
have to assume that the solution in question is meromorphic (entire) in C. Observe, however,
that the standard local existence theorem of solutions of first order differential equations of type
' = F(z, f) carries over from the real axis case to the complex plane word by word. One needs
only to replace absolute values by moduli. Therefore, it not difficult to prove, for example, that
all solutions of linear differential equations

F a, 1 (2)f Y 4 pag(z)f =0
with entire coeflicients are entire functions as well.
The following theorem, originally due to Malmquist in 1913, was first proved, without relying on
the Nevanlinna theory. In early 1930’s, Yosida showed how this theorem may be easily proved,

provided Nevanlinna theory will be invoked. Subsequent improvements have been made, for
example, by Steinmetz, v. Rieth and Y. He (et IL).

Theorem 8.1. Let R(z, f) be rational in both arquments, irreducible in f. If the differential
equation f' = R(z, f) admits a transcendental meromorphic solution in the complex plane, then
the equation reduces into

f"'=ao(2) + a1(2) f + az(2) 2,
where at least one of the rational coefficients a;j(z), j = 0,1,2, does not vanish identically.

Proof. Let d be the degree of R(z, f) with respect to f. By the Valiron-Mohon’ko theorem,
Theorem 7.5, and the remark (2) following Lemma 7.1, we immediately conclude that

dT(r, f) + S(r, f) = T(r,R(2, f)) = T(r, f') < 2T(r, f) + S(r, [),
hence d < 2. Therefore, the equation reduces into

= ao(2) + a1(2) f + az(2) f
bo(2) + bi(2)f +b2(2) 2

To show that this reduced form still reduces to a polynomial in f, substitute f = o + 1/w with
a # 0. This results in

a0+ (2040 + a1)w + (@®ag + aar + az)w’

bo + (2aby + by)w + (042bo + aby + bg)wz '

This is of the same type as the original equation. By the first part of the proof, deg,Q(z, f) < 2
as well. But this may be the case only, if

w :Q(Z7f> =

a2a0 + aa; + as = 2aag + a1 =0

or
2abg + b1 = by = 0.

Since at least one of the coefficients ag, a1, as does not vanish identically, we may find « so that the
first of these two alternatives is not satisfied. But then by = by = 0, and the assertion follows. [

By the preceding theorem, the most interesting cases to consider solutions of differential equa-
tions in the whole complex planes are, apparently, linear differential equations and the Riccati
differential equation.
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As for the linear differential equations, the first order case is not too interesting, as this case may
be explicitly solved. Therefore, let us first look at the second order case

f"+a(z)f +b(z)f =0 (8.1)
with entire coefficients. It is not difficult to prove (but will be omitted here) that all solutions
of equation (8.1) are entire function in the complex plane. More precisely, all local solutions
of this equation may be continued analytically over the whole complex plane, and the con-
tinuation still satisfies the same equation. moreover, it is elementary to see that substituting
f=gexp([ (—%a({ )d(, then g satisfies a second order linear differential equation of type

"+ A(2)f =0, (8.2)

where A(z) is an entire function. If A(z) is a polynomial of degree n, then it can be proved that
all non-trivial solutions of (8.2) are entire functions of order (n + 2)/2. However, we don’t have
tools available to prove this, as we have not the Wiman—Valiron theory available. Therefore, we
proceed to consider (8.2), while assuming that A(z) is a transcendental entire function, i.e. not
a polynomial.

Proposition 8.2. If A(z) is transcendental entire, then all solutions of (8.2) are of infinite order.

Proof. Suppose, contrary to the assertion, that f is a solution of finite order. By Remark on p.
51, p(f") < p(f) < co. Therefore, by Lemma 5.6,

m(r, f"/f) <m(r, f"/f") +m(r, f'/ f) = O(logr) + O(log r) = O(log ).
Now, writing (8.2) in the form A = —f"/f, we get
T(r,A) =m(r,A) =m(r, f’/f) = O(logr).
By Theorem 4.4, A is rational, hence a polynomial, a contradiction. (I

Let now fi, fo be two linearly independent solutions of (8.2), Let E := fjfs2 be their product
and let W (f1, f2) = f1.fy — f1f2 be their Wronskian determinant. Differentiating the Wronskian,
we immediately observe that W (fi, fo) is constant. If the constant = 0, then f; is a multiple
of fo, contradicting the lilnear independence. Therefore, we may assume form now on that
W (fi, f2) = 1. This implies that

<f2)/ Wi, fe) 1
n) R
and so
fo fi_(/A) A1 1 1
fo fi f2/f f2f} hfe E
Since the left hand side here is a difference of logarithmic derivatives, all poles there are simple.
Therefore, £ must have simple zeros only, meaning that a zero of f; never can be a zero of fs.

Now, from F = f; fo we obtain

Lo f_F
f2+f1_E'

Adding and subtracting, we see that

i LB i 1 E
fo EE "H E E

Now, it is elementary to see that
f// f/ / f/ 2
AN + [ = ,
(7)) (%)
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hence

AN A N A 1/1\* 1/E\* 1F
2(.}3) - f_2<2fz> —‘“‘z(E) ‘2<E) “EE

But now, by differentiation,

AN (1Y, (EY _ 1E [ E' (EY\
(7)< (2) +(5) =55+ % (%)

Equating the two expressions we have for 2(f}/f2)" and simplifying, we get

e (BY (L) a2 -

which may also be written in the form
4AE? = (E')? —1-2EE".
Differentiating this last identity, we also get
E" +4AF"+2A'E = 0.

We now give a few scattered results concerning the zeros of solutions of (8.2). Before these
theorems, we first prove

Lemma 8.3. Given two monotone increasing real-valued functions g, h in the positive real axis
such that g(r) < h(r) outside of an exceptional set E of finite linear measure, then, for each
a>1, g(r) < h(ar) for all r sufficiently large.

Proof. Denote ¢ := [ dr, and choose rg := o/(ov — 1). Then for each r > ro, [r,ar] \ E # 0.
Therefore, taking ¢ in this non-empty set, we observe that

g(r) < g(t) < h(t) < h(ar).
[l
Theorem 8.4. Suppose the coefficient A(z) in (8.2) is of finite order of growth p ¢ N. Then,

given two linearly independent solutions f1, fa, we have max(A(f1), A(f2)) > p for the exponent
of convergences of their zero sequences.

Proof. Recall first, from Complex Analysis II that
1 1 ®n(t,1/f)dt
A(f) = limsup logn(r, 1/f) =inf [ a > 0;/ nlt, 1/f)dt < 00
r—00 10g7" 0 ta+1

for all entire (in fact: meromorphic) functions.
Denoting E = fi fs, we first observe that the inequality

A(f5) < ME)
is trivial for j = 1,2, hence

max(A(f1), A(f2)) < AE).

To prove the converse inequality, recall that the zero-sequences of fi; and fo have no common

points. Therefore, n(r,1/E) = n(r,1/f1) + n(r,1/f2). We may assume that A\(E) > 0, since

otherwise there is nothing to prove. Since now fooo tf((bf)% diverges for all € > 0, we see that at

OOO %, 7 = 1,2 diverges. But this means that

max(A(f1), A(f2)) = AE) — ¢,

least one of the integrals
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hence
max(A(f1), A(f2)) = A(E). (8.4)
Assume now that we have
max(A(f1), A(f2)) = A(E) < p
Taking A\(EF) < 8 < p, we know that fooo n(:éi/lE) converges. Therefore,

N(r1/E) = /0 Wdt: /;#Wdt <P /OOO Wdt o). (85)

Writing now (8.3) in the form

E? = ((E'/E)? = 2E"/E —4A) ",

and applying elementary properties of Nevanlinna functions, we conclude that
T(r,E)=0O(N(r,1/E)+T(r,A)) + S(r, E) (8.6)
outside of a possible exceptional set of finite linear measure. By Lemma 8.3,
T(r,E) < K(N(r,1/E) + T(r, A)) < Krfte

for all r sufficiently large, hence p(F) < p. On the other hand, by elementary order considerations,
p(E) > p, hence p(E) = p. Since p is not an integer, we have \(E) = p(E) = p by Complex
Analysis II, a contradiction. O

Remark. A well known conjecture is that if there are two linearly independent solutions fi, fs
of (8.2) such that
maX()‘(fl)7 )‘(fQ)) < 00,

then p(A) must be a natural number, or infinity. This has not been proved yet.

Theorem 8.5. Fquation (8.2), with A(z) entire, admits two linearly independent solutions each
having no zeros in the complex plane if and only if A(z) may be represented in the form

—4A(2) = W (2)” + ¢'(2)* = 2¢"(2),
where @ is a non-constant entire function and h is a primitive function of exp .
Proof. Take first a non-constant entire function ¢ arbitrarily, and let h be a primitive of exp ¢.

Moreover, denote g := —%(h + ¢). Then, an elementary computation shows that the two linearly
independent functions fi := €9 and f» := 91" both satisfy the differential equation

F7 = LG+ ()~ 25 (2) ] =0,

To prove the converse part, suppose that (8.2) admits two linearly independent zero-free solutions
f1, f2, and denote g = f1/f2. Obviously, ¢ is an entire function having no zeros in the complex
plane. Similarly as in the proof of Proposition 8.2, we have

o W) 1

5o

Therefor, we may compute what is called the Schwarzian derivative of g:

(9N (Y <fé>'_ <fé)2__é’_
Sg'_<g'> 2(g'> e ) TR
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On the other hand, since g is an entire function with no zeros, there exists an entire function h
so that g = e, see Complex Analysis II. Therefore,

" "
g h
- - W + hla
hence . 1 ]
A= -8, ==8,— ~(h)~

Let now 2¢ be a zero of b/, with the corresponding Taylor expansion
W (z) =calz —20)* +---.
Then z is a pole ¢ /¢, and one can see that its Laurent expansion around zy would be
g9"(2)
9'(2)
Now, making use of the definition of the Schwarzian derivative above, we obtain
25,(2) = —(2a+a?)(z — 20) 2+ - -

This means that 44 = S, has a pole at zp, a contradiction since A was assumed to be entire.
Therefore, h' is an entire function having no zeros in the complex plane, and so there exists an
entire function ¢ so that h’ = exp . O

=a(z—2)14+--.

Example. Take ¢(z) = z. Then ¢(z) = 1, h(z) = e*. By the preceding theorem, equation

ﬂ—%u+¥ﬁf:0

admits two zero-free linearly independent solutions. Indeed, by the preceding proof, we see that
filz) = e 3Gy = emae),

Similarly, taking ¢(z) = z + €%, we have ¢/(2) = 1+ ¢, ¢"(2) = €%, h(z) = [e*T¢ = ¢°.
Therefore, equation

f" - i (264 4 e 1) f =0
admits two linearly independent zero-free solutions, namely

fi(z) = e 3TN g0y = emaletet o),

Theorem 8.6. Suppose that equation (8.2), A(z) transcendental entire, admits two linearly in-
dependent solutions fi, fo such that max(A(f1), A(f2)) < co. Let then f an arbitrary solution of
(8.2) such that f is not of the form afy or afs, a € C\ {0}. Then A(f) = oco.

Proof. Suppose, contrary to the assertion that A(f) < oo for such a solution of (8.2). Observe
that f, f1 are linearly independent. Denote E := fifs and F := ffi. Then we have A\(E) < oo,
AF) < oo, see (8.4). Therefore, combining (8.5) and (8.6), we conclude that, for some finite
g >0,

T(r,E) = O(T(r, A) + 7
and

T(r,F) = O(T(r, A) +r”)
outside of a possible exceptional set of finite linear measure.

Since all solutions of (8.2) form a two-dimensional linear space (with complex scalars), we find
non-zero constants o, as so that f = aq fi + as fo. Hence,

F=ffi=(a1fi +aafa)fi = arff + wE.
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But then
2T (r, f1) = T(r,arf}) + O(1) = T(r, F — o E) < O(T(r, A) + 1)

1

= O(m(r,A) +7r%) =0 <m <7’, ‘;}) + rﬂ) =O0(S(r, f1) + %)
1
outside of a possible exceptional set of finite linear measure. But then T(r, f;) = O(r?), again
outside of a possible exceptional set. By Lemma 8.3, we conclude that T'(r, f;) = O(r?) holds for
all r sufficiently large. Then we have, obviously, that p(f1) < 8 < oo, a contradiction. O
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