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1. The Riemann mapping theorem

1.1. Holomorphic isomorphisms.
1.1.1. Injectivity of holomorphic maps. We recall (one of the possible statements of) the:

. OPEN MAPPING THEOREM. Let D be a region of C, and let f : D — C be holomorphic and non-
constant. Given ¢ € D, denote by m the multiplicity of ¢ as a zero of f — f(c). Then there exist open
neighborhoods U of ¢ and V' of f(c) such that f(U) =V, and for every w € V . {f(c)} the equation
w = f(z) has m distinct solutions z1,...,zm € U~ {c}.

In particular f is an open mapping, that is, f(A) is open for every open subset of D.

We remark that the proof is a nice application of the argument principle (see, e.g. [Rudin]), and we
reproduce it here for completeness.

Proof. Since f is non constant the identity theorem says that c is isolated in f (f(c)), and moreover Z(f') is

a discrete subset of D, closed in D. Thus there exists § > 0 such that B(c,d] C D, and B(c, 8] N f(f(c)) = {c},

whereas B(c, 6] N Z(f) contains at most c. Then f(c) ¢ f(0B(c,4d]), and Z(f') N 0B(c,d) = 0. Let V be the

connected component of C \ f(9B(c,d]) that contains f(c); remember that V is open. Set U = B(c, 6[Nf(V),

so that U is open, contains ¢, and f(U) C V. If v(t) = ¢+ ', t € [0, 27] is a parametrization of the boundary
of B(c,d], and I = f o, then we have

z) 1 ac .
2m/ o dz—% ) = indr(f(c)).

But we have indr(w) = m for every w € V that is

=35 / 7z dz for every w € V;

By the argument principle the equation f(z) = w has then m solutions z € B(c, d[, counting multiplicities; since
Z(f') N B(c, 8] is either empty, or contains only c, it follows that if w € V and w # f(c) then the equation
w = f(z) has m distinct solutions z1,...,2m € B(c,d[; clearly z1,...,zm belong also to U, so that V C f(U).

O

COROLLARY. Let f : D — C, with D open subset of C, be holomorphic. If ¢ € D, and f'(c) =0,
then there is no neighborhood U of ¢ such that fi is injective. If, conversely, f'(c) # 0, then there are
open neighborhoods U of ¢ and V' of f(c) such that f induces a homeomorphism of U onto V.

Proof. For, ¢ has in the first case multiplicity at least two as a zero of f — f(c). The second case is
the above theorem if f’(c) # 0. O
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1.1.2. Local injectivity at an isolated singularity. The preceding corollary says that a holomorphic
mapping is locally injective at a point ¢ of its domain iff f’(c) # 0, in which case it is a local homeo-
morphism at ¢. What about isolated singularities? that is, if D is open, ¢ € D, and f is holomorphic in
D ~ {c}, what can be said about injectivity of f in some (punctured) neighborhood of ¢? Assuming that
c is a pole, then f is nonzero in every sufficiently small neighborhood of ¢, and it is locally injective iff so
is 1/f in some (perhaps smaller) neighborhood of ¢. Since 1/f has a zero at ¢, whose multiplicity is the
order of ¢ as a pole for f, it follows that f is locally injective near a pole iff that pole has order 1. If ¢ is an
essential singularity the Casorati-Weierstrass theorem says that for every r the set f(B(c,7[ND ~\ {c}) is
(open) and dense in C, and this clearly implies that f is not one—to—one in any punctured neighborhood
of ¢ (the precise verification of this statement is left as an exercise; see 1.1.3 for a solution). We have
proved:

. A holomorphic function is injective near an isolated non removable singularity if and only if that
singularity is a simple pole.

Of course this works also at infinity: if a function is holomorphic in a (punctured) neighborhood of
00, say a set like C\ B(0,7] = {z € C: |z] > r}, then it is injective in some neighborhood of infinity if
and only if its Laurent development in this neighborhood is of the type

f(Z)ZZCZ;nnﬂLCOJrqz (c1 #0) or f(Z)ZZCZ;n”Jr%qLcO (c_1 #0)
n=1 n=2

this is immediate, simply by considering the function g(z) = f(1/z) near z = 0. In particular, an entire
function is injective in some neighborhood of oo iff it is of the form z — ¢ + ¢; z, with ¢; # 0, that is,
a polynomial of degree 1. The following statement, whose proof is left as an exercise, subsumes all that
has been said in this section, taking account also of removable singularities:

. Let D be open in C, c€ D, f: D~ {c} = C be holomorphic, and let

I D
n=0 n=1 (Z C)

be the Laurent development of f at c. Then f is injective in some neighborhood of c iff either c_, =0
forn>1andc_1 #0, orc_, =0 forn >0, and ¢; # 0. The same holds true if ¢ = oo (in this case the
development is written as if ¢ =0).

1.1.3. On the Casorati—Weierstrass theorem. For the reader’s comfort we sketch here a proof of the
Casorati-Weierstrass theorem: if f : B(c,r[\{c} — C is holomorphic with an essential singularity at c,
then f(B(c,0[~{c}) is dense in C, for every § with 0 < & < r. In fact, if f(B(c,d[~{c}) is not dense
in C, then there exists w € C and p > 0 such that |f(z) — w| > p for every z € B(c,d[~{c}. Then
9(z) = 1/(f(2) — w) is holomorphic and bounded in B(c, d[~{c}, and hence has a removable singularity
at ¢; but then f(z) = w4+ 1/g(z) has at worst a polar singularity at ¢. This concludes the proof.

Since f is an open map, f maps the open annulus B(c,]s,t[= {z € C : s < |z — ¢| < t}, where
0 < s <t <r,onto an open set; and since f(B(c,s[\{c}) is dense in C the intersection f(B(c, s[~{c})N
f(B(e,]s,t[) is non empty: this clearly implies the non—injectivity of f on B(c, t[\{c}.

1.1.4. Holomorphic isomorphisms. The inverse of a holomorphic mapping, whenever it exists, is
holomorphic.

PROPOSITION. Le D be open in C, and let f: D — C be holomorphic and injective; denote by E the
image f(D) of f. Then E is also open, [ is a homeomorphism of D onto E, and the inverse g : E — D
of [ is holomorphic; moreover

1
/
J(w)= —— for every w € E.
[ (g(w))

Proof. That E is open follows from the open mapping theorem; and the same theorem shows that
the inverse g of f is continuous (if A is an open subset of D, then g (A) = f(A) is open). It remains to
prove that g is complex—differentiable. Given w = f(z) € F let’s compute the limit

g(¢) — g(w)

bl

lim
(—w C —w



since f : D — FE is a homeomorphism, we can use it as a change of variable ( = f(£); that is, the
preceding limit exists in C iff the limit

- gF€) ~ o(w)

¢== f(§) - f(2)
exists in C, and in that case the two limits coincide. But since f is injective, we have f/(z) # 0 (1.1.1);
hence

@) =) E—r L (FO-TEN T
RO ) eI -1 Lz< > > (FED
thus concluding the proof. O

Given two regions D, E C C, an holomorphic isomorphism, or simply an isomorphism of D onto E
is a bijective holomorphic map f : D — E. By what we have just proved the inverse map f~': E — D
is then also a holomorphic isomorphism of E onto D. The self-isomorphisms of a region D are called
automorphisms of D; their set Aut(D) is clearly a group under map composition, the group of holomorphic
automorphisms of D.

ExaMPLE 1.1.4.1. The principal (branch of the) logarithm is the function log : C_ — C, where
C_ =C\R_, is the slit plane ( R_ = {x € R: = < 0} is the negative half-line); it may be defined as
the inverse of expg, where S is the open strip S = {2z € C: Imz €] — 7, w[}. It is then an isomorphism
of the slit plane onto the strip.

EXAMPLE 1.1.4.2. The mapping f(z) = 22 is an isomorphism of the right half-plane S = {z € C :

Rez > 0} onto the slit plane C_ = C ~ R_. Tt is immediate to check that z + /z = |z|'/2e?8182/2 =
el°82/2 the principal branch of the square root, is the inverse of z — 22 between these regions.

EXAMPLE 1.1.4.3. The Cayley map hc(z) := (z — i)/(z + 4) is an isomorphism of the (open) upper
half-plane H = {z € C: Im z > 0} onto the unit disc A = {z € C: |z| < 1}. In fact the formula defines
an isomorphism of C~ {—i} onto C~\ {1}, whose inverse is ko (z) = i(1+2)/(1—z); geometrically it is easy
to see that ho maps the upper half plane onto the unit disc: the real axis is the axis of the segment [—i, 7],
that is R is the locus of points which have equal distance from —i,4; clearly the upper half—plane is the
set of points whose distance from 4 is less than the distance from —i, i.e. H={z€ C: |z —i| < |z + 1|},
equivalently, H = {z € C: |hc(z)| < 1}. This proves that ho maps H into A, while C \. H is mapped in
the outside of A; since he (as a map of C \ {—i} onto C \ {1}) has an inverse k¢ the map he actually
maps H onto A.

ExamMpPLE 1.1.4.4. If D = C, then clearly the maps z — az + b, with a € C, are automorphisms of
C (the affine automorphisms); in fact the inverse is z +— a~! 2z — a7 'b; and 1.1.2 says that these are all
the automorphisms of C. In other words, Aut(C) is the affine group.

ExaMPLE 1.1.4.5. Given the punctured plane C, = C \ {0}, let us determine the injective maps
with domain C,. Injectivity near 0 requires the singular part of such a map to be either zero or a/z, at
infinity to be of the type cz, or zero ( 1.1.2). An injective holomorphic map f : C, — C must then be of
the type f(z) = a/z+b+cz; but it is clear that if both a and ¢ are nonzero then the map is not injective
(the equation w = a/z + b+ ¢ z has two solutions in z if a, ¢ # 0, for most values of w). Then f is either
of the form f(z) = a/z + b with a # 0, or of the form f(z) = b+ ¢z with ¢ # 0, this last an affine map
injective on all of C considered in the previous example. The automorphisms of the punctured plane are
then the maps z — a z or the maps z — a/z, with a € C nonzero.

EXERCISE 1.1.4.6. Write an explicit isomorphism of the strip S = {z € C: Im z €] — 7, [} onto the
unit disc (look at some of the above ...).

1.1.5. Mébius transformations. We have seen that entire holomorphic maps are injective iff they are
affine maps, whereas maps on a punctured plane C \ {k} are injective if and only if they are of the form
z—a/(z—k)+bor z— a+b(z— k). We are led to the study of the maps of the form

az+b

Excluding the trivial case ¢ = d = 0, which gives an empty domain of definition, such a map is everywhere
defined, and is in fact an affine map, if ¢ = 0 and d # 0, whereas if ¢ # 0 its domain is the punctured
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plane C \ {—d/c}. Next, observe that if

a b

det L d

}:ad—bczo,

but ¢,d not both zero, then the map is constant on its domain: in fact the rows (a,b) and (c,d) are
linearly dependent, and hence a = A¢, b = Ad for some A € C, which implies f(z) = A for every

. . . . . . b
z € domain(f). From this point on we assume nonsingularity of the matrix {Z d] , and we extend the

map f to the Riemann sphere Co, = C U {00}, the one—point compactification of the complex plane, by
setting f(—d/c) = oo and f(o0) = a/cif ¢ # 0, and f(c0) = 0o if ¢ = 0 (when f is an affine map). In
this way f is a self-homeomorphism of C,, whose inverse is again a Mobius transformation:

PROPOSITION. Let G = Gla(C) be the group of nonsingular 2 x 2 complex matrices; for

A= {Z Z] € GL,(C)

let fa be the Mdbius transformation given by

az+b
falz) = cz+d
Then A — fa is a surjective group homomorphism of Gla(C) onto the group of Mébius transformations

of the Riemann sphere C; the kernel of this homomorphism is the subgroup { [3 ?\} A€ (CX} of all

scalar matrices.

Proof. The proof, an easy computation, is left to the reader. O

EXERCISE 1.1.5.1. Denote by Sly(C) the subgroup of Glz(C) consisting of all matrices with deter-
minant 1. Prove that the restriction to Sla(C) of the preceding homomorphism is still onto, and has
{3, —I5} as kernel, where I is the 2 x 2 identity matrix.

We note that the Riemann sphere C,, can be canonically identified with P! C, the one dimensional
complex projective space; in this context the Md6bius transformations are exactly the projective transfor-
mations of P* C. Let us recall that the space P! C is the quotient of C2 = C? \ {(0,0)}, punctured two
dimensional complex space, by the equivalence relation (z,y) ~ (u,v) iff there exists A € C such that
xr = Au and y = Av, that is, the equivalence relation whose equivalence classes are the punctured one—
dimensional complex subspaces of C2. If we consider the map k : C2 — C,, given by k(z1,22) = 21/22
when 2 # 0 and k(21,0) = oo, the map k& is continuous and onto, and its fibers are exactly the equiv-
alence classes which give the points of the projective space P! C; since P! C is a compact space under
the quotient topology we have that k induces an homeomorphism h of P! C onto Cs.. The linear auto-
morphisms of C? clearly induce bijective maps of P! C; these maps transferred to C, by the conjugation
with h are exactly the Mobius transformations. We refer the reader to [Conway] for more about Mdbius
transformations ”an amazing class of maps”.

1.1.6. Involutions. We address the following problem: given a € C, a # 0, find a M&bius transforma-
tion g which is an involution (i.e., equal to its inverse) and maps 0 to a. Since g(a) = 0 by the involutive
requirement, we can certainly write g(z) = (2 —a)/(cz+d); and since g(0) = a, we have —a/d = a, hence
d = -1 (since a # 0). So far we have

g(z) = S ; but the determinant det bo—al -1+ ac,
cz—1 c —1

must be non zero, hence ¢ # 1/a. Next, a computation gives
(1 —ac)z
z = ‘7 =
900 = Ty =
so that ¢ is indeed an involution. It follows that all maps g(z) = (¢ — a)/(cz — 1) are the required
involutions, provided that ¢ # 1/a. For future use, we impose the further restriction that the involution

preserves the unit circle U = {z € C: |z| = 1}; this of course implies a ¢ U and holds if and only if we
have |z — a|/|cz — 1| = 1 for every z € U, i.e. if and only if

lcz—1| =]z —a| forallzeU ie |cz—1>=]|z—al* forall zeT,
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equivalently
lc|?|2]2 + 1 —2Re(cz) = |2]* + |a|* — 2Re(za) < |c|* — |a|* = 2Re(z(c —a)) for all z € U.

This is impossible if |c| # |a|: in fact, changing z in —z the right-hand side changes sign; then we have
Re(z(c — a)) = 0 for every z € U, from which we immediately deduce that ¢ —a =0, i.e. ¢ = a.
We have obtained:

. For every a # 0, with |a| # 1, there exists exactly one Mdbius involution g, which exchanges 0 and
a and preserves the unit circle 0A = U. We have
z—a

9a(2) = az—1

If |a| < 1 then g, induces a holomorphic automorphism of the unit disc.

Proof. The only statement not already checked is the last; since go(A) N ga(0A) C go(A) NOA = 0)
and g,(A) is connected we have either g,(A) C A or go(A) CC N A; but a = g,(0) € A, 50 go(A) C A,
by applying g, to both sides we get gq(g.(A)) C ga(A), but gu(g.(A)) = A, hence g,(A) = A (at any
rate, an easy computation proves directly that g,(A) C A). O

1.1.7. The group of automorphisms of the unit disc. We want to explicitly determine every automor-
phism of the unit disc A ={z € C: |z| < 1}.

LEMMA. (SCHWARZ’S LEMMA) Let f : A — A be a holomorphic self-map of the unit disc A. Assume
that f(0) = 0. Then |f(2)| < |z| for every z € A, and |f'(0)| < 1. If |f(2)| = |2| occurs for some nonzero
z €A, orif |f'(0)] =1, then f is a rotation, that is, there exists uw € U(= OA) such that f(z) = uz for
every z € A .

Proof. Since f(0) = 0, the function g(z) := f(z)/z has a removable singularity at z = 0. For every
r, with 0 < r < 1, if |z] < r we have |g(z)| < max{|g({)| : |¢| = r} by the maximum modulus theorem.
But [g(O)f = [F(OI/IC] = [f(Ol/r < 1/rif |(] = 7, hence |g(z)] < 1/r if [2] < r; letting r — 1 we
get |g(z)] < 1 for all z € A, equivalently, |f(2)| < |z| for all z € A. Since g(0) = f'(0), we also have
|f/(0)] < 1. If for any z € A we have |g(z)| = 1, then |g| attains its maximum in A, and again by the
maximum modulus theorem g is then constant on A, of course of absolute value 1. This concludes the

proof.
O

PROPOSITION. An automorphism of the unit disc A which leaves 0 fized is a rotation.

Proof. Let f be such an automorphism; by hypothesis f(0) = 0, hence also f~*(0) = 0. Then
[f(2)] < |z|, and also |f~1(z)] < |z, for all 2 € A, by the Schwarz lemma applied to f and f~1 .
Substitution of f(z) in place of z in the second inequality yields |z| < |f(z)|, for all z € A. But then
|f(2)] = |z| for every z € A, and again by the lemma there exists u € U such that f(z) = uz for every
z € A. O

We can now describe all the elements of Aut(A) when A is the unit disc.

THEOREM. Every automorphism h of the unit disc A is of the form

h(z) = ' 7Z — al a €A, a€]—m,7| (the involution g, followed by a rotation of angle ).
az—

Proof. Let h € Aut(A) be given; if h(0) = b # 0 then g, o h(= g, ' o h) is an automorphism of A
which keeps 0 fixed hence there exists a €] — m, 7] such that g, o h(z) = €’ 2. Then h(z) = gp(e'® 2) for
every z € A; but

; ez —b ., 2 — (e7D) ;
h(z) = gp(e'“ 2) = —— =e'Y——— = 'Y= ,
( ) g ( ) (b)(ezaz)_l (e—“"b)z—l az—1

if a = e~%p. (]

REMARK. In passing, we have also obtained the commutation formula:
gp o () = € ge—iap(-),
and seen that every automorphism of A may be written in the form
ez —b

h(z) = gy(e'® 2) = B -1
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1.2. The Riemann mapping theorem. There is a very deep result due to Riemann concerning
isomorphism classes of simply connected regions in C, which we now state. The proof will be completed
later; here we pave the way for it. There clearly can be no holomorphic isomorphism of C onto the unit
disc: every entire function which takes values only in the unit disc is constant, by Liouville’s theorem.
But this is the only exception! a simply connected region of C is indeed holomorphically isomorphic
to the unit disc, if it is not all of C! Among simply connected subregions of C there are thus only
two isomorphism classes, one containing C alone, the other containing all simply connected open proper
subsets of C.

. RIEMANN MAPPING THEOREM. Let G be a proper simply connected subregion of C, and let A
denote the unit disc. For every ¢ € G there exists a holomorphic bijection f : G — A with f(c) = 0.

1.2.1. Regions with the square root property. We say that a region G has the square root property if
every function holomorphic on G which never vanishes has a holomorphic square root, that is, for every
u € O(Q) with Zg(u) = 0, there exists v € O(G) such that v? = u. A simply connected region has the
square root property:

PROPOSITION. Let G be a simply connected region, and let f : G — C be holomorphic and zero—free
in G. Then f has logarithms on G (i.e., there exists g € O(G) such that f = expg), and also roots of all
orders (in particular square roots).

Proof. Observe that g € O(G) is a logarithm of f iff for some ¢ € G we have exp g(c) = f(c), and
moreover ¢'(z) = f'(2)/f(z) for all z € G. This last assertion says that g is a primitive of the logarithmic
derivative f'/f of f; and since G is simply connected, every holomorphic function has a primitive in Gj
thus f has logarithms. Given a logarithm g of f, for every natural number m the function v = exp(g/m)
is an m—th root of f; in fact (v(2))™ = exp(m(g(z)/m)) = exp g(z) = f(z), for every z € G. O

We also observe that the square root property is invariant by holomorphic isomorphisms: if E has
the square root property and G is isomorphic to E, then G has the square root property: if f: G — C
is holomorphic and never 0, and n : £ — G is an holomorphic isomorphism, then f o7 is a nowhere—
vanishing holomorphic function on E; if v : E — C is a square root of f on, then von~! is a square root
of f, as is easy to check.

After the Riemann mapping theorem is proved, it will be obvious that the square root property is
equivalent to simple connectedness; but this property is the only tool needed for the proof of the theorem.

REMARK. Even if not relevant to the present aim, it is interesting to observe that the square root property
for a region E implies directly that every nowhere—vanishing f € O(F) has a logarithm in O(E). In fact, f has
a logarithm if and only if f'/f has a primitive on E, and this happens if and only if for every loop « in E the
integral [ (f'/f)dz vanishes. We know that

L [ f(z)

2mi J., f(2)

But if f has roots of arbitrarily high order, then m = 0. In fact, if v is a k*root of f, that is f = v*, then m is
divisible by k:

dz =m, an integer.

IR O I S 1076) e © DO I A B
Tomi ), f) T 2w ), () d==o0 L 0(2) dz =k,

with pr an integer (the winding number of the loop v o around 0). But the only integer divisible by infinitely

many different integers is of course 0.

1.2.2. Injective mappings into the unit disc. We start by proving that for every proper region G with
the square root property there exist injective holomorphic mappings f : G — A, which map a prescribed
point ¢ € G to 0. We need only to prove that there is at least one injective map f : G — A; in fact, if
f(e) = a # 0 we consider g, o f, where g,(2) = (z—a)/(@az—1) is the involution of A which sends a to 0.
And if C~\ G has non—empty interior (equivalently, if G is not dense in C) it is trivial to find an injective
holomorphic map f : G — A; simply take ¢ in the interior of C \. G, so that for some § > 0 we have
|z —¢| > 6 for all z € G; then f(z) = §/(z — ¢) maps injectively G into A. Of course C \ G may have
empty interior, but if it is non empty some square root function will establish an isomorphism between
G and a non dense open region F, as we now prove. If a € C\ G, then z — a is never 0 in G, hence there
exists v € O(G) such that (v(z))? = z — a for all z € G, by the square root property. Observe that v is
injective, since z — z — a is injective; moreover v(G) N (—v(G)) = @: in fact, if v(p) = —v(q) for some
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p,q € C then p —a = (v(p))? = (—v(q))? = ¢ — a, hence p = ¢, but then v(p) = —v(p), hence v(p) = 0,
impossible. Thus —v(G) is an open set disjoint from v(G); hence E = v(G) is isomorphic to G and not
dense in C, and as seen above it can be mapped injectively into A. We have proved:

. If G is a region with the square root property which is not all of C, then for every ¢ € G there exists
an injective holomorphic mapping f : G — A such that f(c) =0.

1.2.3. Tentative isomorphisms. If we want the map f to be also bijective, the Schwarz lemma says
that we have to pick the map f “as large as possible”. This is in some sense to be expected, since we
want the image of f to fill the entire unit disc, and is made more precise by the following observation:

. Let G be a region, c € G, and let f,h: G — A be injective maps of G into A, with f(c) = h(c) = 0.
If h is bijective, then |f(p)| < |h(p)| for every p € G; and if equality holds, for some p € G\ {c}, then f
1s also bijective.

Proof. Take g : A — A defined by g(2) = foh~1(2). Then g(A) C A and g(0) = 0. By the Schwarz
lemma we have |g(z)| < |z| for all z € A, hence, if z = h(p), we have |f(p)| < |h(p)]; and still by the

Schwarz lemma, if for some nonzero w € A we have |g(w)| = |w| then there exists u € U such that
g(2z) = uz for every z € A, so that f(p) = uh(p) for every p € G; but then f is h rotated, and hence f
is also bijective. (I

1.2.4. Mazximality of isomorphisms. Next we prove that for regions with the square root property
the preceding maximality is also sufficient for isomorphisms. That is

. Let G be a region with the square root property, ¢ € G and f : G — A injective and holomorphic
with f(c) = 0. If f is not bijective then there exist g : G — A injective and holomorphic, with g(c) =0,
and |f(p)| < |g(p)| for every p € G~ {c}.

Proof. Set E = f(QG); then F is isomorphic to G via f, hence E has the square root property, too.
Assuming A \ E non empty, we manifacture a holomorphic injection 1 : E — A with 5(0) = 0 and
[n(2)] > |z| for every z € E \ {0}; then g = no f is as required. Take b € A such that a = b? ¢ E;
consider the involution g, (as usual, g,(z) = (z —a)/(a@ z — 1)) which then is never 0 on E, and take that
square root v : E — A of g, such that v(0) = b. We define n: E — A by n(z) = gy ov(z). Then n(0) = 0.
To prove that n has the ”dilation” property |n(z)| > |z| for z € E \ {0}, we construct ¢ : A — A which
is a left inverse for 7, i.e. such that ¢(n(z)) = z for every z € E. First use the involution g, to map
0 to b, then use the squaring map p2(z) = 22; under ps o gy the origin 0 is mapped to b? = a; apply
the involution g, to send a back to 0; define then ¥ = g, o ps o g,. We prove that ¥ o = idg: in
fact Y on = gaoP20grogrov = g 0 P2 ow; and g, 0 P2 0 v(2) = ga((v(2))?); but for z € E we have
(v(2))? = ga(2), by definition of v; hence g,((v(2))?) = gu(ga(2)) = 2. Moreover ¥(0) = 0, and ) cannot
be an automorphism of A (it is factored through ps, which is not injective), in particular ¢ is not a
rotation; by the Schwarz lemma we then have |¢(z)| < |z| for z € A \ {0}; if in that inequality we put
n(z) in place of z, we obtain |z| < |n(z)| for z € E ~\ {0}, as required. O

1.2.5. Characterization of isomorphisms.

. Let G be a proper region with the square root property. Given ¢ € G, let I.(G) denote the set of
injective holomorphic mappings g : G — A such that g(c) = 0. The following are then equivalent, for
every h € I.(G):

(i) h is an isomorphism (i.e., h(G) = A).
(ii) For every p € G \ {c} we have |h(p)| = sup{lg(p)| : g € I.(G)}.

(iii) For some p € G\ {c} we have |h(p)| = sup{lg(p)| : g € I.(G)}.

Proof. (i) implies (ii) see 1.2.3; (ii) implies (iii) trivial; (iii) implies (i) see 1.2.4. O
REMARK. Observe that I.(G) is non empty by 1.2.2.
1.2.6. Existence and uniqueness.

. Let G be a proper simply connected region. For every ¢ € G there exists a unique isomorphism
f:G — A such that f(c) =0, and f'(c) > 0.

Proof. We shall use only the square root property of G.
Uniqueness: two isomorphisms f, g : G — A which coincide in ¢ differ from one another by a rotation
of A, as it is clear from the Schwarz lemma; that is, there exists u € U such that g(z) = u f(2), for every
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z € G. Then ¢'(z) = u f'(z), and in particular ¢'(c) = u f'(¢). If ¢’(c), f'(c) are both real and positive,
then ¢’'(c)/f'(c) is also real and positive, and hence u = 1.

Existence: the proof of existence is deferred to the next section (2.7.2). But we can anticipate here
how it will be done: we shall introduce a topology on the set O(G, C) of all holomorphic functions on
G; in this topology, the evaluation maps f — f(p) are continuous from O(G,C) to C, for every p € G;
moreover, the set I.(G) U {0} is compact, so that the map f — |f(p)| has an absolute maximum on this
set; this maximum is clearly not attained on the 0 map; any map f € I.(G) which realizes this maximum

is an isomorphism of G onto A, by the preceding result.
O

EXERCISE 1.2.6.1. The mapping z — z/y/1 + |2|? is the standard diffeomorphism of C = R? onto
the unit disc; it is a C*° diffeomorphism (in the real sense). Prove it, finding the inverse.

EXERCISE 1.2.6.2. (i) Let A and B be open subsets of C, and let ¢ : A — B be a homeomor-
phism of A onto B. Assume that z; is a sequence in A which converges to a point a € 04, and
that ¢(z;) converges to a point b € C. Prove that b € 0B.

(ii) Let A=A~ {0} ={2€C: 0< |z] <1} be the punctured unit disc, and let B be the annulus
B ={z€ C: 1< |z| <2}. Prove that there exists no holomorphic isomorphism of A onto B
(Hint: for a holomorphic mapping f : A — B, 0 is a removable singularity ...use then (i) ...).

(iii) Define explicitly a diffeomorphism of A onto B, with A, B as in (ii).

1.2.7. Local normal form. Very often Theorem 1.1.1 is stated in the following way:

. Let D be open in C, let f : D — C be holomorphic and not locally constant at ¢ € D; let m =
ord(f — f(¢),c). Then

(i) existence There exist an open disc B C D centered at ¢, and an holomorphic isomorphism
h: B — h(B) such that f(z) = f(c) + (h(2))™ for every z € B.

(ii) uniqueness If B C D is another disc centered at ¢, and h : B — h(B) another isomorphism
such that f(z) = f(c) 4+ (h(2))? for every z € B and an integer p, then p =m and there is an
m—th root of unity £ such that h(z) = gh( ) for z € BN B.

Proof. We assume that for m = 1 the theorem is known: that is we know that if f'(c) # 0 then f is
locally biholomorphic at c.

Proof of existence: we have f(z) = f(¢)+ (2 — ¢)™ g(z), with g holomorphic on D and g(c) # 0. On
every disc B C D centered at B on which g(z) is non—zero, there is an m—th root of g(z), say v(z). Put
h(z) = (z—c)v(2). Then (h(z))™ = (z—c)™ g(2), and h'(2) = v(2)+(2—c) v'(2), so that h/(c) = v(c) # 0
(recall that (v(c))™ = g(c) # 0). Thus h is locally biholomorphic at ¢, and by restricting B if necessary
we can make h an isomorphism of B onto h(B).

Proof of uniqueness: We have (h(z))™ = (h(z))? for every z € BNB = C.. Since h(c) = h(c) = 0, and
ord(h,c) = ord(h,¢) = 1 (recall that h and h are both bi-holomorphic at ¢), we have m = ord(h™, ¢) =
ord(h?,¢) = p so that m = p. And (h(2))™ = (h(z))™ for every z € C' is equivalent to (h(z)/h(z))™ =
for every z € C, whence h(z)/ iz(z) maps continuously C' into the group of m—th roots of unity; but C' is
connected and this group is discrete, so the map is constant, say constantly &.

(]

EXERCISE 1.2.7.1. An expansion on a region E of C containing 0 is a holomorphic map n : E — C
such that 1(0) = 0 and |n(2)| > |z| for every z € E ~\ {0}. Prove that if n : E — C is an expansion then
[7’(0)] > 1 (use the minimum modulus theorem).

EXERCISE 1.2.7.2. Using the preceding exercise prove that if G is a region with the square root
property and ¢ € G, then f € I.(G,A) is an isomorphism if and only if |f'(c)] = max{|¢'(c)| : g €
I.(G,A)} (as before, I.(G,A) :={f € O(G) : f(G) C A, f(c) =0, finjective}.

PROBLEM 1.2.7.3. Let A = {z € C: |z| < 1} be the open unit disc. Recall that for every ¢ € A~ {0}
the mapping g.(z) = (¢ — ¢)/(¢z — 1) is an involution of A which exchanges 0 and c.

(i) Are there other involutions in Aut(A) which exchange 0 and ¢? For ¢ = 0, find all involutions
of Aut(A) which keep 0 fixed.

Let now f: A — A be holomorphic.



10

(ii) Prove that for every w € A we have

1—[f(w)]?
!
< — 7 7
£l < Ee
and that equality holds for some w € A if and only if f is an automorphism of A, in which case
equality holds for every w € A (consider g = gf(w)© f o gw --.).

PROBLEM 1.2.7.4. Recall that for every open set D of C we denote by Aut(D) the group of holomor-
phic automorphisms of D. For every subset S C D we denote by Autg(D) the subset of Aut(D) consisting
of all automorphisms under which S is invariant, i.e. Autg(D) = {f € Aut(D) : f(S) = S}; plainly
Autg (D) is a subgroup of Aut(D). We shorten Auty.y (D) to Aut.(D) when {c} C D is a singleton.

(i) Assume that D is a region and that S has empty interior and is closed in D. Prove that the
restriction map f ~ f|p_g is an injective group homomorphism of Autg(D) into Aut(D ~\ S).

(i) With D = C and S = {0}, observe that in general the preceding restriction monomorphism is
not an isomorphism.

(iii) However, with D = A, open unit disc, and S = {0}, f = fia_qo} is an isomorphism of
Autg(A) onto Aut(A,), where A, = A~ {0} is the punctured disc (hint: for every holomorphic
self-mapping g of A,, 0 is a removable singularity ... (why?))

(iv) In fact, the preceding result can be substantially generalized. Prove that:

. Let D be a bounded region, and let S be a discrete subset of D, closed in D. Assume
also that OD has no isolated points. Then f w fip_s is an isomorphism of Auts(D) onto
Aut(D N S).
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2. The topology of compact convergence

2.1. Definitions. Let D be open in C and let C(D) = C(D,C) denote the set of all continuous
complex—valued functions on D; C(D) has a natural structure of C—algebra under pointwise operations.
It is customary to topologize C(D) with the compact-open topology, also called topology of uniform
convergence on compacta, or simply topology of compact convergence.

Given a compact subset K of D, and an open subset U of C, we define

(K, Ul ={f € C(D); f(K) C U},

the set of all continuous functions on D which map K inside U. The compact—open topology has as a
subbase all the sets [K, U], with K varying in the set of all compact subsets of D, and U in the topology
of C. A base for the open sets of this topology is then the family of all finite intersections

[K1, U] NN [ Ko, Unn]s with K; C D compact, U; C C open, for j =1,...,m.

This description of the compact—open topology works also in very abstract settings; here, since C is
metrizable, there is an alternate description, perhaps more illuminating, that we shall hereafter use. For
every compact subset K of D and every f € C(D) we set

Ifllx = max{|f(z)|: z € K} (sup—norm of f on K).

Clearly this maximum exists by Weierstrass theorem. The function f — ||f||x is a seminorm on C(D):
by this we mean that it has the following properties, easily checked by the reader:

(i) Ifllx >0, for every f € C(D), and ||0||x = 0 (positivity);

(i) [|f +9llx < fllx + ll9llx, for every f,g € C(D) (subadditivity);

(iii) |laf|l = |a||l fll &, for every f € C(D) and every a € C (absolute homogeneity).

This family of seminorms, with K describing the set of all compact subsets of D, is used to give
C(D) the topology of uniform convergence on compacta: given f,g € C(D) the number || f — g||x is the
(uniform) distance of f,g over K, and given f € C(D) a neighborhood of f in this topology is any subset
of C(D) containing a subset of the form

Bi(f,e[={g€C(D): |lg— fllxk <e} for some compact K C D and some ¢ > 0;

B (f, e[ is the set of continuous functions that everywhere on K are e—close to f, the open K—ball of
radius € and center f. It is a topology because if K, L are compacta of D and € > 0 then:

BK(fvg[mBL(fvE[: BKUL(fvg[a

and K U L is of course compact (is this enough? see 2.2.1) . Notice also that if K and L are compact
and K C L then || f|lx < || f|lz, for every f € C(D), since actually || fllx V [|fllz = I fllxur-

2.2. A metric for the compact—open topology. It is not difficult to prove that the two topolo-
gies previously introduced coincide (see 2.7.5). We observe instead that the topology in discussion is
metrizable. First, observe that

LEMMA. For every open set D of C there exists a sequence (Kp)nen of compact subsets of D such
that for every n € N we have K,, C int(Ky11), and D = J, e Kn-

Proof. Simply take K,, = {z € C : |z| < 27, dist(z,C ~ D) > 1/2™)}. Every K, is closed and
bounded, hence compact, it is contained in D, and

K, CA,={2€C: |z] <2" dist(z,C~ D) > 1/2""'} C K., 1,
and A, is open. O

The usefulness of this sequence is due to the fact that given any compact subset K of D there
exists m € N such that K C int(K,,) (since K C |J,cyint(K,), and the sequence int(K,,) is monotone
increasing). In what follows we write || f||,, in place of ||f| k., and we define first the distance between 0
and a function f € C(D): it is

(f] = max{[[fln A2 n € N}
by definition, || f]|, A27" = min{|| f||», 27" }; the maximum exists because every sequence of non negative
numbers with limit 0 has a maximum (prove it!). The function f — [f] has the following properties:

(i) [/] =0, [f] =0 iff f=0;
(i) [f + 9] < [f]+[g];
(iii) If |oof < 1, then [ f] < [f], for every f € C(D); moreover [a f] = [f] if || = 1.
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(warning: f +— [f] is not a norm). The verification of these properties is left to the reader; we suggest
to prove first that if the function p : [0, +oo[— [0, +oo[ is defined by p(t) =t A ¢, where ¢ > 0 is a given
constant, then p(t + s) < p(t) + p(s) (see 2.2.1).

We then define the distance between f,g € C(D) as d(f,g) = [f — ¢], and it is immediate to prove
that this definition makes C'(D) into a metric space; moreover d is also translation invariant, in the sense
that d(f,g) = d(f + h,g + h), for every f,g,h € C(D). We prove that the topology of this metric d is
that of the seminorms || - || k.

PROPOSITION. For every e > 0 there exists a compact subset K = K. of D, and a § = 6. > 0 such
that || f — gllk < ¢ implies [f — g] < e.

Conversely, given a compact subset K of D, and € > 0, there is 6 = 0. > 0 such that [f —g] < o
implies || f — gllx < €.

Proof. Simply observe that we have, for every f € C(D) and every m € N:
[f1<27™ = [[fllm <27

In fact, [f] < 27™ iff for every n € N we have || f||, A 27" < 27™; for n > m this poses no restriction,
for n = m implies that || f||, < 27™; and since || f]ln < ||f|lm, and 2™ < 27™ for n < m, we have that
| £l < 27™ implies also that [f] < 27™.

Moreover every compact subset K of D is contained in some K,,, so that ||f|lx < ||f|lm- The
conclusion is easy. O

The preceding proposition clearly proves that the two topologies, that of the metric d, and that of
the seminorms || - || x are the same; and also gives the following:

COROLLARY. A sequence (fr)ken of functions of C(D) converges to f € C(D) in the metric d
(respectively, is a Cauchy sequence for the metric d) if and only if it converges to f in every seminorm
Il - | (respectively, is a Cauchy sequence in every seminorm || - ||k ).

From the above it is also clear that although the metric depends on the particular sequence (K, )nen
of compacta used for its definition, any other such sequence will yield a uniformly equivalent metric, not
only with the same topology, but also with the same Cauchy sequences.

It is important to know that the compact—open topology is metrizable; but the metric [f — g] is rather
cumbersome, and we shall never use it; it is much more comfortable to work with the seminorms || - || .

2.2.1. Minutiae. We collect here some minor punctualizations of the preceding proofs.

First, in section 2.1: we are essentially declaring that by defining a subset U of C'(D) open if it coincides
with the union of the Bx (f, [ it contains, we get a topology 7. on C (D). Closedness of 7. under arbitrary unions
is trivial by the definition; we have to verify closedness under (finite) intersection. For this it is convenient to
observe that if A € 7., then for every f € A there is § > 0 and a compact K C D such that Bk (f,§[C A: in other
words, a set is in 7. iff it is also a union of balls centered at its elements. This can be proved directly for a ball
B (f,r[ as in Analisi Due, 2.3.26, keeping K fixed. Then if A, B € 7. and f € AN B for some r,s > 0 and some
compact sets K, L we have B (f,r[C A and Br(f, s[C B; and since Bxur(f, r A s[C B (f,r[NBr(f,s[C ANB
we are done. Thus B = {Bx(f,e[: f € C(D), e >0, K € K}, where K is the set of all compact subsets of D is a
basis for the topology ..

Second: if ¢ > 0 then p(t) = ¢ A ¢ is subadditive on [0, +oo[ and p(At) < p(¢) if 0 < A < 1 is quite trivial; the
second fact follows from the fact that p is increasing; and if ¢, s > 0 then if s+t < ¢ we also have s, ¢t < ¢ so that
p(s) =s, p(t) =t and p(s+t) = s+t ie. p(s+t)=p(s)+p(t); if c> s+t then p(s+t) =c. and p(s) < s,
p(t) <t, so that p(s)+ p(t) < s+t < c¢. This readily implies [f +g] < [f]+[g]: in fact ||f 4+ glln < | flIn +1Ig]ln, sO
that |[f +glln A27" < ([[flln +1lgll2) A27", and ([|flln +llglln) A27" < Iflln A27" +[lglln A27 as just observed;
this clearly implies [f + g] < [f] + [g]. All other requirements for [f] are trivial to prove.

2.3. Completeness.
PROPOSITION. The space C(D) is complete with respect to the metric of compact convergence.

Proof. Let (f;);en be asequence of C'(D), Cauchy with respect to every seminorm ||-||x. In particular
(take K = {z}), for every point z € D the sequence f;(z) is Cauchy in C, hence converges in C to a
limit which we call f(z). We claim that f € C'(D), and that (f;);en compactly converges to f. We first
prove the second claim: given a compact KX C D and € > 0, let n. € N be such that || f; — fil|x < ¢ for
j, k > ng; this is equivalent to say that

fi(z) = fu(z)l e forevery z€K, jk=ng
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keeping z and k fixed in the preceding inequality we let j tend to infinity, and we get
lf(z) = fu(z)| < e for every ze€ K, k> n,,

which shows that the sequence converges to f uniformly on K. To see that f is continuous, given z € D
take K to be a compact neighborhood of z in D; given € > 0 and k > n. such that the above inequality
holds, choose a neighborhood B(z,d] C K of z such that |fx(w) — fr(2)| < € for w € B(z,]. Then, for
w € B(z,0]:

[f(w) = F(2)| < |f(w) = fr(w)| + [ fr(w) = fe(2)] + [fr(z) = f(2)] < 26 + [ fr(w) = fr(2)] < 3,

and since € > 0 is arbitrary we have proved the continuity of f in z. O

2.4. Continuity of the algebraic operations. With the compact—open topology C(D) is a topo-
logical algebra. That is, the operations that make C'(D) into a C—algebra are continuous:

PROPOSITION. The addition (f,g) — f + g and the multiplication (f,g) — fg are continuous
(as maps of C(D) x C(D), with the product topology, into C(D)). The multiplication (a, f) — af is
continuous (as a map of C x C(D), with the product topology, into C(D)).

Proof. Given a compact K C D and ¢ > 0, it is immediate to observe that Bx (f,e/2[+Bxk(g,¢/2[C
Br(f + g,e]. This proves continuity of addition. Multiplication is a little more delicate; let us prove
that there exists § > 0 such that Bx(f,0[-Bk(g,d[C Bk (fg,e[. Writing elements of Bx(f,d[, Bx(g,d|
as f 4+ u and g + v respectively, with ||u||k, ||v||x < 6 we have

I(f +u)(g+v) = fallk =[fv+gu+wlx < | follx + lgullx + [uvlx <
[l ol + gl wlullx + lullxllollx < ([fllx + lgllx + 6);

we can take d < min{e/(1+|f||x +|lgllx),1}. Continuity of multiplication implies also the last statement
(in fact, on the constant functions the topology is that of C) (]

REMARK. In the language of functional analysis: C'(D) with the topology of compact convergence is
a Fréchet space, that is, a locally convex metrizable and complete topological vector space.

EXERCISE 2.4.0.1. The set of units of the algebra C(D) is obviously the set U(D) = {f € C(D) :
Zp(f) = 0} of functions which do not assume the value 0 (here Zp(f) = {z € D : f(z) = 0} is the
zero—set of f in D). As in every associative algebra with an identity element U(D) is a group under

multiplication. Prove that f — 1/f is a continuous self-map of U(D). Prove that U(D) is never open in
(D).

2.4.1. O(D) is closed in C(D). When one has a linear topological space, continuous linear functionals,
that is continuous linear maps from the space to the field of scalars, are often significant. On the space
C(D) integration over a path is a very useful linear functional. Recall that a path in the open subset
D of C is a continuous piecewise C! function « : [a,b] — D, where [a,b] is a compact interval of R; if
f € C(D) we define the integral of f over a:

/a f(2) dz = / " Flalt) ol (1)

(notice that the right—hand side is the integral of a function with at most a finite set of jump discontinuities
on the compact interval [a,b]; hence the integral exists, in the Riemann sense). The set [a] = a([a,b])
is called trace of the path «; it is clearly a compact subset of D; we shorten ||f||ja) to [|f[|a; recall the

Sfundamental inequality:
[ 12 < [ 111 < 1l Vi)

where |dz| = [a/(t)] dt is the ”length element” of o and V() = [ [dz| = f; |/ (¢)| dt is the length of the
path a. We leave it to the reader to prove that this inequality immediately implies

. For every path « in D the mapping fa# : C(D) — C defined by f — fa f(2)dz is a continuous
linear functional on C(D).

Very important is the corollary:

COROLLARY. For every open subset D of C the set O(D) of holomorphic functions is a closed sub-
algebra of C(D).
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Proof. Recall that a continuous function f € C(D) is holomorphic on D if and only if fv f(z)dz=0
for every nullhomologous circuit v of D. Much less also suffices: since the derivative of a holomorphic
function is also holomorphic, we know that a continuous function is holomorphic iff it has a complex
primitive on every open disc contained in D; and this happens if and only if f7 f(z)dz = 0 for every
circuit v whose trace [v] is contained in a disc contained in D. Calling I the set of these circuits we then

have o) (i (/V #> |

~ver

and Ker ( fv #) is closed in C(D) for every v € I, being the nullspace of a continuous linear form. [

REMARK. Of course it is equivalent to observe that if f; is a sequence of holomorphic functions which
converges to the continuous function f, then f,y f; tends to fw f for every path v of D; if v € T" then f,y fi=0
for every j, so that also fﬂ/ f = 0. And we don’t even need all of I': remember Morera’s theorem: a continuous
function f : D — C is holomorphic if and only if for every triangle T C D we have [, f(z)dz = 0. In any
case the closedness of O(D) in C(D) appears to be a consequence of continuity of integrals with respect to the
compact—open topology.

Other important linear functionals on C'(D) are the point evaluations; for every ¢ € D we define
0c: C(D) — C by 6.(f) = f(c); we leave it to the reader to prove that J. is continuous from C(D) to C,
for every c € D.

2.5. Bounded and totally bounded subsets of C(D). A subset F' of C(D) is said to be bounded
if for every neighborhood V' of the zero function of C'(D) there exists ¢t > 0 such that F' C tV, that is F
is absorbed by every neighborhood of 0 in C(D). It is easy to see that

PROPOSITION. A subset F' of C(D) is bounded if and only if it is uniformly bounded on every compact
subset of D; that is, for every compact K C D there exists Mk > 0 such that || f|lx < Mg, for every
feF.

Proof. The sets B (0,e[(= {g € C(D) : |lgllxk < €}) are neighborhoods of 0, for every compact
K C D and every ¢ > 0; since t Bk (0, e[= Bk (0, te[ for every t > 0 we see that F' C tBk (0, [ if and only
if ||fllx < te for every f € F. And since every neighborhood of 0 in C'(D) contains B (0, e[ for some
compact K and some ¢ > 0, the proof is concluded. [l

In other words, a subset F' of C'(D) is bounded if it is bounded for every seminorm || - ||, for every
compact subset K of D.

In finite dimensional normed linear spaces a subset is compact iff it is closed and bounded; in complete
metric spaces, a subset S is compact iff it is closed and totally bounded: this means that for every ¢ > 0
there exist fi,..., f; € S such that S C B(f1,e[U- - U B(fm,ée] (see, e.g. the Chapter 0 of G.Folland,
Real Analysis (Wiley & Sons) for a proof of this theorem).

It is easy to see that in the metric d(f, g) = [f — g] introduced on C(D) a subset S is totally bounded
if and only if it is totally bounded in every seminorm || - ||x for every compact subset K of D: in other
words, a subset S of C(D) is totally bounded iff for every compact K C D and every £ > 0 there exists
a finite subset F' = {f1,..., fi} of C(D) such that S C J;_, Bx(fj,el.

We leave as an exercise to the reader the proof of the fact that a totally bounded subset of C(D) is
also bounded (see at the end of the section). In general bounded subsets of C(D) are not totally bounded,
as the following example shows.

EXAMPLE 2.5.0.1. Let A = {z € C: |z] < 1} be the open unit disc; let f,, : A — C be defined by
fu(z) = (n2)/(1 + n|z|), for n = 0,1,2,3,... and z € A. This sequence is clearly bounded (we have
|fn(2)] < 1 for all z € A) but it is not totally bounded in C(A). This will be clear from subsequent
results; however we can directly prove that if K = B(0,1/2] then the sequence cannot be covered by a
finite set of balls By (f;,1/8[. In fact, we have

mz  nz B |m — n||z| _
L+mlzl 1+nlzl]| A+mlz))(1+nlz])’
if n > 2 then 1/n € K; we compute the above for z = 1/n, and take m = kn with &k > 1 an integer,
obtaining (k —1)/(2(k + 1)); we have
k-1 1

—_ > 2k—1)>k+1 k > 3.
2(1+k)*4(:> ( )>k+1 <= k>3




2. THE TOPOLOGY OF COMPACT CONVERGENCE 15

FIGURE 1. Some functions f,, on the interval [—1,1].

It follows that )
Iy = follic 2 7 forall jik 21, j#k,
and no B (f,1/8[ can contain two different members of the sequence fss.

EXERCISE 2.5.0.2. Prove that a set S C C(D) is totally bounded if and only if for every compact K
and every € > 0 there exist fi,..., f;, € C(D) such that S C Bg/(f1,e[U--- U Bg(fm, e[ (i-e., it is not
necessary to assume that f; belongs to ). Show that every subset of a totally bounded set is also totally
bounded, and that the closure of a totally bounded set is also totally bounded.

Prove that a totally bounded subset of C(D) is bounded (if S C Bg(f1,e[U--- U Bg(fm, e[ take
My = max{|; i} +2).

ExAMPLE 2.5.0.3. The following is an example of a sequence bounded in O(A), i.e. uniformly
bounded on every compact subset of A, not uniformly bounded on all of A; the sequence is f,(z) =
> h_o 2", sequence of partial sums of the series Y - 2". Since, for |z| <7 < 1 we have

1+ |zn*! 2
- = < <
T ) € T <7

1— Zn+1

fu(z) =

and every compact subset of A is contained in some disc 7B = B(0, r] the first statement is proved; since
lim f,(z)=n+1,
r—1—
we have || f,||a > n+ 1, so that there is no common bound to all the f,,’s on A.

EXERCISE 2.5.0.4. Observe that a subset F' of C'(D) is bounded iff it is locally uniformly bounded in
D, that is, for every ¢ € D there exists a neighborhood U of ¢ and a constant My such that |f(z)| < My
for every z € U and every f € F.

2.6. Equicontinuity and Ascoli’s theorem. Let us recall the definition of continuity of a function
f:D — C at apoint z € D: for every ¢ > 0 there exists a § = §. > 0 such that if w € B(z, ] then
|f(w) — f(2)| < e. Here 6 depends on e but also on f, it is really a §(f,¢) if various functions f are
considered; clearly different functions f will have in general different § for the same ¢; equicontinuity is
the requirement that § can be chosen to depend on € only. That is:

DEFINITIONS. Given a set FF C C(D) and z € D, we say that F is equicontinuous at z if for every
€ > 0 there is a 6. > 0 such that

|f(w) — f(2)| <e for every w € B(z,d.[, and every f € F.

A set F C C(D) is said to be equicontinuous in D, or simply equicontinuous, if it is equicontinuous at
every z € D.

Of course a finite set F' of continuous functions is always equicontinuous; but the set of functions
{fn = nz/(L+n|z]) : n =0,1,2,3...} considered in the previous example is not equicontinuous at
z = 0; it can be easily shown that it is however equicontinuous at every nonzero z.

The following is a very neat characterization of total boundedness in C'(D).

. THEOREM OF ASCOLI-ARZELA. A subset of C(D) is totally bounded if and only if it is bounded
and equicontinuous.
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Proof. Let F be totally bounded in C(D). Every totally bounded set is bounded, as remarked
above. To show equicontinuity, given z € D and ¢ > 0 fix a compact neighborhood K of z in D,
say K = B(z,r] C D, and pick f1,...,fm € F such that F C Bg(f1,e[U--- U Bg(fm,e[. Since
every f; is continuous at z there exist ¢; > 0 such that |f;(w) — f;(2)| < € for w € B(z,0;]. Let
0 = min{dy,...,0m,r}. Given f € F there exists j € {1,...,m} such that f € Bg(f;,e[; if w € B(z,4]
we have, since w, z € K:

|f(w) = f(2)] < |f(w) = fi(w)] + [fi(w) = f;(2)| +1f3(2) = f(2)] < 3¢,

proving equicontinuity of F' at z.

Conversely, assume that F' is equicontinuous and bounded. Take K C D compact, and € > 0. We
have to prove that F' is contained in the union of some finite family of K —balls of radius small with e.
By equicontinuity, for every z € K there exists §(z) > 0 such that f(B(z,0(z)[) C B(f(z),¢], for every
f € F. By compactness of K there exist z1,...,2, € K such that K C B(z1,(21)[U--- U B(zp,(zp)[.
Let us consider the mapping p : f + (f(z1),..., f(zp)) of C(D) into CP. Since F' is bounded, p(F)
is a bounded subset of CP (if ||f||x < Mg for every f € F, then p(F) is contained in the polydisc
(Mg B)P). And since in finite dimensional spaces bounded sets are totally bounded there exists a finite
set {f1,..., fm} C F such that every p(f) € p(F) has distance less than € from some p(f;), equivalently,
for every f € F' there exists f; in this finite set such that

F) = fia)| <e  forevery k=1,...,p.

With this same f; we have || f — f;||x < 3e: in fact, if z € K then z € B(z, 6(2x)[ for some k € {1,...,p},
and then

1f(2) = £i (2 < 1f(2) = f ()l + 1f (2r) = fi ()l + [ £5(z0) — fi(2)] < 3¢

(the first and the third term are smaller than e for equicontinuity, the middle term because of the choice
of f;). Thus F is totally bounded. O

2.7. Compact convergence and holomorphic mappings. The topology of compact convergence
is eminently suited to the subalgebra of holomorphic mappings, as we now see. We first prove the
following:

(CAUCHY ESTIMATE FOR A COMPACT SET). Let D be open in C, and let K be a compact subset
of D. If r > 0 1is strictly smaller that the distance of K from the complement of D, we have, for every
fe€O(D):

f K+rB
171 < M acees

Proof. For every ¢ € K the disc B(c, ] is contained in K + rB and we have

oy 1 f(Q)
f (C) B Tm \/E)B(c,r] (C - 0)2 d<’

by the Cauchy formula for the derivative; thus (Cauchy estimate of the derivative):

! 1 1 )
1f ()] < / |f(<)|2 |d¢| < /83( ]||f||aB(,] |d¢| = . I floBer < Hf”%

=27 Jon(en 1€ — 2m r?

Since this holds for every ¢ € K we get

1 e < M for every f € O(D).

THEOREM. Let D be an open subset of C. Then

(i) The complex differentiation operator f — [’ is continuous from O(D) into itself: in other
words, if a sequence of holomorphic mappings compactly converges to a limit function, then the
sequence of the derivatives of these mappings compactly converges to the derivative of the limit.

(ii) Fwvery bounded subset of O(D) is totally bounded.

(ili) MONTEL’S THEOREM The compact subsets of O(D) are exactly the closed and bounded subsets

of O(D).
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Proof. (i) What was proved in the preceding Cauchy’s formula for compact sets clearly implies the
continuity of the map f + f’ at the 0 function, and hence at every function by linearity of the derivative:
explicitly, given f € O(D), e > 0 and a compact subset K of D, pick r > 0 such that K +r B C D; for
every g € O(D) we then have

lg — fllx+r B
Iy’ = £l < =

)

so that if g € Biy,5(f, re[ we have ¢’ € B (f',¢].

(ii) We need to show that in O(D) every bounded set F' is equicontinuous. We first observe that the
set F/ = {f’: f € F} of the derivatives of the elements of F is also bounded. Take in fact a neighborhood
V of 0 in O(D); by continuity of the derivation operator there exists a neighborhood U of 0 in O(D)
such that f € U implies f' € V. Let ¢ > 0 be such that tU D F; then tV D F".

Given ¢ € D take r > 0 such that B(c,7] C D; there exists L > 0 such that || f'|| g(,, < L for every
f € F, by boundedness of F’; then for every z € B(c,r| we have, by the mean value theorem:

1f(z) = f() < M f le,z1]z — el < Lz —c],
proving equicontinuity of F at c.
(iii) is now immediate, since the compact subsets of C'(D) are the closed totally bounded ones; recall
that O(D) is closed in C'(D) (see Corollary 2.4.1), so closed subsets of O(D) are closed also in C'(D). O

REMARK. An old—fashioned but still very common terminology calls normal families the bounded
sets of holomorphic functions. So: the relatively compact subsets of O(D) are exactly the normal families
(by a very ill-chosen terminology relatively compact means: having compact closure).

EXERCISE 2.7.0.5. Prove the following

. THEOREM OF VITALI Let D be a region of C, and let f,, be a bounded sequence of O(D). Assume
that there is a subset C C D, with an accumulation point belonging to D, such that lim,_, fn(z) exists
in C, for every z € C. Then there exists a holomorphic function f € O(D) such that f, converges
compactly to f in D.

(a solution is given at the end of the section).

2.7.1. Injective mappings and Hurwitz’s theorem. Recall a lemma on existence of zeroes on a disc,
which may be used to prove the open mapping theorem: if f is holomorphic on an open set containing
the closed disc B(c,r], and |f(z)] > |f(c)| for every z € dB(c,r], then f(w) = 0 for some w € B(c,7].
This simple fact readily implies the following result:

PRrROPOSITION. (HURWITZ) Let D be a region of C.

(i) If fn : D — C is a sequence of zero—free holomorphic functions which converges compactly on
D to a function f: D — C, then either f is identically zero, or it is zero—free.
(ii) If fn : D — C is a sequence of injective holomorphic functions which converges compactly on D
to a function f: D — C, then either f is constant, or it is injective.
(iii) If fn, : D — C is a sequence of holomorphic functions which converges compactly on D to a
non—constant function f : D — C, and E is a set such that for every n we have f,(D) C E,
then also f(D) C E

Proof. (i) Assume that f(c) = 0 for some ¢ € D, with f not identically zero in D; then we can pick
a disc B(c,r] € D such that Zp(f) N B(e,r] = {c}; then min{|f(z)|: z € 9B(¢,r]} = p >0 Take n € N
such that || f — fullB(e,,) < p/3 for n > n. Then [f,(c)| < p/3 < 2p/3 < min{|f,(2)] : 2 € dB(c,r]}, so
that f, has a zero in B(c,r[, a contradiction. (ii) Given ¢ € D, each f,, — f,(c) is zero—free in D \ {c},
which is also connected; and if f were constant on D \ {c} then it would be constant on D; then f — f(c)
is zero free on D ~\ {c}, by (i). Since c is arbitrary in D, this shows that f is injective.
(iii) If w € C\ FE then f,, —w is zero—ree and converges compactly on D to the non—constant function
f —w, which by (i) is then zero—free.
([l

2.7.2. Completion of the proof of the Riemann mapping theorem. Given a region G' with the square
root property, and ¢ € G, recall that we considered in 1.2.5 the set

I.(G)={f € O(G) : f injective, f(G) C A, f(c)=0}.

It is easy to show, by means of the above, that the closure of I.(G) in the compact—open topology is
I.(G) U {0}. Given p € G ~\ {c}, the mapping f — |f(p)| is continuous and hence it takes its absolute
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maximum on the compact set I.(G)U{0}. If g € I.(G) is a maximum point for this function, by 1.2.5 the
function ¢ is an isomorphism. And if f = (|¢'(¢)|/¢’(c)) g then f also an isomorphism, and is derivative

at cis f'(c) = |g'(c)| > 0.
EXERCISE 2.7.2.1. Describe the closure in O(D) of the set of injective mappings, when D is a region.

Solution. Calling In(D) this set, the closure is In(D) U (C), where x(C) is the set of all constant
mappings. In fact, clearly every mapping with constant value k is in the closure of In(D), as limit of the
sequence fn(z) =k + z/n. And by (ii) of Hurwitz’s theorem, a non constant limit of mappings in In(D)
is still in In(D). O

2.7.3. A more precise statement of Hurwitz’s theorem. (This fact is not needed in the sequel)

If a holomorphic function f : D — C is not locally constant at a point ¢ € D then the multiplicity v(f,c) of
f at ¢ is defined as the order of f — f(c) at ¢, i.e. the smallest natural number m > 1 such that f™(c) # 0. We
have the following:

. THEOREM OF HURWITZ Let D be a region of C and let f,, be a sequence in O(D), which compactly converges
on D to a non—constant function f on D. Let U be an open bounded set whose closure is contained in D. Assume
that w € C~\ f(OU). Then there is an index n(U,w) € N such that for n > n(U,w) the equations w = f(z) and
w = fn(2) have in U the same number of solutions, counting multiplicities: i.e. for n > n(U,w) we have

S Huf,2): 2 €U, f(2) =w} = {v(fn,2): 2 €U, fulz) = w}.

Proof. The set f< (w) NU is finite, since f is by hypothesis not constant; put f~(w)NU = {z1,...,2p},
and choose § > 0 so small that the discs B(zx,d] , k = 1,...,p are contained in U and pairwise disjoint. By the
argument principle we have

I_Z{Vf’ :ZeUf _w}_ZQﬂ—Z/c’}B(zké]fidz

Since K = U ~ (U} _, B(zk,9[) is compact, and w ¢ f(K), we have dist(w, f(K)) = p > 0; take n1 € N such that
If = fallx < pifn>mni. Then w ¢ fo(K) if n > n1, so that f (w) NU C Uh_, B(zx,d[ for n > ni; thus, again
by the argument principle:

)
n - ny : n - - 2 .
E {v(f, z€eU, fn(z) =w} = E 27m /33(%,6] 7o) —w dz n>ng

Since the sequence f;,(2)/(fn(2) —w) converges to f'(z )/(f(z) —w) uniformly on (J7_, 8B(zk, d], the integrals I,
converge to the integral I, and since I,, and I are integers, there is ny € N such that for n > ne we have I,, = I.
We conclude, taking n(U, w) = max{ni,na}. O

2.7.4. Inward spreading of uniform convergence.

PROPOSITION. Let D be open in C, and let (fn)nen be a sequence of holomorphic functions on D.
Assume that f,, converges uniformly on some compact subset K of D, and that a bounded component Z
of C\ K is contained in D. Then (f,)nen converges uniformly on Z U K to a function continuous on
Z U K and holomorphic on Z.

Proof. Recall that 0Z C 0K C K, and recall that by the maximum modulus theorem we have
llgllz = llglloz < llgllx for every g continuous on Z U K and holomorphic in Z. If f,, converges uniformly
on K then it is uniformly Cauchy on K, and since ||f, — fmllx = |fn — fmllz we have ||fn, — fmllx =
lIfn — fmllkuz, so that the sequence is uniformly Cauchy on K U Z, hence it converges uniformly on
K U Z to a function continuous on K U Z and holomorphic in Z. O

COROLLARY. Let D be open in C and let S be a locally finite subset of D. Assume that (fn)nen 18
a sequence of functions holomorphic in D ~. S which converges compactly on D . S to f € O(D \ S).
If ¢ € S is a non removable singularity for f, then c is a non removable singularity for all but a finite
subfamily of the functions in the sequence.

Proof. Pick a disc B(c,r] C D such that B(c,r7] NS = {c}. Assume that for infinitely many n € N
the function f,, has a removable singularity at ¢. The subsequence so obtained converges uniformly on
0B(e, ], hence, by the above observation on inward spreading of the convergence, also on B(e, 7], to a
function holomorphic on B(c,r[; but on B(e,r[~{c} this function must coincide with f, which then has

a removable singularity at c.
O
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2.7.5. Addendum. We present here a proof of the following fact:

PROPOSITION. The compact—-open topology and the topology of uniform convergence on compacta
coincide on C(D).

Proof. Assume that f € ﬂ;.n:l[Kj, Uj], where K; is a compact subset of D and U; an open subset of
C, for each j € {1,...,m}; we prove that for some compact K C D and some € > 0 we have Bk (f,e[C
ﬂ;-"zl[K i, Ujl; this proves that the the topology of uniform convergence on compacta is finer than the
compact-open topology. For every j the set f(K;) is a compact subset of the open set U;, and hence
there exists d; > 0 such that f(K;)+ 6;B C U;. Take K = U;n:1 Kj;,and ¢ <min{d; : j =1,...,m}.
Assume that ||g — f||x < &, and let us show that g(K;) C Uj, for every j = 1,...,m. In fact, if z € Kj,
we have |g(z) — f(z)| <e < 0, hence g(z) € f(z;)+ 6;B C Uj.

Conversely, let a compact K C D and € > 0 be given, and let’s prove that there exist compact
sets K; C D and open sets U; such that (\;_,[K;,U;] C Bg(f,e[. For every z € K pick (2) > 0
such that B(z,0(z)] C D and f(B(z,0(z)] € B(f(z),g/2], as allowed by the continuity of f. There
exist z1,..., 2y, € K such that K C B(z1,6(21)] U+ U B(zm,d(zm)], by compactness of K. Set U; =
B(f(z)),¢/2[, and K; = B(z;,0(z;)], and suppose g € (j_,[K;,U;]. If z € K, then z € B(z;,0(z;)| for
some 7, hence:

19() = ()] < 19(2) — £l + 1 (25) — F(2)| < /24 2/2 = 2,
so that g € Bk (f,¢|. O

2.7.6. Proof of the theorem of Vitali, exercise 2.7.0.5. Since {f, : n € N} is bounded, it has compact
closure, and every subsequence of f, has a converging subsequence; pick one subsequence converging,
let’s say, to f € O(D); clearly we have f(z) = lim,, f,(z), for every z € C', since every subsequence of
fn(z) is pointwise convergent, for every z € C, to the same limit. Any holomorphic function g € O(D)
which is the limit of some subsequence of (f,,), in the compact topology then agrees with f on C; by the
identity theorem we have f = g on D. Then f, converges to f in the compact—open topology: simply
remember the well-known fact that in a topological space a sequence f, converges to a point f of the
space if every subsequence of this sequence has a subsequence converging to f.

2.7.7. More exercises.

EXERCISE 2.7.7.1. Let D be a region of C, and let f,, be a sequence in O(D) such that f/ compactly
converges in D to a function g € O(D). Prove that then f,, compactly converges on D if and only if for
at least one ¢ € D the sequence f,(c) converges in C; and in this case the limit f of f,, is a primitive of
gin D, ie. f'=gon D.

Solution. Necessity is obvious.
Sufficiency: first of all notice that g indeed has a primitive on D: if v is any loop in D, we have
fv f1(2)dz = 0, and by uniform convergence on [y] we get

Lg(z) dZ:liTILn/yf,’l(z) dz = 0.

If lim,, f,(c) = ¢ exists in C, denote by f that primitive of g on D whose value at ¢ is {. Now the
sequence f, converges pointwise to f: given z € D, we can consider a path « of origin ¢ end extremity z
(by connectedness of D); then

h@%ﬁﬁd+/ﬂ&ﬂt¢ﬂ@zﬂ@+/ﬂ0&

(we can pass to the limit under the integral, by uniform convergence on the compact set [a]). And it
is now immediate to prove that we have uniform convergence on every compact disk contained in D: if
B(a,r] € D we have, for z € B(a,r],

|f(2) = fu(2)] = |f(2) = fla)+ f(a) = fula) + fula) = fu(2)] < |f(2) = f(a) = (fn(2) = fu(a))|+]f(a) = fu(a)]
Write now:

£6) - sy = |

[a,2]

9(Q)dC; ful2) — fula) = j( RAGES

so that

1£(2) = f(a) = (fu(2) = fn(a))| =

/ wa—ﬂ@mcs/ 19(0) = FA(O11d¢] <
la,z] la,z]
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lg — falla.alz —al <llg — fall Bam 73
we get
1f(2) = fu(2)| < llg = fallBay 7 + | f(a) = fu(a)| for every z € B(a,r] and every n € N,

so that f, converges to f uniformly on B(a,r|. Every compact subset of D is covered by a finite set of
such discs, so that convergence is uniform on every compact subset of D. ([

The following exercise is practically contained in the previous one, still it can give another perspective.

EXERCISE 2.7.7.2. Let D be a region of C. Denote by O'(D) the set of all derivatives of holomorphic
functions in D, that is, O'(D) is the image of O(D) under the differentiation operator f — f.
(i) Prove that O'(D) is a closed linear subspace of O(D).
(ii) Prove that for every ¢ € D there exists a linear continuous map I, : O'(D) — O(D) such that
I.g(c) = 0 for every g € O'(D), and I, is a right inverse of the differentiation operator, that is
(I.g) = g for every g € O'(D).

EXERCISE 2.7.7.3. Consider the sequence f,,(z) = n/(z + n); these functions are all holomorphic in
C ~\ (—N). Determine the limit on C \ (—N) and prove that on this open set the sequence converges
compactly to this limit.

In the previous example, the limit function is an entire function, even if the functions f, are not
defined on all of C. But for every compact subset K of C there exists a natural number ng such that for
n > ng all functions f, are holomorphic on a neighborhood of K, and converge to the limit uniformly
on K. We often say in this case that the sequence f, converges to its limit compactly on C, even if C is
not the common domain of all the f,’s.

2.7.8. Compositional factorization of holomorphic functions. We prove here a "homomorphism the-
orem” for holomorphic maps.

. Let D, E be open regions of C, assume that ¢ : D — E is a holomorphic surjective map, and that
f D — C is holomorphic. Then the following are equivalent
(i) f is constant on the fibers of ¢, that is, p(a) = p(b) for a,b € D implies f(a) = f(b).
(ii) There exists g : E — C, holomorphic on E, such that f = g o .
Moreover, g is unique.

Proof. Tt is well-known and easy to prove that g exists as a map of sets, and is unique, if and only
if (i) holds. We only have to prove that if (i) holds then g is holomorphic. Clearly ¢ is non constant,
hence it is an open mapping; then g is continuous (we have g (4) = (< (A4)), for every A C C). We
first prove that g is holomorphic on the open subset W = ¢(D \ Z(¢')) of E. Given w € W, we have
w = p(z) for some z € D\ Z(p'); since ¢’(z) # 0, we have that ¢ induces a holomorphic isomorphism
¢ of some neighborhood U of z onto some neighborhood V' of w; on V' we then have gy = f o YL,
composition of holomorphic functions, hence holomorphic, proving that g is holomorphic on W. Consider
the complement S = E~W of W in E, that is the set S of all w € E such that ¢ (w) C Z(¢'). Since ¢ is
non constant in the region D, the zero-set Z(¢’) of ¢’ is (closed and) discrete in D, and this immediately
implies that S is also (closed and) discrete in E: pick w € S, and a point z € ¢* (w); there is a
neighborhood U of z such that U N Z(¢') = {z}, hence V = p(U) is an open set containing w such that
V N {w} C W. All points of S are then isolated singularities for g, and since g is continuous on E, these
singularities are all removable. ([
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2.8. Normal convergence of series. Examples. For a series of functions, the handier and
simplest criterion is that of normal convergence, which we now describe.

DEFINITION. Let D be open in C and let }_ -, f, be series of functions in C(D). We say that this

series converges normally in D if for every compact subset K of D the series > o ||f||x is convergent.

n>v

PROPOSITION. A normally convergent series of functions converges in the compact—open topology to
a function f, and every rearrangement has the same sum.

Proof. Clearly we have

k+p k+p k+p

ij ng = > HlL < D Il

K J=k+1 || G=k+1
and the latter sum may be made smaller than any previously chosen € > 0 for k large, since the series
of the seminorms is convergent. Moreover, for every z € D the series ) -, |fn(2)| is convergent, that

is, the numerical series 3°, -, fn(z) is absolutely convergent ( |fn(2)| = || fal(z})- It is well known that
every absolutely convergent series is commutatively convergent, which means that all its rearrangements
converge to the same sum. O

2.8.1. The zeta function. We define a function ((s) for 0 = Res > 1 (as customary in number theory
the complex variable is denoted by s, s = 0 + it, with 0 = Res, t = Im s) by letting

1
g()_1+§+—+ Z— (Res > 1);
it is of course intended that the power n® has the prlnc1pa1 value i.e. n® := exp(slogn). Since |n®| =
|exp(slogn)| = exp((Re s)logn) = n?, the series is normally convergent in the open half-plane {s € C:
Res =0 > 1}; in fact, if Res > a > 1 we have

1

n®

1 1
<

nRes — npa

and the series > 2 1/n® is convergent, since a > 1. The sum is the famous zeta function of Riemann;
moreover we have

= —logn
'(s) = Res > 1).
=3t e
2.8.2. A periodic function. Given a > 0 we prove that the formula

fals)= Y el

n=—oo,n€”z

defines an entire function, periodic of period 1. Given any compact subset K of C, there obviously exists
a > 0 such that |Res|,|Im s| < a for every s € K; we then have

|efo‘(s+")2| = |exp(—a((o +n)?* — t* 4 2it(c +n))| = exp(—a(o +n)? + at?) < e’ g=oInl—a)*,

the (two-sided) series Zn__ o ea’ g=a(ln|—a)? jg clearly convergent. Then f, exists and is holomorphic.
Periodicity of 1 is trivial, being a shift of indices in the summation; to be more precise, we could say that

fa is the limit, in the compact—open topology, of the sequence

i e—a(s+n)2 ,

n=-—m
so that
fals+1) = fa(s) = n}iinoo(gm(s +1) — gm(s)),
and
(s 1) —gnl(s) = S0 el 32 el
m—+1 m

2 2
Z ,a(s+k 2 : e (s+n) :efoz(s+m+1) _efa(sfm) ,

k=—(m-—1) n=-—m
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which clearly tends to 0 as m nears infinity.

Some people say that f, has been obtained by replicating g.(s) = e in period 1; clearly this
technique works for any function holomorphic on a strip S = {s € C: a < Ims < b} which falls off fast
enough at infinity on the strip, e.g as 1/|z|'*, for some € > 0.

2.8.3. The cotangent series. Let us consider the two—sided series

2
—Qas

oo

Z 1 on D=C\Z.

zZ—n

n—=—oo

We consider as partial sums the functions

fmz)= 3 ——,  meN

zZ—nNn

n=—m

and we prove that on D this sequence converges compactly to some function f € O(D). In fact the series
I o 22
— + —_,
PR D
n=1
has the same partial sums as the given two-sided series, and is normally convergent in C \ Z, as we now
prove. Let K be a compact subset of C; clearly yu = max{|z|: z € K} is finite, and for z € K and n > pu

we then have
2z

2|z| 2u
222 <

T nZ— 22 T 22

Since the series ZZO:[ 41 (20)/ (n? — u?) is convergent, we conclude. Clearly the function f has first order
poles at every integer, with residue 1, since we can pass to the limit for m — oo in the integral

1

1 =Res(fm,n) = — /88( s fm(z)dz (m > n).

27

It is also easy to see that f is periodic of period 1:

m m m

1 1
fm(ZJrl)*fm(Z): ; mi ; s—n Z n—l) Z Z—n:

n=-—m n=-—m

1 _ 1
z+(m+1) z—m

and the left—hand side tends to f(z+1)— f(z), the right—hand side to 0. The function 7 cot 7z has exactly
the same poles and the same residues, hence g(z) = f(z) — m cot 7z has only removable singularities, i.e.,
it is an entire function. Let us prove that it is identically zero. The pattern of proof is as follows: we
prove that it is bounded, and thus constant by Liouville’s theorem; next we prove that the constant is 0.

By periodicity, we only need to prove that g is bounded on every vertical strip of width one, let’s
say S = {# € C: —1 < Rez < 0}. We observe that g(Z) = g¢(z), hence we need to consider only
the half-strip with Im z > 0; we take b > 0 and prove that for b large enough g is bounded on the set
T={2€C: -1 <Rez<0,Imz > b}; this concludes the proof, since clearly g is bounded on the
compact rectangle S N {0 < Imz < b}. We use the inequality

o0

2
7)) < |z| t

on T, we have 1/|z| < 1;if z=2 4+ iy, -1 <2 <0, y > b we have

2 _ 2el+b)  _ 204y _ 2+y)
—n2|_|x2—y2+2ixy—n2|_y2+n2—x2_y2—|—n2—1

2 Y

|z
We set b = 2 and we estimate the sum Y-, -, 2(1 4+ y)/(y* +n* — 1) by an integral; since for fixed y > 1
t—2(1+y)/(y? + 12 — 1) is decreasing in [0, +oo[ we have
2(1 <21 2(1 < dt 2-1 1
Z +y QS/ 2( +y) = (1+y) /Y _ Y
)+ n o (WP-1)+t Vyi—=1Jo 1+ (t//y>—1)2 Vy2 -1

n:l
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1 as y — 400, and assumes its maximum for y = 2). We conclude that for Im z > 2 the function f is
dominated by V371 + 1. We recall next that

(the derivative of y — (1 +1vy)/+/y? — 1 is negative on [2, +oo[, hence this function decreases to the limit
| cos(z + iy)|?

= COS2

|sin(a + iy)[* =

z cosh? y + sin? z sinh? y = cos? « + sinh? y;
hence (assume y > 1)

.12 .
= sin? z cosh? y 4 cos? z sinh? y = sin? = + sinh? y,

7| cot(m(z + iy))| = 7T\/cos,2(7mc) + sinh? (7y) \/

1 4 sinh?(7y)

p) 12 =7 R
sin®(wx) 4 sinh”(7y) sinh”(7y)

h
= WC_OS (ry) < 7 cotanh().
sinh(my)
We have proved that ¢ is bounded, and hence constant by Liouville’s theorem. To evaluate the
constant, let’s evaluate g(1/2); here 7 cot(m/2) = 0; to compute f(1/2) we use the first version of f

Zm 1/2

m

1 m 1 m 1 m 1
2*;(1/2)%_;71—(1/2) :2+;(k+1)—1+1/2_;n—(1/2) =

1 —m m
Tt st

1/2

(put & + 1 = n in the first sum)

m—+1

m

1 1
2+Z _1/2 Z

1 1
=2 — — .
2= a1z -1 mei
letting m tend to infinity we get 0, hence f(1/2) = 0. It follows that g = 0. We have proved
meot(mz) = Z

2z
TRt looe €02
n=-—oo n=1
(where the first sum is intended as lim,, oo > 1o, 1/(z — 1))
We have proved that the two-sided series

o0

Z 1

)
zZ—n
n=-—oo

when summed symmetrically compactly converges to a function f € O(C \ Z). Differentiating term by
term the two sided series above we get

oo

D——
— )2
= (z—n)
where this series is now normally convergent in C \ Z, and we obtain

2

us = 1
sin?(mz) n:z—oo (z —n)?’
With the same ideas we get

ExAMPLE 2.8.3.1. The function

sin(7z)
conjecture that the sum of the series

n

has first order poles at every n € Z, with residue (—1)

—-1)". We
o (-1)" o (1 o (—1)"2z
= — =1
fG)= 3 = | n;m P Z
coincides with 7/sin(wz).

—n?’

We can closely follow the argument given for the cotangent, and the same
estimates work; we can also observe that if z = x + iy, with |y| > b > 0, b large enough, we have
T T

™

m 7r
< = < =
| sin(7z)| \/sin2(7rm)—|—sinh2(7ry) - \/SinhQ(wy) |sinh(7y)| — sinh(7b)
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To conclude we need only to prove that the two functions f and 7/sin(7-) agree on a point; to this end

we prove that g(z) = f(2) —1/z =37, %, agrees with m/sin(mwz) — 1/z = (72 — sin(nz))/z at
22 _

some point; it is immediate to see that at 0 both functions are 0.

2.8.4. Another proof of the preceding formulae. There is another way of proving the preceding for-
mulae for the cotangent and sine functions, perhaps easier, but less direct.

For every integer n > 1 we consider a rectangular loop 7y, the polygonal path of vertices (n+1/2)4+ni, —(n+
1/2) +ni, —(n+1/2) —ni, (n+1/2) —ni, (n+1/2) + ni. Let us estimate cotan(wz) on this path; as observed
we have, if z =z + iy
2 cos® mz + sinh®(7y)

 sin?(7x) + sinh?(7ry)’
so that on the vertical sides of the rectangle we get

| cotan(7z)|

. 2 sinh?(w
|cotan(n((n+ 1/2) +iy))|* = Hnifl(y?fy) <1,
while on the horizontal sides:

cos® mx + sinh*(wn) 14 sinh?(7n)
sin?(rx) + sinh®(7n) ~  sinh?(wn)

| cotan(7(z & ni))|* =

Thus || cotan(m-)||,, < v/2 for n > 1. Consider the integral
/ cotan(m() dc:
Tn

222
with z ¢ Z, and n > |z|. By the residue theorem this integral is (we write for simplicity f(¢) in place of
cotan(7¢) /(¢ — 22)):

the residues are easily computed:

k=—n

__cotan(mz) __cotan(m(—z)) _ cotan(mz)
moreover 5 ,
cos(mk)/(k* — 27) 1
es(f,k) m cos(rk) (k2 — 22)
If we estimate the integral:
cotan(m cotan(mC \[ 8n + 2
cotan(r¢) dc\ [ g = Va2
G 167 =27 n? — 2|2 |2l
we see that the integral tends to 0 as n tends to inﬁnity. We thus get
cotan(7mz)
0= —"—7+ k2 (e C\2);
kffoo
but of course
- 1 1 = 2

so that:
wcotan(mz) = = + Z 22 3 (2 ¢ 7).

A similar computation yields the result for m/ sm(7rz).

2.8.5. Fourier series. Functions which are holomorphic and periodic can be expanded into Fourier
series. We want to prove it by using only complex—variable methods. Assume that f : § — C is
holomorphic and 1—periodic, where S is an open strip which for simplicity will be assumed to contain
the real axis; i.e. there exist a,b, with —co < a < 0 < b < o0, such that S = {s € C: a < Ims < b}.
The function ex : s — €*™ maps the strip S onto the annulus A = {z € C : e 2™ < |z]| < 72},
Moreover, for every 1—periodic holomorphic function f : S — C there exists a holomorphic g : A — C
such that g(e?™**) = f(s), for every s € S. In fact, if €275 = 2™ then ¢>™(*=%) = 1, which happens
iff t — s = n is an integer; but then f(¢) = f(s+n) = f(s). In other words, f is constant on the fibers
F(z) = ex71(2) = {s € S : €™ = 2z}, of the map ex, for 2 € A: we then get a well defined map
g: A — Cif weset g(z) = f(s), whenever z = ¢?™* and g is holomorphic (see 2.7.8). As every function
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holomorphic in an annulus, g can be developed in a Laurent series; that is, with normal convergence on
compact subsets of A we have:

o0
Z cn 2" where ¢, 2m/§"+1 dc¢,

n=-—oo
with y(t) = €2™ = ex(t), t € [0,1] the unit circle. Substitution into the formula for ¢, gives

1 Gl o\ 2mit ! —2mint
Cp = % o m (27T’L) (& dt = /0 f(t) € dt,

the n-th Fourier coefficient of f.
We then have

. FOURIER SERIES Assume that f : S — C is holomorphic and 1—periodic, where S = {s € C: a <
Ims < b}, a <0 <b. Then, with normal convergence on closed substrips of S:

—+o0
f(s Z ¢y €278 where ¢, = / ft)e 2™t dqt, for every n € Z.

n=—oo

2.8.6. Poisson formula. Assume now that the periodic f : S — C has been obtained by replication
in period 1 of a holomorphic function h : § — C falling to zero quickly enough at infinity (see 2.8.2).

Then
1 oo
Cn = h(t+m) | e 2™ gt
[ (3 weem)

m=—0o0

clearly normal convergence of the series allows the exchange of series and integral; hence

Z / t + m —2mint gy _ Z /erl e—2min(0—m) 4o _ i /erl h(@) e—2miné go _

m=—o0 m=—o00 m=—oo ™M

/ h(#) e~ 2" gg.

— 00

‘We have obtained

. POISSON’S FORMULA Let h : S — C be holomorphic on the open strip S ={s € C: a <Ims < b},
with a < 0 < b, and such that if s € S we have |h(s)| < K/(1 + |s|)1*¢ for some K, e > 0. Then for
every s € S we have, with normal convergence on (compact subsets of ) the strip:

Z h(s+n) Z h 2™ in particular, if s = 0: i h(n) = i /h\(n)

where ﬁ(n) = fj;o h(z) e=2™"% dy is the value at n of the Fourier transform h of h, the functionﬁ :R—C
defined by h(¢) = fjooj h(z) e 27 dg,

2.8.7. Ezample. With h(s) = e~ we get

oo oo oo
cn :/ e« 52 e~ 2mins 1o — / e~ (s2+2(win/a)s) ds = / e~ (s242(win/a)s—n2 n?/a? 472 n?/a?) ds =
—o0 —o0

—0o0
2. 2,2 [ . 2
e~ /o / e (s+min/a) ds

—oo

It is now easy to see that, for every w € C we have

/ R / e~ dz = \//a;

in fact, if w = p + iq then clearly, by translation invariance of the integral:

/ ot gy / e / T eetrio? gy

. . — 2
and if we integrate e”“*

that

on polygonal paths [—r,r,r + iq, —r + ig, —r] and let r tend to infinity we see

/ et gt = / e~a(t+i0)® gt
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We have obtained ¢, = y/7/« e’(“2/°‘)”2 so that

=7/« Z (w*/a)n? ;. ze C~ {0}

n=—oo
substituting z = e?™* we get:
[ee]
fa(S) . Z 7oz(s+n /TF/Oé Z (72 /a)n? e2mins seC,a>0.
n=—o00 n=—o00

In particular, for s = 0:

i emon’ = Vo i e (m*/e)n’ a > 0.

n—=—oo n—=—oo

2.8.8. A theta function formula. In the derivation of the functional equation for the Riemann’s zeta

function we shall use the function (z) = > % efnzm, i.e. with @ = 7 a; then, putting 7/x in place
of a in the preceding formula we get:
0(1/x):= > e i/ Z e = T 0(x) x>0,

a formula which we shall later put to use.
2.8.9. The cotangent development by Poisson’s formula. 1f a > 0 the function h,(s) = 1/(a® + s?) is
holomorphic on the strip {s € C: —a < Im s < a}; we have for its Fourier transform, for every ¢ € R:

R oo —2mifx
Pl = [ S dr = T

2
oo Gt T a

(this is a classical exercise in the computation of integrals via residue theorem), and Poisson’s formula
2.8.6 then gives
+o0 1
_ 727ra|n\
D e Z ;
n=—oo =

a little work on the right—hand side yields

—27ra 1 —2ma Ta —Ta
Z e=2malnl — 1 4 9 Ze%‘m =1+ 21 = e _° + eim = cotanh(ma),

727‘(‘0. 1— 6727ra eTa _ e

n=-—oo

while the left—hand side is

+oo o0
1 1 1
Z a2+n2:¥+22a2+n2’
n=-—oo n=1
so that we get
m cotanh(wa) f—l—zaz_'_ 5 (a>0).

Interpreted as a series of functions of the complex variable a, it is easy to see that the right—hand side
converges normally on C \ iZ to a holomorphic function, which coincides with 7 cotanh(wa) on the
positive real line. By the identity theorem we then have on all of C \ 7Z, with normal convergence:

7 cotanh(7z) f—&—z 2+ -
22 4+n

and setting ¢ z in place of z we get, noting that cosh(i w) = coshw and sinh(i w) =i sinw:

™
— cotan(mz) = — —I— E NCR hence m cotan(mwz) = — —|— g 5"
1 (25 —n
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2.9. Holomorphic functions defined by integrals.

THEOREM. Let D be open in C, let I be an interval of R, and let f : D x I — C be a function
such that for every given x € I the function f(-,x): D — C given by s — f(s,x) is holomorphic on D.
Assume that

o for every compact subset K of D there exists a function px : I — [0, 400 such that px € L*(I)
and for every (s,x) € K x I we have |f(s,x)| < px(x).
e for every s € D the function x — f(s,x) is measurable;

Then the formula
s) = /f(s,m) dx
I

defines a holomorphic function F : D — C, whose derivative is obtained by differentiating with respect to

s under the integral sign:
"(s) = /8Sf(s,x)dx
I
Proof. Given s € D, and a sequence s; in D \ {s} converging to s, we prove that

lim w :/Iasf(s,x) dz

J]—0

(it will be proved also that the integral on the right side exists). Pick r > 0 such that B(s,r] C D; then
sj € B(s,r] for j large enough and

Fla) = F) _ [ flons) = flos)

if we let j tend to infinity, inside the mtegral the limit is exactly 05 f (s, ); if we find a function u € L*([)
such that

f(sj, ) = f(s,2)

S5 — 8

<wu(x) for j € N large enough, and (almost) every = € I,

then Lebesgue dominated convergence theorem allows us to conclude.
By the hypothesis there is p € L!(I) such that |f(s,z)| < p(x) for every (s,z) € B(s,r] x I. Pick t,
with 0 < t < r; we then have, if s; € B(s,t]:
‘ f 5]7 f(s, x)

— S

<max{|0sf(z,z)| : z €[s,s;]} <max{|0sf(z,z)|: z € B(s,t]} :

the first 1nequahty is simply the mean value theorem, the second is due to the fact that the segment [s, s;]
is contained in the disc B(s, t] if s; € B(s,t]. Remember now that for every g holomorphic on B(s,r] we
have (recall 2.7)

19/ aga < 102,
thus
max{|9sf(z,2)| : = € B(s, 4]} < %maxﬂf(z,xﬂ . 2 € Bs,r]) < f@t — u(@).

REMARK. In exactly the same way the following more general theorem could be proved:

. Let (X, S, p) be a measure space. Let D be open in C and let f : Dx X — C be a function such that
for every x € X the function s — f(s,x) is holomorphic on D. Assume that for every compact subset K
of D there exists a function pr € L, (X) such that for every (s,x) € K x X we have |f(s,x)| < px(x),
and that for every s € D the functzon x> f(s,x) is measurable. Then the formula

/fsxdu

defines a holomorphic function F : D — C, whose derivative is obtained by differentiating with respect to
s under the integral sign:

- / 0, f (5, 7) du(z).
X
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Holomorphic functions defined by normally convergent series fall in the scope of this theorem (with
@ the counting measure on N).

EXAMPLE 2.9.0.1. Let I =]1,4+oc0[ and let w : I — C be bounded, measurable and such that
w € O(e™2%) for a given ¢ > 0 as £ — oo (that is, there exist L,a > 0 such that |w(¢)| < Le™%¢ for
&€ > a). Then, for every a,b € C the formula

Fs)= [ e=tugds (se0)
1
defines an entire function F' € O(C). In fact, let a compact K C C be given; since £ > 0 we have

€250 ()] = €7 |w(€)] = € w(€)];
now since £ > 1 we have:
gRelasth) < gl Re(astb)| < glastbl < glallsl+lbl < glalntib]
where 1 = max{|s| : s € K}; then, if s € K and & € [1, +oo[ we have
€ F ()] < Lelelrttlem=e,

(since w is bounded it is clear that by enlarging L we can make |w(&)| < Le™%¢ on all of [1,+o00[). This
last function & +— L glelntible==¢ js clearly in L*([1,+o0[), since € > 0.

EXAMPLE 2.9.0.2. Let I = [0,1]; assume that w : I — C is bounded and measurable. Then the
formula

1
F(s) = /0 £\ (€) d,

defines a function F holomorphic at least in the right half-plane S = {s € C: Re(s) > 0}. In fact, if
K C S is compact, then a = min{Re s : s € K} > 0 and we have:

g5t = gRes—1 < ga-l for every s € K and 0 < £ < 1.
Then, in Kx]0,1], if M = ||w|jc = sup{|w(&)|: € € [0,1]}:
|57 w(€) < €M and since a — 1 > —1 the function & — M¢° ! is in L*([0, 1]).

If w is also bounded away from 0 in a right neighborhood of 0, then in general the function F' will have
a singularity at s = 0; for instance, it is easy to see that s fol & 1e8d¢ tends to oo if s — 0OF
(with s € R). If on the contrary lime_,o+ w(§) = 0, then F may be holomorphic in a larger half-
plane. For instance, if for some o > 0 we have that w is O(£%) as € — 0T, then F is holomorphic in
So = {s € C: Res > —a}. In fact we have |w(&)| < A&~ for £ €]0, 6], for some §, 0 < § < 1, and some
A >0 and if Res > a > —« we have

|§371w(£)‘ _ gResfl|w(§)‘ < é-afl)\ga _ )\E(aﬂka)fl for 0 < & < 5.

As integrable dominating function we can take p(&) = M@t~ for £ €]0,6], p(¢) = M £*~ 1 in [6,1].
For instance the function

1
F(s)= [ e~ 1)ag,
0
is holomorphic in the half plane {Res > —1}

ExAMPLE 2.9.0.3. Prove that the formula (B(p, q) is to be read "beta of p, ¢”)

1
B(p,q) :/o T 1-¢)9""d¢  Rep,Req >0,

defines a function on S x S holomorphic in both variables (keeping one fixed, it is holomorphic in the
other; S is the right half-plane); verify that B(p,q) = B(q,p); this is Euler’s beta function.
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2.9.1. The Gamma function as an integral. The gamma function will be defined as an infinite product
(3.4.3); we describe here its integral representation. The integral

I(s) = / T elet g,

is absolutely convergent if Res > 0, and so defines a function I : S — C, where S = {Res > 0} is
the right open half-plane. And I' is holomorphic on this half-plane: to take advantage of the previous
examples write

1 oo
HQ:A§*%%@+ﬁ e 8de = Fi(s) + Fa(s),

with obvious meaning of the symbols; by 2.9.0.1 F5 is an entire function, and by 2.9.0.2 F} is holomorphic
on Res > 0, so that the sum is holomorphic on the right half-plane. Integrating by parts we get the
functional equation for I':

D(s +1) =/Ooss e tdg = [ e‘f]30+/°osfss-1e—g dé = sT(s)
0 0
that is T(s+1) =sT(s) (Res > 0).

By induction we immediately get
T(s+m+1)=T(s)s(s+1)---(s+m) =T(s) [[(s +k),
k=0

which, coupled with I'(1) = 1 says that I'(m + 1) = m! for every m € N, but more importantly allows us
to extend T' to a holomorphic function on C \ (=N) = C \ {0, —1,—-2,...} simply by defining
r 1
r(s)= Letmtl)
s(s+1)---(s+m)
We easily get that T has a simple pole at —m, and Res(I', —m) = (—1)"/m!. Next, an easy and nice
application of the Fubini’s theorem (see. e.g. [Remmert]) gives the addition formula for T in terms of
the beta function defined in 2.9.0.3:

T(p)T(g) 1y et ep,Req > 0;
DD i) (= [ a-erde)  RepRea>o

from which it follows that, if 0 < o < 1 we have

1 0 4o0—1
F<">F<1*G>:B(a,lfco:/O M 1— )7 d¢ = / i-i—t ,

(the last equality is obtained by the change of variable £ = t/(1 4 t)). This integral may be computed
via residue theorem, and we get:

if—(m+1) <Res.

™

I'eo)T(1—-0)= 0<o<1.

sin(wo)

Since s +— I'(s) I'(1 — s) is holomorphic in the region C \ Z, by the identity theorem we get the remarkable
formula:

se C\Z.

EULER'S SUPPLEMENT T(s)T(1—35) =
( ) (s)T( 2 sin(ms)

This formula shows, among other things, that I' is zero—free; moreover we get I'(1/2)? = 7, and since
(o) > 0 for o > 0, we get ['(1/2) = /7.
2.9.2. The functional equation for (. Following the original procedure by Riemann, we now obtain the

functional equation for the ¢ function. Start with I'(s/2) = fooo £6/2=1e=€ ¢, and substitute & = n’nx
in the integral, obtaining

I(s/2) = / ns"2p(s/2) =1 g(s/2)=1e—n 7r:""(71271') dx = nsw5/2/ g(s/D-1g—nin gy (n=1,2,3,...),
0 0

equivalently
I'(s/2 o
W,S/QM :/ x(S/Q)fle—'n?ﬂ'a:dx (n:17273’)
0

nS
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Summing over all integers from 1 to co we get, assuming that o > 1:

71_—3/2 8/2 Z/ (3/2) 1 —n LEP

Moreover for ¢ > 1 the series of L' —norms

s/ n’rx _ (o/2)— 7n T —o/ F(J/2)
Z/ R dex = Z/ -1 dr = Z 27710

n=1 n=1

is convergent; then we can exchange the series and the integral, obtaining:

7TL27TI

/2 D(s/2) ((s) = /OOO 2D () da where w(x) =

M

We can write:
oS 1 o0
/ 2D () de = / /D71 () da +/ 2D () de = Fy(s) + Fa(s);
0 0 1

we observe that w(z) is O(e™™") as ¢ — oo; in fact, if z > 1:

w(x) — e—‘n’aj (1 + Ze—(nQ—l)ﬂ'w> é Le—ﬂ'w;
n=2

where L =1+, e~ =17 Hence the second term Fy (s) is an entire holomorphic function. We now
put = 1/t in the ﬁrst of these integrals, obtaining:

1 [e%s)
Fl(s):/ x<s/2>—1w(x)dx=/ tl—s/%(l/t)%.
0

1

If we consider O(z) = > 07 e="'™@ for x > 0 (one of Jacobi’s theta functions), we have (z) =

1 + 2w(x), equivalently w(z) = (0(z ) —1)/2. It was proved in 2.8.8, with the help of the Poisson
summation formula, that:

0(1/x) = Vxb(z) for x> 0;
thus:
= —1+§+\/5w(x).

VEO) 1= Y g 2m(a)) - L = -

—~
—

~
8

~
—~
—

o~
8

~
I
N

Il
N =

dt

/t1 /2 (1/t) 5
L

1 /2

—7/ 1072 g 4 2/0015*1/2*(5/2) dt+/oot*1/2*<s/2>w(t)dt=

2 /1 1 1
1 1

2(—s/2)  2(1/2 - (s/2)) +/1 t5/2712 4 (t) dt =
s i1 /oo /22 w(t) dt.

Writing again x in place of ¢ in the second integral, we have obtained , if 0 = Re s > 1:

8(31— o /loo(xs/21 +am P w(w) de = G(s),

But, as observed, w is O(e™ ™) as © — 400, so that the integral on the right hand side defines an entire

function of s, and the right hand side is a meromorphic function G with two simple poles at s = 0 and
s = 1. This means that we can define ((s) as

G(s) =

w2 T(s/2) ((s) =

s/2

2(s=1)T'(s/2+1

%1+ds—0¢@m
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where ¢(s) = [ (2%/271 4 =5/27) w(z) dx is an entire function. Since I is zero-free, the only possible
pole of ¢ is 1. Now 1 is indeed a pole for ¢, with residue 7'/2/T'(1/2) = 1. Notice that ¢(0) = —1/2.
Moreover the simple poles of T'(s/2 + 1), that is s = —2n, n = 1,2,3,... are zeros for ¢ (the so called
trivial zeros of ¢). Notice that the meromorphic function G' does not change if we exchange s with 1 — s,
i. e. G is symmetric with respect to the point s = 1/2. We then get the

FUNCTIONAL EQUATION FOR 720 (s/2)C(s) = 7~ I7/20((1 — ) /2)C(1 — s)

which may also be written as

I(s/2)
I'((1-s)/2)’
notice that v is meromorphic on C, with one simple pole at s = 0 (Res(v,0) = 2), and other simple poles
at the negative even integers, and simple zeros at the positive odd integers 2n + 1, with n =0,1,2,....

It will be proved, with the representation of ( as Fuler’s infinite product, to be discussed later in
3.2.3, that ¢ has no zeros in the half-plane ¢ > 1. From this and the functional equation it follows that
the only zeros of ¢ for Res < 0 are the trivial ones, and that they are all simple; with a little more work
one shows that there are no zeros on the line Re s = 1, so that the only non—trivial zeros of ( must reside
on the open strip 0 < Re s < 1, the critical strip.

Moreover we have that ¢(5) = ((s) for every s € C ~ {1}. Recall in fact that if D is an open subset
of C, f € O(D), and D* = {5: s € D} is the symmetrical of D with respect to the real axis, then the
formula f*(s) = f(5) defines a holomorphic function f* : D* — C. If D = C ~ {1} then D* = D, and
since (*(0) = ((o0) for o > 1 (this can be shown in many ways, directly from the definition as series) we
have ((5) = ((s) for every s € C ~ {1}, which we can write also ¢(5) = ((s), for every s € C~ {1}.

Of course, if s is a zero of ¢ in the critical strip, then also (1 —s) = 0, from the functional equation,
and as above proved we also have ((38) = 0. So: zeros on the critical strip must be symmetrical with
respect to the point s = 1/2, and also with respect to the line Res = 1/2. We close with a proof of the
fact that ((0) < 0 for 0 < o < 1: we estimate w(z) for z > 1:

> 2
w(z) = Z e ",
n=1

is strictly decreasing and positive on [0, +0o[ so that

C(L—s5)=7(s)¢(s),  where ~(s)=n"/>""

with an integral: observe that ¢ — e~t'me

o [e%e}
—n?rx / —t?rx
E e < e dt = ——;

and we can estimate the integral in the expression of G by

o0 1 (o)
/ (xo/Q—l + m—a/2—1/2)w(x) de < 5/ ($0/2_3/2 + .17_0/2_1) dr =
1 1

1 e ) S 1
2\c/2-1/2  —0/2) o(l—-0)
whence
1 1

G(J)<O‘(U—1)+0<1—U):O

EXERCISE 2.9.2.1. Write again T'(s) = fol & le=8de + ffo &5~Le~¢d¢; prove that

n

! s—1 e—f _ - (_1) es
/0 ¢ dg_nz::o(s+n)n! (Res > 0).

Prove that the series on the right hand-side is normally convergent in C \ (—=N). Deduce another
representation on C \ (—N) of the T" function (partial fraction development of T'):
(o)
(=n"
L(s) =Y 7= +¢(s),
n=0

(s+mn)n!

where ¢(s) = floo &5~ 1 e~€ d¢ is an entire function; check the residues at poles of ' with this formula, and
verify the functional relation I'(s + 1) = sI'(s).
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2.9.3. The function (,. Let us prove that the series

>

compactly converges in the open half-plane S = {s € C : Res > 0} to a holomorphic function (,(s)
(zeta function with alternating signs). We use Abel’s summation formula: let v, be a sequence such that
ap —ap_1 = (—1)""1 e.g. take ap = 0,a; = 1,3 = 0, and in general a,, = 0 for n even, a,, = 1 for n
odd. Consider the m—th partial sum of the above series:

m

(71)”‘ 7man*05n—17man man—l = n —
ST S P e $m Y e

n=1 n=1 n=1 n=1 n=
m— m—1 a a m—1 1
n n m
— —_— = — anp | ———— .
R A I G
We now prove that this last sequence compactly converges in S to a holomorphic function. Let K be

a compact subset of S; then p = min{Res : s € K} > 0, hence |ay,,/m®| < 1/m# for s € K, so that
the sequence a,,,/m® compactly converges to the zero function; the second term is the partial sum of the

series
S o (e 1)
— (n+1)° ns)’

the conclusion is reached if we prove that this series normally converges in S. We have:

<
(n+1 ‘/ H/ x"‘“’
1
n T 1\s s <M ’
‘O‘ <<n+1> n>H / o

where M = max{|s|: s € K'}. We then have:
. ”*1 da * dz M
Sl (o= [ = o=

and normal convergence in S = {s € C: Res > 0} is proved. Observe that if Res < 1 the series
S>> [ (=1)"71/n® does not converge absolutely, so that whenever a compact subset K of S contains a
point with Re s < 1 the series of the K —norms will not converge. Notice that for Res > 1 we have

n 1

—_

1

so that

)= Culs) = 3 s =21 > =270 whence (1-277)¢(s) = Gals),

k=1

so that

((s) = 722

if 1 —217% #£0, i.e. if s £ 1+ (27/log2)ki but Res > 0 the above formula makes sense, and allows us to
extend the zeta function to the half-plane Re s > 0, perhaps with poles at 1+ (27/log2)k i, k € Z. Now
s = 1is indeed a simple pole: we have (,(1) = log2 # 0, and the denominator 1 — 2'~* has a simple zero
at 1; the derivative of the denominator is 2! =% log 2, so that the residue is 1. Since we have already seen
that ¢ has a holomorphic extension to C \ {1}, we can use this fact to show that {, can be extended to
an entire function by the formula

Res > 1;

Ca(s) = (1 =2"7%)¢(s);
hence ¢, has zeros at 1+ (27/log2)ki if k # 0.
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2.9.4. Continuity of the composition. For every pair D, E of open subsets of C we denote by C(D, E)
the subset of C'(D,C) consisting of functions such that f(D) C E; C(D,E) is topologized with the
topology induced by the compact—open topology. We want to prove the following result:

. COMPOSITION THEOREM Let D, E, G be open subsets of C; then the composition map (g, f) — go f
is continuous as a map of C(E,G) x C(D, E), with the product topology, into C(D, Q).

In other words, if g, € C(F,G) converges compactly to g € C(E,G) and f,, € C(D, E) converges
compactly to f € C(D, E), then g, o f,, converges compactly to go f € C(D,G). To prove this we use
the auxiliary notion of continuous convergence.

DEFINITION. Let X be a metrizable space; denote by C(X,C) the set of continuous functions from
X to C. If (fn)n is a sequence of C(X,C) and f € C(X,C), we say that the sequence (f,), converges
continuously to f on X if for every x € X and every sequence (z,), in X converging to x we have that
We have the

LEMMA. If f and f,, are as above then (f,)n converges continuously to f if and only if (f,)n converges
to f uniformly on every compact subset of X.

Proof. Necessity Assume that (f,), converges continuously to f; arguing by contradiction, assume
that it does not converge to f uniformly on every compact subset of X; this means that there exists a
compact subset K of X such that || f — f.||x does not tend to 0 as n tends to oo; in turn, this means that
there is a > 0 and a sequence v(0) < v(1) < ... of natural numbers such that || f — f,x)l|x > o for every
k € N; and then there exists a sequence (x,(x))x of points of K such that |f(z,x)) — fo) (@) > a
for every k € N. By compactness of K, the sequence z,(;) has a subsequence (,(,(;y)); converging to
r € K. By continuous convergence we have lim;_, o | f(2) — fu(u()) (Tv(u(iy))| = 0, but:

1F(@) = Fotui) @ouen)| = 17 @) = F@u@Gn) + F @) = Fowe) @uwon)] 2
2| f@uu)) = Fotuen @va)| = 1F(@) = F@uuen)l > @ =1 @) = F @)l
and by continuity of f the right hand side tends to &« — 0 = « > 0, a contradiction.
Sufficiency Assume uniform convergence on compacta of (fy,)n, and let (z,), be a sequence of X

converging to z in X. Then K = {z}U{z, : n € N} is a compact subset of X, on which we have uniform
convergence of (f,)n to f. Then:

[f(@) = fa(@n)| = (@) = f(2n) + f(@n) = fulzn)] < [f(@) = f@n)] + [f(zn) = falzn)| <
< [f(@) = F@n)l + 1f = fallx,
and the lemma is proved. O
Proof. (of the continuity of composition) Assume (z,), is a sequence in D converging to z € D.
Then f,(z,) converges to f(z), since uniform convergence on compacta implies continuous convergence;
for the same reason g, (f.(zn)) converges to g(f(z)). This implies that g, o f,, converges continuously to

go f; and since continuous convergence implies uniform convergence on compacta, the proof is concluded.
O

2.9.5. Composition lemma. A particular case is obtained by keeping fixed the function which operates
second (continuity of the post—composition map):

. COMPOSITION LEMMA Let E, D be open sets of C. Given p € C(E,C) the mapping
v« : C(D,E) = C(D,C) given by ¢«(f)=¢of,
s continuous in the compact—open topologies.
2.9.6. Composition in the other direction. We also have continuity of the pre-composition map g —
g o v, which is an algebra homomorphism, in particular a linear map. Given open subsets D and E of
C and a continuous map ¢ : D — E we have the map ¢* : C(E) — C(D) given by ¢*(g) = g o ¢,

which clearly is a homomorphism of complex algebras. Continuity (with respect to the compact—open
topologies) is in this case immediate from the fact that [|o*(g)||x = |9ll,(k)-
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3. Infinite products

When D is a region, the identity theorem shows that the ring O(D) is an integral domain. However
the ring does not satisfy any finiteness condition; e.g., in the ring O(C) of entire functions the function
sin(rz) has infinitely many non-trivial divisors; the functions f,(z) = sin(7wz)/p.(z), where p,(z) =
2[r_ (2% — k?) gi i di hain of principal ideals:

k=1 give a non stationary ascending chain of principal 1deals:

(fo) S (f1) S (f2) &y

showing that the ring is non noetherian, and that is not a UFD. However, functions may be written as
infinite products; e.g we shall show that we have:

00 2
sin(nz) =z H (1 - Z2> ) z€C,
n
n=1

where the right—hand side has to be carefully explained.

3.1. Convergence of infinite products.

3.1.1. Heuristic foreword. The concept we want is of course the multiplicative analog of a convergent
infinite sum, i.e. of a convergent series. Tentatively, we might give the following definition: given a
sequence (ap)nen of complex numbers, we form the sequence py = ag, p1 = Ao A1,..., Pm = Ao ** Ay
of partial products, and say that the product converges (to p) if this sequence converges to p. Some
complication is however introduced by the presence of 0. We want to be able to say that a converging
infinite product has value 0 if and only if some a, is 0. Now if some a, is 0 then clearly p,, = 0 for
n > m, regardless of the other members of the sequence a,,, so that two sequences might be eventually
equal, but have sequences of partial products with different asymptotic behaviour, or conversely have the
same sequence of partial products, being however wildly different in asymptotic behaviour. Moreover the
sequence 1/2,1/2,1/2,... has the sequence p,, = (1/2)™*! as sequence of partial products, so that very
easily a sequence of non—zero numbers would have, with the above definition, a zero product. Clearly
the role of 0 has to be peculiar when speaking of products; 0 is not in the multiplicative group C* of C,
where products of non-zero numbers are. Since spontaneously we also get sequences indexed not only by
N, but by sets like {n € Z : n > v}, for some v € Z, we consider index sets like these.

3.1.2. Definition of convergence.

DEFINITION. Let (an)n>, be a sequence of complex numbers. We say that the infinite product
[1,—, a, is convergent if there exists m such that the sequence of partial products

n
pm,n:am"'an:Haj n=m
Jj=m

converges to a non—zero number a € C* as n tends to infinity.
The value of the infinite product is then, by definition, p = [[° a, =[]

m—1

j=v aj - a.

This definition implies of course immediately that a convergent infinite product has value 0 if and
only if at least one of its members is 0, that a,, # 0 but for a finite set of indices, and that eventually
equal sequences have the same convergence behaviour also as infinite products, as we have the right to
expect. Notice also

PROPOSITION. If the infinite product HZO:V an 18 convergent, then lim, . a, = 1.

Proof. Simply note that a, = pmn/Pmn—1 for n > m, and that both p,, ,, and py,, ,—1 converge to
the same non—zero complex number a as n tends to infinity. O

3.1.3. Logarithms of infinite products. Let us prove

PROPOSITION. Let (an)n>, be a sequence of complex numbers. Then the following are equivalent:
(i) The infinite product [[ -, a, is convergent.
(ii) (CAUCHY’S CONDITION) For every neighborhood V' of 1 in C there exists an index ny such that
for ny <m <n then py.n, €V (all the partial products are in V, for an index large enough).
(iii) There is an index m such that for n > m the logarithm log a,, is defined and moreover the series

logam +logamyr + -+ = Z log ay,

18 convergent.
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Moreover, if (iii) holds, then the value of the product is (H;":_yl aj> e, where s is the sum of the series

Proof. (i) implies (ii) There is an index m such that the sequence py, ,, converges to a non zero a € C.
By continuity of the division (the map (w, 2) — w/z = wz~!, from C* x C* to C*) at the point (a,a),
given a neighborhood V' of 1 we find a neighborhood U of a in C* such that UU~! C V; and since
lim,, o0 Pm,n = @, given U we find ny = ny such that if n > ny then pgm,, € U. If ny < m < n we then
have

pm,np%}m_l cevUt C V, that is, pm,np;n}m_1 = Pm,;n € V.

(ii) implies (iii). First of all, let "= {z € C : Rez > 0} be the right-half plane; take an index m such
that pg, € T for n > m. Given ¢ > 0, we can find a neighborhood V' of 1 such that logV' C B(0,¢];
we can also assume that V' is contained in 7. By (ii) we have py,,, € V for m < n and m large enough:;
since V' C T, 10g pm.n is then defined, and since a,, = pp—1,» € T also log a,, is defined; moreover

log pmn = log am, +10g ami1 + -+ - +1loga, € B(0,¢]

(if all the ajs, and their product belong to T, then the logarithm of the product is the sum of the
logarithms of the a;s). This proves that the series

oo
> loga,,
n=m

is convergent, having a sequence of partial sums which satisfies the Cauchy condition.

(iii) implies (i). Simply apply the function exp to the partial sums of the series Y - logay,; the
sequence so obtained will converge to exp s # 0, if s = > >~ loga,, is the sum of the series, by continuity
of the exponential function.

O

EXAMPLE 3.1.3.1. Consider the sequence a, =1+ 1/n(= (n+1)/n) for n > 2. Then
241 3+1 n+1 n+1
T2 3 w2
since limy, o0 P2, = 00, the infinite product [[°,(1 4 1/n) diverges (to infinity).
Consider now a, =1—1/n(= (n —1)/n) for n > 2. Then
2-13-1 n-1 1
O B B

thus lim,,_, o P2, = 0; the infinite product HZOZQ(l — 1/n) diverges to 0. Notice that these products
diverge, although in both cases we have lim,, ;o a, = 1.
Finally consider a,, = 1 — 1/n?, n > 2. By the preceding examples we immediately have
n+1 1 1+1/n
2 n 2
then the infinite product converges and [[°—,(1 — 1/n?) = 1/2.

P2.n

P2.n =

3.1.4. Absolute and commutative convergence. Of course the infinite product of the absolute values
of the elements of a convergent infinite product will always converge to the absolute value of the product;
and convergence of [ [, ~,, |an| does not imply convergence of [[,,~,, a». The notion of absolute convergence
for a product has to be given through the corresponding infinite series of logarithms.

REMARK. What we are exploring is convergence in the multiplicative group C* of nonzero complex
numbers. The metric |w — z| that this groups inherits from C is not suitable for it; e.g. with this metric
C* is non complete, and the metric is not adapted to the group structure, that is, it is not invariant
under the ”translations” of the group, the mappings z — az (with a € C* fixed). A good metric for
C* is defined as follows: let p(z) = |logz| for z € C*; prove that p is continuous on C*, and that
p(wz) < p(w) + p(z) for every w,z € C*; observe that p(z~1) = p(z) and that p(z) = 0 if and only if
z = 1. The metric d,(w, z) = p(w/z) = |log(w/z)| is translation invariant, topologically compatible, and
makes C* complete. This remark should motivate the subsequent definition.

DEFINITION. Let (an)n>, be a sequence of complex numbers. We say that the infinite product
122, a, is absolutely convergent if there exists m € N such that Rea, > 0 for n > m, and the series

n=v

S, logay, is absolutely convergent.



36

It is customary to write the infinite product ]
For the next proposition we need the following

an in the form [, -, (1 +by), with b, = (an, — 1).

n>v

LEMMA. If|z| < 1/2, then
2|

L < log(1+2) < 3 .

Proof. Put u(z) = z —log(1 + z). Then, if |z] < 1:

u@=AMWO%=/ rip

so that if |z] < 1/2 we have (use the parametrization ¢ =t z, t € [0, 1] for the last equality):

¢ < €] o 1 2
——d d dc¢| =2 dt = .
/[O,z] 1+¢ C‘ = /[O,Z] |1+C‘| C| S/Oz 1/2| C| | | /0 Hat |Z|

Thus |u(2)] < |2]? < (1/2)|z] if |2| < 1/2; then ||z]| — |log(1 + 2)|| < |z —log(1 + 2)| < |z|/2, which gives
easily the statement. O

u(2)] =

We recall also that a rearrangement of a sequence (by,)n>, is a sequence (by(n))n > v, where o is a
permutation, that is, a self-bijection, of the set {v, v + 1, v+ 2,...} of indices.

PROPOSITION. Any absolutely convergent product [|
the following are equivalent:

>y On = any(l—&—bn) s convergent. Moreover,

(1) 1,5, (1 +bn) is absolutely convergent.
(ii) The series Zn>y n 15 absolutely convergent.
(iii) Every rearrangement [, (14 bo(n)) is convergent.

And all the rearrangements converge to the same product.

Proof. The first assertion is an obvious consequence of the proposition in the preceding section, since
absolute convergence of a series implies convergence.

(i) is equivalent to (ii): use the lemma. (iii) is equivalent to (i): recall that a series is commutatively
convergent iff it is absolutely convergent; and that all rearrangements of an absolutely convergent series
converge to the same sum.

O

EXERCISE 3.1.4.1. Let (b,)n>, be a sequence of positive real numbers, converging to 0. Prove that
the infinite products

[Ta+o)  JIa-bn
converge if and only if the series >~ b, is convergent.

Solution. By the hypothesis lim,, o b, = 0, we can pick m so that for n > m we have 0 < b,, < 1/2.
We know that the infinite products are convergent if and only if the series

Z log(1+b,), respectively z log(1 —b,,)

n>m n>m

are convergent (see proposition 3.1.3). These series have terms of constant sign, all positive the first, all
negative the second, so that their convergence is equivalent to absolute convergence, which is equivalent,
by the preceding theorem, to convergence of the series ) -  by. O

3.2. Convergence of infinite products of holomorphic functions. Since we shall use almost
only the notion of normally convergent product we define it first; the general notion of compact conver-
gence for an infinite product will be relegated to an exercise (3.2.5).
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3.2.1. Normally convergent infinite products. The infinite product [[, -, f» will be frequently written

DEFINITION. Let D be an open subset of C, and let (f,,)n>. be a sequence of functions holomorphic
on D. We say that the infinite product [],~, fn = [I,,>,(1 + gn) converges normally on D if the series

> >y 9n = D5, (fn — 1) is normally convergent on D.
Then we have:

THEOREM. Let D be a region of C, and let (fn)n>. be a sequence of functions holomorphic on D,
none of which is identically zero. Assume that the infinite product [],~, fn = 11,>,(1+ gn) is normally
convergent on D. Then there exists a holomorphic function f : D — C, not identically zero, such that
the sequence pm, = [[—,, fn converges to f, uniformly on compact subsets of D. Moreover:

(i) For every compact subset K of D there exists my such that if n > myg then f, has no zero on
K, and the sequence ppm,c m = HZL:mK fn converges uniformly on K to a function nowhere zero
on K.
(ii) ¢ € D is a zero of f if and only if ¢ is a zero of some function f,, and we have ord(f,c) =
ZnZu ord(fn, c);
(iii) The product is commutatively convergent: every rearrangement compactly converges to the same

function.
!

(iv) LOGARITHMIC DIFFERENTIATION The series f—” of the logarithmic derivatives of the func-

n>v
- n

tions f, converges normally on D ~ Zp(f) to the logarithmic derivative f'/f of the infinite

product:

!/ !
f7 = Z Jn with normal convergence in D~ Zp(f).

n>v

Proof. Given a compact subset K of D there exists an index mg such that for n > mg the functions
fn have no zero on K. In fact, since the series ), -, [|gn||x is convergent, there exists my such that for
n > mg we have ||gn|lx < 1/2; then Re f,,(z) > 1/2 for z € K, in particular f,, is non—zero; and the

series
> log(1+gy)

n>mig

is normally convergent on K, to a function sk, since by the lemma 3.1.4 we have

[og(1 + gn)llx < (3/2)]|gnl %
By the composition lemma 2.9.5 we have that the sequence exp (Y0 log(1+gn)) = [The,,, (1+

n=mrg
gn) = HZ;mK fn converges uniformly on K to the function exp sk, never zero on K. So (i) has been

proved; and (ii) is now easy: on K we have

f= ( 11 fn> exp(si);

n=v

if f(c) =0 we take K = B(c,r], with B(c,r] C D. Then exp(sk) is holomorphic on B(c,r[ and then

mg—1 mg—1
ord(f,c) = ord ( H fn,c> + ord(exp(sk),c) = Z ord(fn,c) +0.

Statement (iii) is immediate: pointwise, the product converges absolutely, hence commutatively.

Statement (iv) is simply obtained differentiating termwise the series of the logarithms, as we now
explain in detail. Given a compact subset K of D let » > 0 be such that L = K + rB C D; there exists
then my, such that for n > my we have ||g,|/z < 1/2, thus, by the Cauchy estimate for the derivative:

[ 9n 1 3
= < —|llog(1 <
il =Tl S ~[og(L +gn)llr < - llgnllz,
As above the series ) - log(1 + g,) converges normally on K to a function sk continuous and

holomorphic on the interior of K; in this interior we have

/ f/
= 2 1ingn: 2 fu

n>mr, n>mr,
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with normal convergence of the series. Since we have

mrp—1
= ( H fn> exp(sx) on K,

logarithmic differentiation gives, in the interior of K

r Ry
Z f’VL n%;fn

O

Statement (ii) is one of the most important facts to be remembered: the zero set of the product is the
union of the zero sets of the factors, and the multiplicities are obtained by adding multiplicities: exactly
as in the case of finite products!

ExAMPLE 3.2.1.1. The infinite product z [],2 (1 — 2%/n?) is plainly normally convergent on all of C.
In fact if K is compact and p = max{|z| : z € K} we have | —2%/n?| < p?/n?, and the series > -, u?/n?
is convergent. The product is an entire function with simple zeros at every integer, and no other zero.
Euler proved that this product is sin(7z)/m. In fact, calling the product f, by logarithmic differentiation

we get
Fl2) 1 & —2z/n% 1 2z
f(z)72+;1—22/n272+2122—n2’

n=

but in 2.8.3 we saw that the right hand-side is 7 cotan(wz) = m cos(mz)/ sin(mz), which is the logarithmic
derivative of sin(nz). Two functions with the same logarithmic derivative differ by a multiplicative
constant, so f(z) = kwsin(nz) for every z € C. We have that lim, o f(2)/z = [[,—,;1 = 1, while
lim,_,osin(m2)/z = 7, so that k = 1/7%, hence f(z) = sin(rz)/m. We have the formula

sin(rz) = 7z H 22 /n?).

n=1

ExXAMPLE 3.2.1.2. The infinite product z [[°, (1 + z/n) e~#/™ normally converges on all of C. Let
us estimate (1+ z/n)e=*/™ — 1; put u(z) = (14 2)e~%; we have v/(2) = e =% — (1 + 2)e % = —ze~*; since
we have

[0/ (2)] < Jzlem T2 <z, we get [u(z) —u(0)] < |=?el;
(mean value theorem); thus on the disc B we have, since |z|/n < r/n:

2
’(1—&—5) e_z/"—1’ < T—zer/".
n n

Notice that the factors e /™ do not introduce zeros, but force the product to converge: without them,
the product [[7%,(1 + z/n) does not converge, for no z > 0 (3.1.4.1). The value H(z) of the infinite
product is an entire function with simple zeros at 0, —1, -2, —3,.... It has half the factors of the sine
function, and in fact we easily have

The value H(1) is [[02,(1 + 1/n)e~'/"; thus

log H(1 Z (log( ) - 711) = lim_ <i (log(n+ 1) —logn — i)) -

= n=1
lim | log( +1)—§:l =
o | loglm ' =7
where 7 is called Euler’s constant; it is known that 0 < v < 1. Since H(1) = e~ 7, we have that
A(z)= e?H(z) =ze"* H(l +z/n)e /",
n=1
is an entire function such that A(1) = 1, which has simple zeros at 0, —1, —2,.... This is the Weierstrass

A—function, whose reciprocal is the Euler’s I" function.
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3.2.2. Unordered normally convergent products. Since a normally convergent product is commuta-
tively convergent, its definition may be given for an unordered index set (necessarily countable). If we
have a family (f4)a4es of functions holomorphic on a region D, indexed by some countable set S, we shall
say that the infinite product [[,cg fa = [I4c5(1 + ga) is normally convergent on D if for every compact
subset K of D the sum

Saes lgallx ((=sup {>y4er lgallx : F finite subset of S}) is finite.
The same considerations may of course be applied to normally convergent series.

. Let D be a region of C, and let (f4)aes be a family on holomorphic functions on D such that the
infinite product [[,cg fa is normally convergent on D to f € O(D). Assume that no fq is identically zero
on D. Then [];c4(1/fa) converges normally on D~ Zp(f) to 1/f.

Proof. Exercise. O

3.2.3. The Euler’s product. We now consider the infinite product

IT a-»7",

pEprimes

and prove that the product normally converges in the open half-plane S = {Res > 1}. Moreover, the
convergence is to the Riemann’s zeta function, thus proving that ¢ has no zeros in this half-plane. First,
take a compact subset K C S, and let « = min{Res : s € K}; we have a > 1. Let us estimate the
sup-norm on K of (1 —p~*)~t —1:
’ 1 1“ P |l p (=277
— 1_|p—s‘ 1_p—0' — pa

L
: : <— (L=(@1-2"""").
1 — p—é 1 _ p—b pa
Clearly the series > ... 1/p® is convergent for a > 1, since > . 1/p* <3 o, 1/n® Fix now a
finite set F' of primes; we prove that

=X 5) Mo messy

neFr’ pEF

where F’ is the set of positive integers whose factorization does not contain primes belonging to F. We
prove the formula by induction over the cardinality of F'; it is trivially true by definition of ((s) when
F = (). Assuming it true for a finite set F' of primes, we consider G = F' U {q} where ¢ is a prime not in
F: we notice that any number in F’ has a unique representation as a product m ¢, where m € G’ and
k > 0 is an integer: this is a consequence of the existence of a unique factorization of a positive integer
into (positive) primes. Thus we have

1 1 1 1 1 1
ZE:Z ZW :st Z(qs)k :1_q—szms’

neF’ mea’ \ k>0 meG' k>0 meG'

which immediately yields the above formula for G. It is clear that as the set F' gets larger, e.g. by taking
an increasing sequence F;, of finite sets of primes whose union is the set of all primes, then the right
hand side of the above formula tends to the infinite product [ imes(1 — p~*)~%; in fact ZnEF,C,L 1/n®
tends to 1, because F}, is a decreasing sequence and (), F}, = {1} (this last because every integer has a
finite factorization into primes). Thus we get

EULER’S PRODUCT FORMULA ((s) = H (1—p 5t with normal convergence in {Res > 1}.
pEprimes

This formula prompted Euler to give another proof of Euclid’s theorem about the existence of infinitely
many primes: if the set of primes were finite then the right—hand side would have a finite limit for s — 1,
but the representation of ¢ as a series easily implies that lim,_,1+ ,ecr ((0) = +00. As a consequence the

infinite product [] (1 —p~1)~! is divergent, and hence the series Y 1/p diverges to +oo.

pEprimes pEprimes
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3.2.4. Logarithms of an infinite product. If we have on a region a finite product of zero—free functions,
and each function has a logarithm, then the product also has a logarithm, namely the sum of the
logarithms of the factors. Some caution must be used for an infinite product, even normally convergent:
not necessarily a sum of arbitrary logarithms of the factors will converge. However, it is always possible
to choose the arbitrary additive constants in 27iZ to make the series of the logarithms converge normally
to a given logarithm of the product: simply fix a point ¢ € D; the series ) - log fy(c), where log is the
principal logarithm, is convergent, hence the series of the primitives of f’/f, with value log f,(c) at c is
normally convergent in D (see exercise 2.7.7.1); it clearly converges to a primitive of f'/f, by the above
theorem on logarithmic differentiation and its value at cis ) - log fn(c), which clearly is a logarithm
of f(¢); by adding to the logarithm of the first function a suitable multiple of 27 by an integer we can
of course make the sum of this series equal to any prescribed logarithm of f(c). Summing up:

PROPOSITION. Let D be a region of C, and let f = any fn be a normally convergent product of
zero—free functions, each admitting a logarithm on D. Then f has a logarithm on D, and for any fixed
logarithm Log f of f we can choose logarithms Log f, of the factors such that

Log f = Z Log fn with normal convergence on D.

n>v

3.2.5. Compactly convergent infinite products. As stated in 3.2, the notion of normally convergent
product is the most important one. For completeness we say that one can prove the following:

PROPOSITION. Let D be a region of C, and let (fn)n>, be a sequence of functions holomorphic on
D. Assume that the sequence p,, = [[—, fn converges compactly on D to a function f not identically
zero. Then:

(i) c € D is a zero of f if and only if ¢ is a zero of some function f,, and we have ord(f,c) =
ZnZy Ord(fn7 C) ;

(ii) For every compact subset K of D there exists my such that if n > mg then f, has no zero on
K, and the sequence pp,c m = H;":mx fn converges uniformly on K to a function nowhere zero
on K.

(iii) LOGARITHMIC DIFFERENTIATION The series

!
> f—” of the logarithmic derivatives of the func-

n
tions f, converges compactly on D ~\ Zp(f) to the logarithmic derivative f'/f of the infinite
product:
o

f

Proof. Tt is a (quite strenuous, if not overly difficult) exercise.

!/
Z f—” with compact convergence in D~ Zp(f).

n>v n

O

3.2.6. Zeroes of ¢ on Res = 1. To complete our collection of results on the zeta function we prove
that it has no zero of real part 1. We use Euler’s product, which has been proved to be normally
convergent to ((s) for 0 = Res > 1 (see 3.2.3). We can take a logarithm of this product (see 3.2.4),
where we assume the logarithms in the series to be real for s = ¢ > 1 real:

() = X sy = Y Y

pEprimes pEprimes m=1

We get

3 4
0g ((s) Zmpms, 0g ((s) Zmpms es>1;
p,m p,m
we recall that, whatever the determination of the logarithm logw, we have Relogw = log|w|, so that,

given s = o + 1t with o > 1:

1 ) .
log ‘C?’(g) 4'4(0' —+ ’I,t) C(O’ + 24 t)| = Z o Re(3 + 4p7”nt +p72zmt);

p,m

now we have
Re(3 4 4p~ "™ 4 p~2™) = 3 4+ 4 cos(mt log p) 4 cos(2mt logp) = 3 + 4 cos ¥ + cos(209) =
3+4cost+2cos? 9 — 1 =2(cos? +1)> >0, for every ¥ € R.
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Exponentiating we have
1C3(0) Mo +it) (o +2it)] > 1; c>1,teR

from this we get
(o +it)|*

1
IClo+2it)| > —— o>1;
o—1 o

(o = 1)¢(o)?

this gives the required contradiction: if (1 +4t) = 0 for some ¢ (necessarily nonzero) then the left hand
side has a finite limit for & — 1%, namely |¢’(1 + it)|* |¢(1 + 2it)|, whereas the right hand side tends to
~+o00. If we recall that

— pl/2-s L(s/2)
)
I'((1-15)/2)
and that v only zeros are at the positive odd integers, we obtain that ¢ has no purely imaginary zero:
the non trivial zeros of  are in the interior of the critical strip.

(1) =7(s)C(s),  where ~(s)

3.3. The Weierstrass product theorem. The identity theorem makes holomorphic functions
extremely rigid: in general we cannot manufacture holomorphic functions to specification. Quite sur-
prisingly we can however construct holomorphic functions with prescribed set of zeros, with prescribed
multiplicities, if that set is of course locally finite in the region D.

3.3.1. Factorization in the ring of holomorphic functions. The ring of complex polynomials C[z] is
a factorial domain (even a principal ideal domain), and every nonzero polynomial can be written as
p(z)=a(z—dy) - (2 —dpn), where dy,...,d,, are the (not necessarily distinct) zeros of the polynomial,
and a is a unit of C[z], i.e., a nonzero constant. The elements z — d are exactly the irreducible elements
of the ring Clz]. If we consider the integral domain O(D) of holomorphic functions over a region D, if
a function f € O(D) has a finite set of zeros dy, ..., d,,, each repeated according to multiplicity, we can
easily prove that we have

f(z) =u(z) H(z —di) where u is a unit of O(D), i.e. u € O(D) has no zeros in D.
n=1

(notice that in every region D functions like e”, with h € O(D), are units of O(D); and when D is
simply connected, then every unit in O(D) is of this form). A function with infinitely many zeros will
have infinitely many irreducible factors, e.g. sin(7z) has all z — n, n € Z as factors. Can we hope for a
factorization in infinitely many factors? In general, of course, a product such as z [[)2 (2% — n?) will
not converge; however in this case we can write it as k2 [, (1 — 2%/n?), with k a suitable constant,
and the product will converge to sin(7z), as we have seen. For other functions with infinitely many zeros
the situation is not so simple. But: assume that the function f € O(D) has infinitely many zeros, and
arrange them in a sequence dy,...,dn,..., where each zero is repeated according to multiplicity. We
shall prove that there exists a sequence u, u; of units of O(D) such that

F(2) =u(2) [T (z = du) unl2),

where the convergence of the infinite product is normal in D. And even more, given a sequence
di,...,dp,... in D, which has no cluster point in D, we can find a sequence u, of units of O(D)
such that the product

H (z — dn) un(z)

n=1
converges normally on D, necessarily to a function f € O(D) with zero—set Z(f) = {d1, da, ... }, and each
d € Z(f) has multiplicity equal to the number of times it appear in the sequence, ord(f,d) = Card({n €
N : d, = d}). We first have to observe the following elementary fact: divisibility in the ring O(D) is
completely determined by the order function, in this sense:

PROPOSITION. Let D be a region, and let f, g be holomorphic on D and not identically zero. Then
f divides g in the ring O(D) if and only if ord(f, z) < ord(g, z) for every z € D; and f, g are associate
in O(D) if and only if ord(f,z) = ord(g, 2), for every z € D.
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Proof. If g = fh with h € O(D) then ord(g, z) = ord(f, z) + ord(h, z) so that ord(g, z) > ord(f, z).
Conversely, consider h = ¢/ f; it is a function holomorphic on D \ Zp(f); every point of Zp(f) is
an isolated singularity for h, and if ¢ € Zp(f) then ord(g,c) > ord(f,c) shows that the singularity is
removable. Then h € O(D). The remaining part of the proof is left to the reader: we simply recall that
f and g are said to be associate in the ring O(D) if there exists a unit v € O(D) such that g = fu. O

3.3.2. Weierstrass factors. Forn =1,2,3,... define E,(2) = (1—2) exp(2+2%/2+23/3+---+2"/n),
while Ey(z) =1 — z. These factors are interpolated in infinite products to ensure convergence.

LEMMA. For |z] <1 and every n € N we have |E,(z) — 1| < [z 11,
Proof. Differentiating we get
El(2)=(-1+ 1 -2) Q42+ +2") exp(z +22/2+23/3+ -+ 2"/n) =
— 2" exp(z +2%/24+ 2334+ -+ 2"/n).
Thus
B (2)] = |2l exp(z + 22/2+ 22 /3 + -+ 2" /)| < [2]™ exp(lz] + |2 /2 + - + [2]" /).
Since E,,(0) = 1 we have
Eﬁ%&=&@—&@=m}amazliame
so that
Bu) 1< lel [ 1800t
now, the above estimate for E/ (z) implies: O
B, (t2)] < t7]2]" exp(tle] + ¢%[2*/2 + - + " |2]" /n);
if |z| <1 then we have
exp(t|z| + 2|22 /2 + - + t"|2|"/n) < exp(t +t2/2 4 --- +t"/n),
so that
B (t2)] < [ (8" exp(t+¢2/2 4 - + 1" /n)) = [2[" (= E,,(1)).
Thus, if |2| <1

|En(2) = 1| = [En(2) — En(0)] < IZI/0 |2 (=B, (1)) dt = |2|" T (En(0) = En(1)) = |2]" 7.

3.3.3. The construction for a diverging sequence.

LEMMA. Let dy,ds,... be a sequence of non zero complex numbers, such that lim, .. d,, = co. Let
(kn)n>1 be a sequence of natural numbers such that > oo (r/|d,|)F» T < oo, for every r > 0. Then the
infinite product

7) =TI Br. (/dn)

is normally convergent in C, and defines an entire function whose zero set is exactly {d, : n > 1}, each
zero with a multiplicity equal to the number of repetitions in the sequence, ord(f,d) = Card({n > 1 :

d, = d}).

Proof. By the lemma, the infinite product is normally convergent: since d,, diverges, given r > 0
there exists n, € N such that r/|d,| < 1 for n > n,, hence |z/d,| <1 for n > n, and |z] < r, and the
lemma, implies

|Br, (2/dn) = 1] < (|2l/|dn])* T < (r/1dn)* T n 2 np |2 <7

Notice also that the factor Ey, (z/d,) has a first order zero at d,,, and no zeros in C \ {d,, }, so the zeros
of the product are the d,,, counted as many times as they appear in the sequence. (I
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REMARK. Notice that since the sequence diverges no term can be repeated infinitely many times.
Observe also that given an arbitrary divergent sequence we can find a sequence k,, of non negative integers
such that >°°7  (r/]d,|)*+1 < oo, for every r > 0: it suffices to take k, = n—1: if |d,| > 2r for n > 7 we
have (r/|d,|)**! < (1/2)" for n > f. In general of course it is better to choose k,, as small as possible,
to make the Weierstrass factors as simple as possible.

. WEIERSTRASS PRODUCT THEOREM FOR C. For every entire function f there exists a sequence of
entire functions v,v1,vs,... such that

fz) = e?(2) ym H(z —dy) e?n(2) m = ord(f,0),
n=1

where d,, is the sequence of all non zero—zeros of f, each repeated according to multiplicity, and the product
is normally convergent in C.

Proof. We may take, for instance, v, in such a way that Ej, (z/d,) = (z — d,,) e’ (). O

3.3.4. Orders. Given an open region D of C an order on D is a function 0 : D — Z whose support
S ={z€D:0(z) #0} is a locally finite subset of D. Every non identically zero meromorphic function
f € M(D) gives an order, its order function, z — ord(f, z). Such orders are called principal orders. The
Weierstrass product theorem will imply that on C every order is a principal order; and we shall prove
that this is true for every region in 3.3.5. Positive principal orders on D correspond then to functions
holomorphic on D, without poles. We have that ord(f,z) = 0 identically if and only if f is a unit in
O(D); on simply connected regions we know that this is equivalent to the existence of a logarithm, i.e.
units are exactly elements of the form exp g(z), for some g € O(D). Every order ? may be written as the
difference of two positive orders, ® = 9 — 97, in the usual way. Given a positive order d : D — Z, let
dy,ds, ..., be a sequence (which terminates if the support of 0 is finite) in which all nonzero elements d
in the support of d appear exactly 9(d) times. A Weierstrass product for the order d is a product (finite
or infinite)
f(z) = 2O Tz = dn)un(2),
n>1
which is normally convergent on D, and where each u,, is a unit of O(D). It is immediate to check that
if f is a Weierstrass product for 9, then ord(f,-) = 0.

. FACTORIZATION THEOREM FOR A REGION For every positive order on a region D there exists a
Weierstrass product. For every order ® on D there exist functions f,g € O(D) such that ord(f/g,z) =
0(z), for every z € D. In particular, for every f € O(D) there exists a sequence u,u, of units of O(D)
such that

f(z)=u(z) 2™ [[(z = dn)un(z)  m = ord(f,0),

where d,, is the sequence of all non—zero zeros of f, each repeated according to multiplicity, and the product
18 normally convergent in D.

Proof. In 3.3.6. O

Here is a reap of corollaries, whose proofs are left as exercises; D is a region:

e Every meromorphic function on D is the quotient of two functions holomorphic on D, hence
M(D) is the field of fractions of the integral domain O(D).

e If D is simply connected, then a function f has an m-th root in O(D) if and only if ord(f, z) is
divisible by m, for every z € D (here m > 2 is an integer).

e As in every integral domain we can speak of divisibility in O(D): f divides g means that
there exists h € O(D) such that ¢ = h f. We have observed that f divides g if and only if
ord(f,z) < ord(g, 2) for all z € D, and that two nonzero elements are associate if and only if
they have the same order function. Recalling that a greatest common divisor (ged) for a subset
S C O(D) is a divisor of every element of S, which is divided by every other common divisor of
the elements of S, it is immediate to see that any function f such that

ord(f,z) = min{ord(g,z) : g € S},

is a ged for S: notice that to prove existence of f we need the product theorem, even if S has
only two elements!
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3.3.5. Product theorem in bounded regions. Observe that if d,c € C | ¢ # d, and m > 1 then the
function

En, <j2> where B (s) = (1 — ) exp(s/1 + 82/2 + - - + s™ /m),
has a simple zero for z = d, and is holomorphic in C \ {c}. These functions will serve as Weierstrass
factors for the product theorem in arbitrary regions. Suppose that we have an infinite discrete subset
S of C (discrete means discrete in the induced topology, i.e., no point of S is an accumulation point of
S). If S, set of accumulation point of S, is empty, then every surjective sequence n — d,, on N onto
S, in which no value is assumed infinitely many times (i.e., for no d € S the set {n € N : d, = d} is
infinite) will have oo as limit. Assume on the contrary that S’ is non empty, and moreover that we can
arrange the elements of S in a sequence d,, such that lim, ., dist(d,,S’) = 0. For every n € N pick a
point ¢, € S such that |d, — ¢,| = dist(d,,S’) (this is possible because S’ is closed in C). Let k, be
a sequence of natural numbers such that the series Y 2 (r|d, — ¢, |)®» ™! converges for every r > 0. In
these hypotheses

. The infinite product
[ee]
H Ekn (dn - Cn) ,
z—cp
n=1
converges normally on C~. S’ to a holomorphic function, which has zeros exactly at the points of S, with
a multiplicity equal to the number of times they appear in the sequence d,.

Proof. Given a compact subset K of C ~\ S" we have min{dist(z,5") : z € K} = p > 0, so that, if
z € K we have |z — ¢,| > p for every n, hence
dn — Cn dn - Cn‘ .
p )
since |d,, — ¢,,| = dist(d,,, S") tends to 0 as n — oo, there is 1 € N such that p=t|d,, — c,| < 1 for n > #;

thus we get
dn —tn
e (22) -
Z — Cp,

(p~Ydp — cn|)Fm Tt is convergent, we conclude. O

<

Z — Cp

< (p~Ydn —cp))f" Tt for n>n,

and since the series » .

EXERCISE 3.3.5.1. Let S be discrete in C, and let S’ be the set of accumulation points of S in C;
assume that S’ is non empty. Call proper enumeration of S a map n — z, of N onto S, such that no
element of S is repeated an infinite number of times. Prove that the following are equivalent:

(i) There is a proper enumeration n — z, of S such that lim,_, dist(z,,S") = 0.
(ii) For every € > 0 the set {z € S : dist(z,S") > ¢} is finite.
(iii) For every proper enumeration n — z, of S we have lim,,_,, dist(z,,S’) = 0.

3.3.6. Product theorem in arbitrary regions. We prove here the factorization theorem for a region,
stated in 3.3.4. Given a region D of C, and an infinite subset S of D discrete in D, its derived set
S’(=set of accumulation points of S), if non empty, is contained in the boundary 0D of D. We want to
be able to apply the preceding arguments for C and for bounded domains (Weierstrass product theorem
and 3.3.5). To do this we split S into two disjoint subsets A and B, where A has no accumulation
point in C, and B is such that B’ = S/, and if B’ is non empty, then we can arrange B in a sequence
d,, such that lim,_, . dist(d,, B’) = 0; either one of these sets may be empty, in which case we could
apply directly one of the preceding theorems. Simply take A = {z € S : |z| dist(z,5’) > 1} and
B ={z¢€ S :|z| dist(z,5") < 1}. Then A has no accumulation point in C; in fact, if ¢ is such a point,
and z; a sequence in A converging to ¢, then |z;| dist(z;, S’) tends to |¢| dist(c, S’) = |¢|0 = 0, and cannot
be larger than 1. Next, for every £ with 0 < & < 1 the set B, = {z € B : dist(z,5’) > ¢} is finite: in fact
it is bounded, since if z € B. we have |z| < 1/e, and if it were infinite it would have an accumulation
point ¢, for which we have dist(c, S’) = 0. It is now clear, given an order function d : D — Z, how to
construct a meromorphic function with that order; we can of course assume that the order is positive and
split the support S of the order into two disjoint subsets A and B as above; arrange the terms of A, if A is
infinite, in a sequence repeated according to multiplicity, and use 3.3.3 to get an entire function f4 with
A as a zero set, with the prescribed multiplicities. For B do the same, but use 3.3.5, to get a function
fB holomorphic on C \ B’ D D with zero—set B, with the right multiplicities; finally take f = fa f5.
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3.4. The I' function.
3.4.1. Weierstrass A function. We consider again the infinite product:

= [L(145) e = L togm )
z)=¢e z}l( +n e . Y mgn@(Zn ogm)7

which in 3.2.1.2 has been shown to be normally convergent in C; we can confirm it by observing that
A(z) = ze?*T[0_, E1(—z/n), and that the series Y -, (r/n)? is convergent for every r > 0. We note
Gauss limit formula:
1).--
A(z) = lim 2zt 24 m)
m—00 m!m#

z € C;

In fact we can write

Rz f[l eXp(—zZ )_ z—l—l)m!(z+m)exp<_z (ili_,}));

we multiply and divide by m* = exp(zlogm) and we obtain for the m—th partial product:

Z(Z+177)1.!;7;L£Z+m) exp (Z (zilogm7>>;

n=1

for any given z the last term tends to 1, so the limit formula is proved. Notice that A(1) = 1. This
immediately implies the functional equation

zA(z+1)=A(z) for every z € C.
in fact, assuming z # 0:

At = fim GTDEFDED (Gt +m)

m—o0 m!m#+1
1o z(z+1)(2+2)-- (2 + (m+1)) (m+ 1)+
— lim =
Z m—oo (m+ 1) (m+ 1) mz+1
A(z)

ot

We can also observe that the factors of A are roughly half the sine factors; considering the product
A(z)A(—z) we get

At = T (1+2) e e T (1= 3) e =2 T (153 -

1=1 n=1

_Z (m I1 (1 — )) - —%sin(wz).

Since A(—2)/(—2) = A(1 — z) we get

sin(mz) .

A(z)A(l—2z) =

™
3.4.2. The multiplication formula. For future use we prove that:
. If m > 2 is an integer then:

= _Vm
H k/m (\/ﬂ)m—l

k=

=

Proof. Observe that

m—1

3

A(k/m) = H (1 —k/m),
k=1 k=1
so that

m—1

i " sin(wk/m) 1 e
H A(k/m) H (k/m)A(1 —k/m) = H - = i H sin(mwk/m);
k=1 k=1

k=1 k=1
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now we have

m—1 m—1 eiﬂ'k/m _ e—iﬂk/m 1 m—1 k) 2imk/
] J— _ (s m — 1T my __
H sin(mk/m) = H 57 = Gy H e (1-e )=
k=1 k=1 k=1
1 m—1 -y m—1 ik 6iﬂ(m71)/2 m—1 pimk/
itk/m —2itk/m\ __ —2itk/m\ __
g L Lo = T [ = =
k=1 k=1 k=1
1 m—1
o H (1 _ e—2i7rlc/m).
k=1
Since e~27k/m for k = 1,...,m — 1 are exactly the non trivial m—th roots of 1, we have, for every

indeterminate X, [[p =, (X — e2imk/m) = Z;":_Ol X7 ; thus the last product has value m. We have
obtained

m—1
. m
H sin(rk/m) = =1

k=1
hence
m—1 2
m
(E A(k/m)> = @y
and observing that A(z) > 0 for > 0 we conclude. O

3.4.3. Euler’s gamma function. For s € C \ (—N) we define:

1 e~ £ es/n
I'(s) := = .
() A(s) s };[1 1+s/n

The infinite product on the right is normally convergent in C \ (—N) (see 3.2.2).
The functional equation zA(z 4+ 1) = A(z) becomes

FUNCTIONAL EQUATION FOR I T(s+1)=sT(s).
which by induction gives
T(s+m+1)=s(s+1)---(s+m)T(s),

and immediately implies

—1)ym
Res(I", —m) = (=1 m € N.

m!

Next we have:
EULER’S SUPPLEMENT L(s)T(1 —s) = — T se C\Z.
sin(ms)
Moreover we have
m!m?®

(GAUSS PRODUCT T'(s)= 1l .
() mevco s(s+1)---(s+m)

Notice, from the very definition as a product, that T'(5) = I'(s), hence I'(o) is real if o is real, and from
Gauss product representation we get, observing that |n*| = n®¢* and that [n+s| > n+Res for Res > 0:

IT'(s)| <T'(0) ifoc=Res>0;

so that I' is bounded on every vertical strip a < Res < b, if 0 < a < b < oo; this is important in the
characterization of I' (Wielandt’s uniqueness theorem).
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3.4.4. Integral representation. The Gauss product representation yields easily (if a little misteriously)
the integral representation. Consider in fact the sequence of functions

m
U (6) = €71 (1 — Ti) Xm(§), where x,, is the characteristic function of the interval [0, m].

m
A classical result of analysis says that (1 - > Xm (&) is increasing and converges on [0, oo[ to e~¢, so
m
that if © = Res > 0 we can apply the dominated convergence theorem and deduce that

: s— g)m > s—1 —
lim H1-> m(&)dE = e S de.
e (1-8) @ [Teesa

m—0o0

First substitute & = mt to get

" s—1 g " _ s ! s—1 m
/0 & (1m> dffm/ot (1 —¢)™dt,

and then integrate by parts m times:

/1 EN - = (1 — 4 T /1 51— 1)Lt =
0 5 5 Jo

_m [t — )™+ mm = 1) /1 (1 =)™ 2 dt.
s(s+1) s(s+1) Jo

This is the second iteration; after m iterations we then get

1 ! 1 !
m! m!
s 11 £ dt /ts+m 1 It :
/0 ( ) s(s+1)---(s+m—1) J, s(s+1)---(s+m—1)(s+m)

we have obtained
m m !ms
a1 1—£> dé = o
| € ( m) CTGA D Grm)

exactly Gauss representation. Passing to the limit we obtain:

I(s) = /OOO ¢ le7tde Res > 0.

3.4.5. Wielandt’s uniqueness theorem. To what extent does the functional equation determine the
I' function? clearly any constant multiple of ' verifies the same functional equation, so we have to
fix a value at some point, let us say at 1. Still this does not determine the function; it is easy to see
that multiplying by any function ¢ periodic of period 1 the functional equation is still verified, e.g. T'
and cos(27s)'(s) both verify the functional equation, and have value 1 at 1. Assuming that we have a
function f holomorphic in the right half plane T'= {Res > 0}, which satisfies the functional equation
f(s+1)=sf(s) for s € T, it is easy to see that it can be uniquely extended to a function holomorphic
in C \ (—N), using the functional equation, by the formula

fls+m)
f(s)_s(s+1)---(s+m—1) m>1, Res>-m, s¢—N,

and that if f(1) = 0 then the formula actually defines f as an entire function (if Re s > —1, then we define
f(s) = f(s+1)/s, and if f(1) = 0 we have that 0 is a removable singularity for f, with f(0) = f/'(1);
by induction we get a similar extension to every negative integer). Having extended f to C ~\ (—N) we
can consider g : C N\ Z — C defined by g(s) = f(s) f(1 —s). We prove that g(s + 1) = —g(s); hence
g(s+2) = —g(s+1) = g(s), so that g is periodic of period 2, and in general g(s + m) = (—1)™g(s) for
every integer m. In fact we have

gls+1) = fls + DNf(1 = (1 +5)) =5 f(5)f(=5) = =f(s)(=s f(=5)) = =f(s)f(1 = 5) = —g(s).

Notice also that, by linearity of the functional equation with respect to the unknown function, every
linear combination of solutions of the functional equation is still a solution. Now we can prove:

. WIELANDT’S UNIQUENESS THEOREM The I' function is the unique solution of the functional equa-
tion I'(s + 1) = sT'(s) which is bounded on the strip S = {1 < Res < 2}, and is such that T'(1) = 1.
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Proof. If ® is another solution bounded in the same strip, with ®(1) = 1, the difference v is a solution
of the functional equation with u(1) = 0, bounded in S, say |u(s)| < L for s € S; by the observation above,
u extends to an entire function. Now we have that u is also bounded in the strip Sy = {0 < Res < 1}: it
is clearly bounded on the compact intersection of this strip with {—1 <Ims < 1}, and if 0 < Res < 1,
and |Im s| > 1 we have

1 L
ju(s) = DL Ly
ERICT

Consider now the function v(s) = u(s)u(1 — s); this entire function is symmetrical with respect to the
point s = 1/2, and is then also bounded in Sy. But then v is bounded by the same constant on every
strip {m < Res < m+1}, since v(s+m) = (—1)" v(s), hence v is bounded in C. By Liouville’s theorem
v is constant; since v(1) = u(1)u(0) = 0, v is identically zero, and hence u is identically zero. O

EXERCISE 3.4.5.1. Given a € C, with a # 0, 1, consider the functional equation

f(s+1)=af(s);

it has an obvious solution: the entire function s — a®; by definition, a® := exp(sloga), with loga =
log |a| + i arga the principal logarithm. Prove that all holomorphic solutions of the functional equation
are of the form a® p(s), where ¢ is a holomorphic function periodic with period 1. Assuming a > 0 (hence
a € R), prove that ka®are the only solutions bounded on vertical strips with compact base; k € C is a
constant.

3.4.6. Multiplication formula. Taking reciprocals in the multiplication formula for A we get

m—1 \/7 1
(V2m)™
H Lk/m) = —=—
but, as was first proved by Gauss, more is true.
We seek a function ¢,, such that:

m—1
P(2) = F(z) = [] Tz + k)/m) o (2)
k=0
Imposing the functional equation:

m—1 m
F(z—l—l):HI‘((z—|—1+k)/m)<pm(z+1) <pmz+1H ((z+7)/m) =
k=0 =1

m—1 2 m—
m(z+1) HI‘ (z+5)/m)T(z/m+1)= <pmz+1EH ((z+37)/m) =
j=1 7=0
1
22 ),
mSDm(Z)

so that the functional equation is verified by F if ¢,,,(2) = ¢m?, with ¢ a suitable constant. The function

m—1

F(z)=ecm? H I((z+ k)/m)

k=0
is clearly bounded in the strip {1 < Rez < 2} (observe that |m?| = m&®®? and that I' is bounded in
strips like {1/m < Rez < 2}. Next we have

m—1

F(l)=cm ]:CI;[O L((1+k)/m) = H;nzﬁl A(j/m) - \/ﬁ/(\/ﬂ)mfl

so that to have F(1) = 1 we need ¢ = 1/(y/m (v/2m)™~1). Setting z = ms we conclude with:

mms

W

MULTIPLICATION FORMULA I'(ms) = H I(s+k/m) m>2,
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REMARK. For m = 2 we get
2s—1

LS
discovered by Legendre in 1811, a year before Gauss gave the more general multiplication formula.

3.4.7. Logarithmic derivative of T'. As recalled in 3.4.3, we have I'(s) = (e77%/s) [[°, e*/™ /(1 +5/n)
with normal convergence in C \ (—N). Hence, with normal convergence in the same region:

LEGENDRE’S DUPLICATION FORMULA I'(2s) =

T(s+1/2)T(s).

oo

wo=F S (L),

n=1

Substituting s = 1 in this formula we get I'(1) = —y. Differentiating we get

I"(s)0(s) — (I(s))? 1 = 1
IRONORI D) N
(T'(s)) s? = (s+n)
which is strictly positive for s = o > 0, thus showing that I" is logarithmically convez in ]0, +o0], i.e., the

function logT' is a (strictly) convex function on ]0, +oo[. There is the following characterization of the
real gamma function, due to the danish mathematicians Bohr and Mollerup:

¥'(s)

. If f 110, +00[—]0, +00[ is logarithmically convex (that is, log f is a convex function), f(x + 1) =
x f(z) for every x >0, and f(1) =1, then f(x) = T'(x) for every x > 0.

For a proof see [Conway], 7.13.

3.4.8. de Moivre-Stirling formula. We want an asymptotic estimate of I" for values of the variable
with large absolute value. The character of the function, which has poles on the negative integers,
makes the estimate good only far from the negative real axis. Heuristically, we start with the integral
representation and real positive values s = ¢ of the variable:

r(a+1):/0 €7 e S de,

and we presume that for large values of ¢ the integral concentrates around the maximum of the integrand,
which occurs for £ = o; to better study this guess, we set this maximum at 1 by means of £ = ox, obtaining
o0 (o]
(o +1)=0c""! / 27 dr=(x=1+u) = O’O+1€_0/ (I4+u)fe “dur
0 —1

1
0_0+1e—a/ (1 + u)” e~ duy =

-1
1
oo Tlee / exp(—o(u —log(1 4+ u))) du;
-1

using Taylor approximation of u — log(1 + u) near 0 we write u?/2 in place of u — log(1 + u):

o0

1
2 2
0”“67‘7/ e 2 du e o e / e 2 du = 0t e™\ /21 /0.
-1

—00
We thus guess that the asymptotic formula
D(o+1) ~ V2107277 equivalently (o) ~ V2107 V277 (0 — 400)
holds. Therefore we try to write
[(s) = V2m s57 /2675 o),
where p is holomorphic in the slit plane C_, and p(s) tends to 0 as s tends to infinity (in a sense to
be made precise, remaining far from the negative real axis). We put F(s) = /2 §571/2¢=5 1(5) and we
impose to it the functional equation. To determine u, we observe that we must have, by the functional
equation:
(S + 1)s+171/2 67(5+1) ep,(s+1)

S =
§5—1/2 g—s ou(s)

exp (s +1/2) log(s + 1) — (s — 1/2) log s — 1 + (s + 1) — pu(s)),
which, writing s as €'°8° certainly holds if

u(s+1) —p(s) =1—(s+1/2)(log(s + 1) —log s).
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To solve this difference equation we use the following representation of the principal logarithm:

e 1 1
logSZ/O (f-f'l_§+5> dg, seC_,

easily obtained from log s = f[l J d¢/¢ = (s—1) fol dt/(1+t(s—1)) by the change of variable t = 1/(14¢).
We have from this formula:

/1 1 : ! 1 :
10g(8+1)—10g8:/0 (§+3_§+(s—|—1)> o= Im | <§+s_§+(s+1)> 9%;
/dﬁz/ dn
o §+(s+1) i m+s

r 1 1 B 1 d§ r+1 df
/o <£+s_£+<s+1>)d€‘ ; s+s_/r s
1 dé—

0 5 + s '
Substitution into the above formula for the increment of u gives

- 1 df B 1 3—|—1/2 . 15_1/2
p(s+1) —p(s) =1—(s+1/2) ; £+S_/O (1— £ 15 )dﬁ—/o £+s dg,

but

so that

and we finally obtain

log(s+1) —logs =

so that .
§—1/2
s+1)—u(s) = / d
(s +1) — p(s) N §
inspired by the above formula for the increment of the logarithm we observe that the right hand side is
exactly the increment of the function defined by

where p : R — R is the sawtooth function defined as p(z) = 1/2 — z for = €]0,1[, p(0) = 0, and
then extended by 1—periodicity. It is easy to see that the preceding formula actually defines a function
holomorphic in the slit plane; observe in fact that p has a bounded primitive on R, the function ¢(z) =
x(x —1)/2 for z € [0,1], and then extended by periodicity; then an integration by parts gives

and it is now easy to see that p is holomorphic in the slit plane. If s = o + it, we have, assuming first

t>0:
|()|<1/°° dx 1/°° dx
S - = 3 =
=3 o lz+s2 8Jy (z+0)2+¢2

1 1 1
P larctan((z + o) /t]y = % (% - arctan(a/t)) =% arccot (o /t).
If s = |s]e’¥, with —7 < ¢ < 7 we get o = |s|cos ¢ and t = |s|sin ¢ so that arccot(o/t) = ¢ if 0 < ¢ < 7;

hence
1 args

[u(s)] <

- % sinarg s

s¢R_

(since p(8) = wp(s) we get the formula also for args < 0; and if args = 0 it is understood that
args/sinargs = 1). Since § — 60/sinf is increasing in [0, 7], in the angular sector Ws = {s € C :
—m+d<args <m—4}, for 0 < <7, we get the estimate

1 7—9§
| < %ZIT(S in particular in the right half-plane |u(s)| < 167 s’

|p(s)
We have to complete the proof: we have seen that F(s) = v2xw $5~1/2¢75¢1(5) verifies the functional
equation of the I" function. Let us verify that F' is bounded on the strip {1 < Res < 2}. For future use
we prove more, studying also the asymptoticity of |F(o + it)| as t — +oo.
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. For every o € R we have
|F(o +it)| ~ V2r |[t|7 72 e ™12 )t = o0,
uniformly when o varies in a compact subset of R.
Proof. Since F'(o —it) = F(o + it) we can consider only ¢ — +00; now
|F (o + it)] = Var|el 72085 e =] |er)];
and
le(s=1/2)1oes| — exp(Re((0—1/24it)(log |s|+i arg s))) = exp((c—1/2) log |s|—targs) = |s|]7 /2 et 28",
so that, recalling that arg s = cotan(o/t) = m/2 — arctan(c/t), since ¢t > 0:
|F(O’ + Zt)‘ :\/ﬂ|5|071/2 efaftw/2+t arctan(o/t) eRe(,u(s)) —
V2 t7 12 e 7t /2 5 /17712 exp(—t(o /t — arctan(o/t)) + Re(u(s)).
Assuming that o € [—a, o] for some given large a > 0, we have to prove that given € > 0 there is t. > 0
such that
|s/t|7~ Y2 exp(—t(c/t — arctan(c /t)) + Re(u(s)) — 1| <e for t>t..
In fact
|5/t]771/% = exp((20 — 1) log(1 + (0//1)*) /4),
and, if a > 1:
(20 = 1) log(1 + (/1)) /4] < ((2a +1)/4)(a/t)*;
and since |z — arctanz| < |z|?/3 for 0 < |z| < 1 we also have
| —t(o/t —arctan(o/t))| < t|(a/t)]?/3 < a®/(3t%);

moreover u(s) tends to 0 as s tends to infinity, on every vertical strip. Asymptoticity is proved.
O

That F is bounded in the strip {1 < Res < 2} is now clear, since by continuity F' is bounded on
compact rectangles {1 < Res < 2}, {—b <Ims < b}, for every b > 0. It remains to prove that F(1) = 1.
Assuming F(1) = a, Wielandt’s theorem implies that F(s)/a = I'(s); by Legendre’ s duplication formula
we get, for x > 0:
2x—1

T

a 9% I2171/2€72Z eu(2x) — 92 (1, + 1/2)1 xm71/2 e 27 671/2 eu(z+1/2)+,u(z)

l \/ﬂ(?l‘)Qm_l/Z e~ 2% ey(?z) _ 27_‘_% (l‘ + 1/2)z e—(z+1/2) e,u(z+1/2) xz—1/2 e e,u(ac);
a a

thus
simplifying

1 xT
n(2z)—p(z+1/2)—p(=) — (1 14+ —
ac e (1+ )

Taking the limit of both sides as x tends to co we get
a=(1/Ve)ye ie a=1.
Summing up:
. DE MOIVRE-STIRLING FORMULA. In the slit plane C_ there is a holomorphic function p such that
T(s) = V2r 55 /2675 k()

where p tends to 0 as s tends to infinity in every sector which excludes the negative real axis; more
precisely we have, given 0 < § <7

N(s)|<(§7;51_n((55>|i| if —m4+d<args<m-—04d.

In the course of the proof we have also obtained:.
COROLLARY. For every o € R we have
T (0 +it)| ~ V2 [t|7~ /2 e 7IH/2 [t] — oo,

uniformly when o varies in a compact subset of R.
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3.4.9. Hankel contour integral for the Gamma function. The integral representation of the Gamma
function is valid only in the right half—plane. There is another representation with a contour integral
which is valid in all of C \ (—N), found by the german mathematician Hankel (circa 1860). Given
¢ =a+1b, with a,b € R, and b > 0, we call v = 5, the contour obtained by the juxtaposition of the
following lines:

e The half line s_(t) =¢+t=(a+1t) —ib, t € — 00,0];
e The arc of circle p(f) = ee?, § € [~ argc,arg ] of radius & = |c|, counterclockwise from ¢ to c;
e The halfline s;(t) =c—t=(a—1t)+ib, t € [0,+0o0[.

We can assume that ~ is parametrized as t — y(t), with ¢ € R and lim;_, 4+, Rey(t) = —co, whereas
lim; 400 Im7(¢t) = £b. We now consider the function u : C x C_ — C, where C_ = C N R_ is
the slit plane, given by u(s,z) = z7%¢* (of course z7% := exp(—slogz), where logz = log|z| + ¢ argz
is the principal branch of the logarithm). If s = o + it and z = z + iy, with z ¢ R_, we have
|z7%| = | exp(—slog z)| = exp(—olog |z| + targz) = |z|7e!®8* < |z|~7¢™*; Then we have

|Zfsez‘ < |Z|fcre7r|t| 617
and if z € [y] we have:
lu(s, z)| < |z|~7 et e,
Assume now that s is contained in a vertical strip with compact base, S, = {—k < Res < k}. If z € [v]
|Z|—o _ (1‘2 + y2)—a/2 < (1 + ,TQ + |c|2)k/2;
since on [y] we have © = Re z < |¢| we obtain that there is a constant Ly > 0 such that
(*) lu(s, z)| < Ly e™e*/2  for every s e Sk, z €[]

(simply observe that lim,_, o (1+ 22 +|c|?)¥/2 e%/2 = 0, and take Lj, = max{(1+ 22 +|c|?)*/2e%/2: z <
lc|}). If s varies in a given compact subset K of C, there is k > 0 such that K C kB, hence

lu(s,z)| < Lpe™ e*/? forevery se€K,z=x+iy€ [y]

so that the function ) )
u(s,z)dz=— | z7%€*dz
~ 211 v

is an entire function. Observe also that if s € Sy we have, from inequality (*):

h(s) := o

L .
() Ih(s)] < ieﬂlﬂ/e—m \dz| < My e,
2T ~

Notice that the integrand z — z~™ e? is holomorphic on the punctured plane C \ {0} when s = m is an
integer. We now prove that h(1) = 1, and that h(—n) = 0, for every n € N. Given r > |a| we consider
the loop «;,- given by the segment from —r —ib to ¢ = a — i b, then the arc of circle ¢ from ¢ to ¢, then
the segment from ¢ to —r 4 i b and then the segment from —r +ib to —r — i b. If 3, is the contour given
by the horizontal half-line from —oo to —r — ¢ b, followed by the segment from —r — b to —r + i b, next
by the half-line from —r 4+ i b to —oo we have

1 1

h(m) = —/ z7Mefdz+ — | z7"e*dz for every r > lal.
270, 2mi Jg,

It is easy to see that for every given integer m we have

lim z7me*dz=0
r—-+00 B,

(the integral is dominated by 2Ly e™ ["_ e®/2dx + 2bLy, e™ e="/2, if |m| < k), so that

1
h(m) =— lim 2z Me*dz.
2mi r—+too J,

If s=m € Z, z+— z7™e” is an entire function if —m > 0, so that the integral on «, is always 0;
hence h(m) = 0 if m < 0 is an integer; otherwise 0 is a pole of order m, with residue 1/(m — 1)!; thus
h(m) =1/(m —1)!if m > 1 is an integer, in particular, h(1) = 1.

We now get the functional equation h(s) = sh(s+ 1). Integrate by parts:

/Zﬁs e dz = [Zis ez]Z:"/(+OO) + S/ Zfsfl e*dz =0+ Sh(S + 1)
8! gl

z=7(—00)
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(notice in fact that [y(t)=% Y| < Ly, e™elRe7(1)/2 tends to 0 as Re () tends to —oo). Next we consider:

F(s) = %/zsfl e*dz = ’/TM.
2i sin(7s) J., sin(ms)
The functional equation for h gives:
h(—s) (=s)h(—s+1) h(1—s)
F(1 = = = = s F(s).
(I4s)=m sin(nm(s + 1)) i sin(7s) o sin(7s) s F(s)

Notice that h(1 — s) has zeros at every strictly positive integers; these are then removable singularities
for F; and F has first order poles exactly at the points of —N, where h(1 — s) is non zero, as observed
(h(n) =1/(n—1)!for n > 1 an integer). In particular, F is holomorphic on the right half-plane {Re s > 0}.
Observe that F' is bounded on the strip {1 < Res < 2}; in fact from (**) we have |h(1 — s)| < My ™!
is s = 0 + 4t is in this strip; moreover

|€i7rs _ e—iﬂs‘ ||ei7rs‘ _ |6 |€—7'rt _ e71't|

—4TS H

| sin(ms)| = 5 > 5 = 5 = sinh(nl|t]).
Hence, assuming ¢ # 0:
My et M.
|F(s)] < m— 2¢ =27 2 1<Res<2 t=Ims;
sinh(7t]) 1—e—2nlt

continuity of F' on the strip shows boundedness also near ¢ = 0. The uniqueness theorem of Wielandt
then shows that for every s € C~\ (—N) we have F(s) = dT'(s), with d = F(1). Write Euler’s complement
formula:

wd
L(s)['(1—s)= Sin(rs) whence T(s)dT(1—s) = lrs)
then
L(s)F(1—s)= sinﬂ:rs)’ that is D(s)m SiZST)s) _ sinw(frs)’

which simplifies to T'(s) h(s) = d; for s = 1 we get h(1l) = d; since h(1) = 1, we conclude that h(s) =
1/T(s) = A(s), and that F(s) =T'(s).

We observe that there is considerable latitude for the choice of the contour: since the integrand is
holomorphic in the slit plane , we only have to take a contour v : R — C_ which turns around the origin
and such that lim;_, 4 o Re(y(t)) = —oo, while Im(y(¢)) remains bounded. In particular, we can take both
half-lines on the negative real axis, taking care of considering the two values of z7° which come from
taking limits on the upper or on the lower half-plane. To be more precise: assume that Rec = a < 0,
and consider the contour given by the half-line A_(t) = a + ¢ with t €] — 00, 0], the circle p(t) = |a|e?,
0 € [—m, x|, and the half-line A (t) = a —t, t € [0, +o0[. It is not difficult to see that one has

0 00
2mih(s) = / exp(—s(log(—(a+t)) —im))e " dt+/0 exp(—s(log(t —a)+im))e® " (—dt) +/z_sez dz.

Put a +t = £ in the first of these integrals, and a — ¢ = £ in the second, obtaining
2mih(s) = e”s/ €] 7% e dg — e~ / |€]7% €& dE + / z %e*dz,
—00 —o0 P

that is, putting also a = —¢, and p. in place of p:

. —e 1
h(s) = sin(rs) / |€]~* et dé + 2—/ z7%*dz forevery se€C,e>0.
i
_ e

T o0
Recalling that I'(s) = wh(1 — s)/sin(ms) we get also
e 1
I'(s) = / €]~ et de + 7/ 2*"le*dz for every s€ C~ (=N), > 0.
oo 2isin(ms) J,.

Now the first term will not have a finite limit for e — 0" unless Re s > 0. If this happens also the integral
over the circle tends to 0, and we obtain

0 ¢S}
I'(s) = / €] e de = /0 5 le tdt Res > 0.
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3.5. Jensen’s formula. The Weierstrass product theorems say that we can give arbitrarily the
zeros for a holomorphic functions on a region D, provided that the obvious necessary condition, that they
accumulate only outside of D, holds. If we impose some other condition to the holomorphic function,
e.g. boundedness, or some growth condition, the situation is quite different. A quantitative condition
which gives some information is Jensen’s formula, which we now derive. Recall that we proved that
there is a Mobius involution of the unit disk A which exchanges 0 and d, with 0 < |d| < 1, given by
ga(2) = (z —d)/(dz — 1) (see 1.1.6). By conjugation with z — r z we get:

. For every r > 0 and every d € rA \ {0} there exists a unique Mobius involution of the disk rA,
which preserves the boundary of rA and exchanges O and d. This involution is given by
5 z—d
9dyr =T m
What we are asserting is then: gq,(rA) =rA; g;i = ga,r, and |gq,-(2)| =7 if |2] = 1.
We need the simple:

LEMMA. (i) If g is holomorphic and never zero on an open set containing the closed disk rB, we
have

1 27 )
loglg(0)| = 5= [ Towlg(r <) v

(ii)
2m )
/ log|1 — €| dv = 0.
0

Proof. (i) g is nonzero on an open disk (r+¢)A, for some £ > 0. Then g has a logarithm log g on this
convex set. Cauchy formula says that log g(0) is the average of the values of log g on the circle 9(rB);
the real part of log g(z) is log |g(2)], so that the above formula is simply Cauchy formula for the real part
of log g, at the origin 0.

(i) Since |1 — €| = \/(1 —cos®)? +sin? ¥ = /2 — 2cos ¥ = 2| sin(19/2)], we have

2m ™ ™
/ log |1 — ™| di) = 2/ log(2sin(¥/2)) d¥ = 2wlog 2 + 2 / log sin(¥/2) dv;
0 0 0

Now
1= /Tf logsin(¥/2) d¥ = /7r logsin((m —t)/2) dt = /W log cos(t/2) dt,
so that ’ ’ ’
2l = /Tr log(sin(t/2) cos(t/2)) dt = /Tr logsintdt — wlog 2,
and ' ’

™ 2m ™
/ logsintdt = / log sin(¥/2) ? = / logsin(¥/2)d9 = I,
0 0 0
so that I = —7log 2.

O

(JENSEN’S FORMULA). Let f be holomorphic on an open set containing the closed disk rB; assume
that f(0) #0. Let dy,...,d, be the zeros of f in rB, repeated according to multiplicity. Then we have

n r 1 2 ;
|£(0)] J];[l @ o (277/0 log | f(re 19)|d19) .

Proof. Let dy,...,d, be the zeros of f in rA, and ci,...,c, be the zeros on OrB, all repeated
according to multiplicity. Consider the function
- d ey cn—2
h(z) = r= J k ;

) H djz —r? kI;[l Cck

j=1 B

notice that each of the factors in the first product has absolute value 1 if z € OrB. If we define

f(z i sz—TQ Loe
o) =15 =10 T 5= T 2%

=1
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the function g is holomorphic on an open set containing rB and never 0 on 7B, so that by the lemma

1 2 .
loglg(0)| = 5= [ Togla(r <) v

dz

= =1if|z| =r;if ¢, = re!® for k=1,...,p we have
r(z—dj)

Remember now that ‘H

1 27 » 1 27 » p ) 1 27 )
- 7 _ i _ _ i(W—ay) _ 70
3= | tolatr el ar = o [ og e > logit - o = 5 [ rogl e av,

using also the other observation on the integral of the chords. The computation of |g(0)| gives
m P
9( H i

and the proof ends.

We can write also, if || f||,, = max{|f(2)| : |z| = r}, observing that log |f(re?”)| < log || f||.:

1 1 1 o s Hf”r
P — _ d; — 1 dv d
(JENSEN’S INEQUALITY) |£(0)] o j|:|1 |d;| exp (277 /0 og \f(re )| ) |:| | o

Let us derive the following corollary:

COROLLARY. Let f € O(A) be bounded. Assume that f(0) # 0, and order the zeros of f in a sequence
(dn)n>1 such that |dy| < |dpt1|. Then, for every m € N we have

< I 1dullfla
n=1

Proof. Given m, take r such that if m(r) = {n >1: |d,| < r} we have m(r) > m. We have

m(r) m(r)
\d
o< TT == sl < H 7).
n=1 =
and since |d,|/r < 1 we have also
m(r) m
d 13 |d7L
<
<[
n=1 n=1
so that
(7 14nl
< H e I1flla,
for every r < 1 large enough. Passing to the limit as » — 1~ we get
0) < [T Il flla
n=1
as required. 0

Then the infinite product [] >, |d,| converges to a real number not smaller than |f(0)|/]|f||a (notice
that the sequence of partial products is decreasing). This of course happens if and only if the series
>0 log|d,| is convergent, and since this series has negative terms, its convergence is absolute, and
equivalent to the convergence of the series Y o~ | (1 — |dy]).
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3.6. Functions with prescribed singular parts. Given d € C, a singular part at d is a function
q € O(C \ {d}) with limit 0 at infinity; ¢ has a unique representation as a Laurent series

o~ c—n(d)
a(z) =
ngl (z—d)"
where the series converges for every z € C \ {d}. We call finite a singular part when d is a pole for ¢,
that is, all but a finite number of the c¢_,(d) vanish; equivalently ¢ is a rational function. If a function
h is holomorphic on a region D except for isolated singularities then the set of these singularities is
locally finite in D, and at every isolated singularity d the function h has a well defined singular part
h; € O(C~{d}), so that h has a singular part distribution, a function hp defined on D, which associates
to every d € D the singular part h; of h at d, whose support is then the set of non-removable singularities
of h; it is of course a locally finite subset of D.

The problem we now pose is the following:

Given a singular part distribution on D with support a locally finite subset S of D, find a function
h holomorphic on D \ S whose singular parts at every d € S are the given ones.

Of course this is trivial if S is finite: simply take the sum of the singular parts.

3.6.1. Mittag—Leffler series. A Mittag—Leffler series for the singular part distribution (gq)4es is a
series ) ;- 5(qa — ga), such that each g4 is holomorphic on D, and the series normally converges in D\ S.
The terms g4 are often called convergence summands for the singular part distribution. In fact if these
gq exist then it is clear that:

PROPOSITION. If ), «(qa — ga) is a Mittag-Leffler series for the singular part distribution (qa)aes,
then the sum h of this series is holomorphic on D \. S, and at every d € S has singular part qq.

Proof. The only statement which needs proof is the last. Given d € S, take » > 0 such that
B(d,r] C D, and B(d,r]NS = {d}. If v = 9B(d, r] then the negative coefficients of the Laurent series of

h at d are given by
1 —1
— —dm : =1,2,3....

Since [v] is a compact subset of D \ S we have by uniform convergence:

/ MO C—dmrdc =Y [ (@(Q) - 9:(0) (€ — Ay d,

ceSYY

Com

and since all functions, but for ¢ = d, are holomorphic on the whole disc B(d, r] all these integrals vanish,
but for ¢ = d; the integral with g4 vanishes, too, so the only one left is

/ 4a(0) (¢ — dy™1 dc,

obviously equal to ¢_,,(d) 2mi. The proof is concluded.

3.6.2. Mittag—Leffler theorem.

THEOREM. Let S be a locally finite subset of the open subset D of C, and let (qq)acs be a singular part
distribution. There exists a family (9a)aes of rational functions holomorphic in D such that ) ;. g(qa—9a)
18 a Mittag—Leffler series for the given distribution. More precisely, we can choose the functions gq as
either polynomials, or rational functions with a single pole at the boundary of D and limit O at infinity.

Proof. As in the factorization theorem we partition the set S into two disjoint sets, A with no
accumulation points in C, and B such that given a bijective enumeration n — d, of the points of B we
have lim,, dist(d,,, S") = 0 (either set may be empty). We treat 0 apart, removing it from A if it belongs
to it. Given a bijective enumeration n — d, of A, we prove that there is a sequence of polynomials g,
such that the series Y~ | (gn — gn) converges normally in C \ A (here ¢, = q4,,, gn = ga, ). We simply
take as g, a polynomial in the Taylor development of ¢, at 0, the polynomial of smallest degree k,, such
that for z € B(0, |dy|/2] we have |g,(z) — gn(2)] < 1/2". In this way we get a Mittag—Leffler series for
(qd)dea: given any compact subset K of C, since lim, o |d,| = 400 there exists nxg € N such that
K C B(0,]d,|/2] for n > nk; then for n > ng we get ||gn — gnllx < 1/2™, and normal convergence
follows. The sum f4 of the series is then holomorphic in C \. A, and as observed above (3.6.1) has ¢, as
singular part at every d,, € A.
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In the case of B we fix a bijection n +— d,, of {1,2,3, ...} onto B, and for every n we pick ¢,, € S = B’
such that |d, — ¢,| = dist(d,, S’), exactly as in the proof of the product theorem 3.3.6. We then
consider the Laurent development of ¢, = ¢g4, in the annulus {|z — ¢,| > |d,, — ¢,|}, outside of the disc
B(ep, |dyn — ¢n]]; it is a series of the form

c_1(en)  c—a(cn)
z—¢, (z2—cp)

c—r(cn)

T e T

qn(Z) = 2
(remember that lim, ,o ¢,(2) = 0, so that there can be no terms with non negative exponents). The
convergence to ¢n(z) is uniform on every annulus like {|z — ¢,,| > r} for every r > |d,, — ¢,|, so that we
can pick k, > 1 to have

k
n -~ 1
qn(2) — c-nlen) < — for every z such that : |z — ¢, | > 2|d, — ¢pl-
(z —cp)¥ n
k=1 "
Setting
k"l
c—r(cn)
gn(2) =D %
O e

we get a Mittag—Leffler series for (qq)aep, in C\ S, In fact, if K is a compact subset of C disjoint from
S’ we have that p = min{dist(z,5") : z € K} > 0; if ng € N is such that dist(d,,S") < p/2 for n > ng,
then for n > nx we have K C C \ B(cy, 2|d, — ¢p|[ (remember that |d,, — ¢,| = dist(d,, S”)), hence
lgrn — gnllx < 1/2™ for n > ng. The sum fp of the series is then holomorphic in C ~\ (B U S’) and has
qq as singular part at d € B (3.6.1). Finally, f = fa + fp is holomorphic on D \ S and has the required
singular parts. ([

REMARK. For future use we note that in the case of B the rational function constructed has as
residue exactly the coefficient ¢_1(d) of the function g4, for every d € B. This follows immediately from
the residue theorem applied to gq, integrating gq = ¢q4, on a circle centered at ¢ = ¢, of radius larger
than |d — ¢| = |d,, — ¢, |, and from the characterization of the coefficients of the Laurent development.

3.6.3. A corollary.

COROLLARY. Let D be a region, let S be a locally finite subset of D, and let f : D~ .S — C be
holomorphic; assume that qq is the singular part of f at d € S. There is then a family (9q)acs of rational
functions with pole set in C . D, such that the series ;. ¢(qa — ga) is normally convergent in D ~\. S,
and a function ¢ holomorphic on D such that:

F(2) = (qa(2) — ga(2)) + (2).
des

Proof. By the preceding theorem the sequence g4 of rational functions with the stated properties
exists; the singular part at d € S of the sum h(z) = > ;. 5(qa(2) — ga(2)) is exactly gq, so that f — h has
no singularity at any point of D; that is, the difference ¢ = f — >, 5(qa(2) — ga(2)) is holomorphic on
D. O

3.6.4. An application to ideals of the ring O(D). In this number D is always a region of C, a connected
open set. As an application of the product theorem for regions we have seen that in the integral domain
O(D) every non empty subset S has a g.c.d., any element whose order function is 9(z) = min{ord(f, z) :
f € S}. As an application of the Mittag—LefHler theorem we now prove that O(D) is a Bézout domain:
given f1,..., fn € O(D) there exist uy,...,u, € O(D) such that

god(fi, - ) = >k fi-
k=1

It is enough to prove the following particular case
. If f,g € O(D) are coprime, i.e. ged(f,g) =1, then there exist u,v € O(D) such that
uf+vg=1

Proof. (WEDDERBURN) We assume f, g both nonzero and nonunits. Coprimality is then equivalent
to asserting that the zero—sets Z(f) and Z(g), both non—empty, are disjoint. Consider the meromorphic
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function 1/(fg); by the preceding corollary there exist rational functions (ga)qez(f)uz(g), Whose pole sets
are contained in C \ D, and ¢ € O(D), such that

! Z (94 — 9d) + ¢,

19 eainize

where ¢4 is the singular part of 1/(fg). Write

fig: Z (qa—ga) +o | + Z (94 — 94) |

deZ(g) deZ(f)

and deduce that
1= > (gau—g9)+eg| f+| D (fau—rfga)| g
deZ(g)

It is now easy to see that

w=> (99a—990)+eg v= Y (fqa—ga),

deZ(g) deZ(f)

are holomorphic on D (the series are normally convergent in D ~\ (Z(f) U Z(g)), actually on all of D by
inward spreading of compact convergence, see 2.7.4) and all singularities are removable, as is immediate
to check). O

The general case follows easily from the particular case, in every integral domain (if ged(f, g) = h then
f/h and g/h are coprime, so that u(f/h) +v(g/h) =1 for some u, v in the domain, hence h =u f + v g,
and the assert is true for two functions. An easy induction, using associativity of the gcd, yields the
result. We have obtained the following:

PROPOSITION. If D is a region, in the ring O(D) of functions holomorphic on D every finitely
generated ideal is principal.

3.6.5. Mittag—Leffler osculation theorem.

. Let D be open in C, and let S be a locally finite subset of D. Assume that for every d € S we
are given a series va(2) = <) Ck (2 — d)¥ which converges normally in C ~\ {d}; n(d) is an integer.
Then there exists a function h, holomorphic on D\ S, such that at every d € S the Laurent development
of h at d has Zkgn(d) cx (z — d)* as a 7section”, that is, for n < n(d) the coefficients of the Laurent
development of h at d coincide with c,(d).

Proof. We pick for every d € S an integer m(d) > 0 strictly larger than n(d); by the product theorem
3.3.4 we have a function f holomorphic on D such that ord(f,d) = m(d) for d € S. Let g4 be the singular
part of vg(z)/f(2), for every d € S, so that vg/f = g4 + ug with ug holomorphic in a neighborhood of
d. By Mittag—Leffler theorem 3.6.2 there is ¢ € O(D ~\ S) whose singular part at every d € S is ¢g4.
We claim that h = f g has the desired properties. Clearly h is holomorphic on D ~\ S. We prove that
ord(h — v4,d) > m(d)(> n(d)): this proves that the Laurent development of h — vy at d has all the
coefficients of index < m(d) equal to zero, as required. We have vg = f ¢4 + fuq in a nbhd of d, so that

h—va=fg—fqa— fua=f(9—qa— ua);
since g — ¢4 and ug are holomorphic around d, so is wy = ¢ — g4 — vg; hence ord(wq, d) > 0, so that
ord(h — vq,d) = ord(f wq,d) = ord(f,d) + ord(wg,d) > ord(f,d) = m(d),

as required. O

The osculation theorem implies in particular that given a region D, a locally finite subset (dy,)nen of
D, and a sequence (b, )nen of complex numbers, there exists a function f € O(D) such that f(d,) = by,.
The construction of such an f may be made more explicit in the case D = C, as the following exercise
(taken almost verbatim from [Remmert]) shows.
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EXERCISE 3.6.5.1. Let (d,)nen be a sequence of distinct points in C, with dg = 0 and lim,,_, » |d,,| =
+o00. Let f € O(C) be such that ord(f,d,) = 1 for every n € N, and f(z) # 0 if z ¢ {do, d1, da,...}.
Then for every sequence (b, )nen there exists a sequence k, € N such that the series

HONRS f(2) Z\"
by p— R
0Pz T 2 T =) \a
converges normally in C to an entire function g such that g(d,) = by,.

This is to be compared with Lagrange’s interpolation theorem: if dy, ..., d,, are m+ 1 distinct points
of C, and by, ...b,, € C then

m z — dj
pE = b | Il —7
k=0  \0<j<m,j#k * I

is the polynomial of degree < m such that p(dg) = by, for k =0,...,m.

3.6.6. Logarithmic integration. Assume that D is a region, and that f € O(D) is not identically zero.
A necessary condition for f to be a logarithmic derivative of some h € O(D) is that for every loop =

in D
1

2mi

/f(z) dz is an integer.
.

In fact if f = h'/h it is easy to see that the above integral is indjo,(0), the winding number of h o 7
around the origin. We show that the preceding condition is also sufficient. Fix ¢ € D. For every z € D
pick a path «, in D originating at ¢ and ending at z. We prove that the function

9() = exp ( IR dc) |

is well-defined on D. In fact, if 3, is another path in D with the same endpoints, we get

exp < / 0~ /ﬁ G dc) — exp ( / @ dc) — exp(2rim) =1,

(Bz is the path opposite to 3,) so that

exp ( / G dc) = exp ( /ﬁ 0 d<> .

It is now easy to prove that ¢'(z)/g(z) = f(z) for every z € D. In fact, given any point a € D, and a
disc B(a,r[C D, for every z € B(a,r| we can write (« is a path from ¢ to a, fixed once and for all):

9(2) = exp </ f(Q)d¢ + f(<) dC) = exp (/ f(©) dC) exp ( f(©) dC) = g(a) ",
@ la,z] « la,z]
having set h(z) = [, f(¢)d( for z € B(a,r[; it is well known that h/(z) = f(z) for every z € B(a,r[. It

[a,2]
follows that g is holomorphic in B(a,r[ and that we have:

d'(2) = g(a) " b/ (2) = g(2) f(z) for every z € B(a,r].

The conclusion is now immediate.

It is quite easy now to give a proof of the product theorem by way of Mittag—Leffler theorem and
logarithmic integration, avoiding even infinite products. A function f has a zero of order m > 1 at d
if and only if its logarithmic derivative has singular part m/(z — d) at d: this is well-known and easy
to prove. Assume that D is a region and S is a locally finite subset of D, and that we are given an
integer m(d) > 1 for every d € S. Given the singular part distribution d — m(d)/(z — d) find for it a

Mittag—Leffler series
3 LG
> _d d |

des
remember that gg is a polynomial, or a rational function such as

n(d)
m(d) C—k
zfc+z (z — )k’

k=2
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with the same residue as the given singular part (see 3.6.2 and the remark at the end). We claim that if
h € O(D ~\ S) is the sum of the above Mittag-LefHler series, then h is a logarithmic derivative. In fact
let v be a loop whose trace [v] is contained in D \ .S. By normal convergence on [y] we have

= [h=yaz=3" (1 UICIF RS dz) ;

2mi J, e 2mi ),z —d 2mi J,

the first integral in parentheses is m(d) ind,(d); the second is zero if g4 is a polynomial, and otherwise is
m(d) ind,(c(d)). Then the parentheses are integers, so that the series

3 (271” Zlfdc)l dz — % Lgd(z) dz>

des v

is a converging series of integers, and then is actually a finite sum of integers.
Any logarithmic primitive of h is a function which has zeros exactly on the points of S, with the
prescribed multiplicities.

EXERCISE 3.6.6.1. Let m > 2 be an integer, D a region. Prove that f € O(D) has an m—th root in
O(D) if and only if
1 [ f(z)

2mi [, f(2)

(i.e., it is divisible by m) for every loop v in D ~\ Z(f); describe a construction of a root.

dz € mZ,
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4. Runge theory

We want to address the question of approximating holomorphic functions by particularly simple
holomorphic functions, e.g. polynomial or rational functions. For instance, given a region D of C is it
always possible to approximate every f € O(D) by polynomials, uniformly on every compact subset of
D? The answer is in general no: the function 1/z, holomorphic on C, = C~\ {0} cannot be approximated
uniformly by a sequence of polynomials on the circle dB: in fact |, o5 P(2)dz = 0 for every polynomial,
while |, op d2/7z = 2mi. However, rational functions suffice, as we shall see in this section. The theory has
interesting topological asides.

4.0.7. Connected components. We recall that every topological space (X, 7) can be partitioned into
connected components: given a € X we consider the union C, of all connected subsets of X containing
a; this is by definition the connected component of X containing a; it is a connected subset of X, and is
the largest connected subset of X containing a, since the union of two non disjoint connected subsets of
X is still connected. Since the closure of a connected subset is still connected, C,, is also closed in X. If
we consider a subset S of C, and Z is a connected component of C \ S, then 0Z C 9S (if ¢ € 9Z, every
disc B(e, r[ centered at ¢ contains points of Z and points of C \ Z; if B(c¢,r[NS = 0, then B(c,r[C C\. S,
and hence Z U B(c, r| is connected, disjoint from S, and properly containing Z, a contradiction if Z is a
component of C \ 5).

Recall that every open subset of C has open connected components; if K is compact, K is closed,
hence C . K has open connected components. If r > 0 is such that rB O K, then since C \ rB is
connected it is contained in a component of C \ K, which then has only one unbounded component. If
D is open in C, then C \. D is closed, hence its connected components, closed in the relative topology of
C \ D, are also closed in C; the bounded components of C \. D are then compact, and are called holes
of D.

Every open subset D of C can also be considered an open subset of C,, = C U {00}, the Riemann
sphere, one point compactification of C. The connected component of C,, \ D containing oo is obtained in
this way: let E be the union of all unbounded components of C~ D; then the component is clc(E) U{0}.
In fact, if £ is the set of unbounded components of C . D in C, every C € £ has oo in its closure; the set
Uceg C U {00} is then connected, and its closure in Cs, clearly coinciding with cle (Upee €) U {00}, is
the required component.

Notice that, in particular, if the set £ of unbounded components of C \ D is finite (with D open)
then the component of C, \ D containing oo is (e C' U {00}

But we shall see in 4.2 that in fact, for every open subset D of C the union of unbounded components
of C~\ D is actually closed in C; hence the component of Co, ~\ D containing oo is simply E U {co}, with
FE the union of all unbounded components of C ~\. D. If K is a compact subset of C then the components
of Coo . K are exactly the bounded components of C \ K and {oc} U E, where E is the unbounded
component of C \ K.

4.0.8. A negative result. Let K be compact in C; assume that Z is a bounded component of C \ K.
Pick ¢ € Z and consider 1/(z — ¢); this function has then a non-zero minumum modulus in K, that is
p=min{l/|z —¢|: z € K} > 0. Then, if g is holomorphic on some open set containing Z U K, we have
I1/(z —¢) — g(2)|lx > p. For, assuming the contrary we get |1 — (z — ¢) g(2)| < |z — c|u < 1 for every
z € K, hence |1 — (# — ¢) g(2)||x < 1. This is impossible; in fact by the maximum modulus theorem we
get (by the preceding observations 0Z C 0K C K):

1= (z=¢c)g(z)lzuoz = Il = (z =) g(2)[loz < [[1 = (z = ) g(2)[[x <1
but ¢ € Z, and for z = ¢ we have 1 — (¢ — ¢) g(¢) = 1, which implies |1 — (z — ¢) g(2)|lzuaz > 1, a
contradiction.
4.0.9. Approzimation of Cauchy transforms by rational functions.

PROPOSITION. Let « : [a,b] — C be a path, let u : [a] — C be continuous, and let

fu:C~a] > C, fu(z)z;m,/cu(_cidc,

be the Cauchy transform of u. If K is a compact subset of C disjoint from [«], and € > 0, there exists a
rational function R, all of whose poles lie in [a], such that

Ifu — Rl <e.

Proof. The function h : (z,¢) — (1/(27%))u(¢)/({—z) is continuous, and hence uniformly continuous,
on the compact set K X [a]. Given € > 0 we can find § > 0 such that if max{|z’ — 2"|, |¢’ — ¢"|} < ¢ then
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|h(2',¢") — h(2",¢")| < &; by uniform continuity of a on [a,b] we find p > 0 such that if ¢/, ¢" € [a,b],
[t' —t"| < p, then |a(t') — a(t”)| < 0. Take points ag = a < a1 < -+ < ay, = b such that ar, — ar_1 < p,
and let oy = (4, _, a,] for k= 1,...,m; moreover let wy = a((ar—1 + ax)/2) for k =1,...,m, and put
Cr = alag), for k=0,...,m. We have, for z € K:

m

fule) = [ e 0ac= 3 [ he0dc

k=1Y %k

now the smallness of the arc oy, makes f h(z,¢) d¢ very close to h(z, wg)((x — Cx—1); and we can write:
/ ¢)d¢ = / (z,wi) + h(z,wy))d¢ = / (2,¢) — h(z,wy)) dC+

1 — Cr— 1

7/ k_de / h(z,we)) dC + uwe) (G — 1)

21 27 wy — 2

with the first term small; thus

fu(z)—kzz o —Z/ (z,wy)) dC, z e K,

=1

where ¢, = (u(wg)(C—1 — Cx)/(277); we estimate the right hand side:

/ <h<z7<>—h<z,wk>>d<]< h(z,€) — Bz )] 1d¢] < / e ld¢| = eV (),

ag

where V(ay) is the length of the arc ay; thus

Z/ h(z,wy))d¢| <

for every z € K. The function R(z) = Zk:l ck/(z — wy) is then a ratlonal function whose pole set is
contained in {wy, ..., wn} C [o] which approximates f, on K to less than ¢ V(«). O

— h(z,wg) d(‘ ZEV (ag) =eV(a),

4.0.10. Pole shifting. For every compact subset K of C the set C(K) of complex valued functions
continuous on K, with the topology of uniform convergence, i.e. normed with || - || x, is a Banach algebra,
hence the closure of every subalgebra of C(K) is still a subalgebra of C(K): it is here intended that a
subalgebra contains the constant functions.

. POLE SHIFTING THEOREM Let K be a compact subset of C; for every ¢ € C~\ K denote by A.(K)
the uniform closure in C(K) of the algebra of polynomials in 1/(z — ¢). Then A (K) = Ap(K) if a and
b belong to the same connected component of C \ K ; and if a is in the unbounded component of C . K
then Aq(K) coincides with the closure Ax(K) of the subalgebra of C(K) consisting of the polynomial
functions.

Proof. Since A.(K) is a closed subalgebra of C(K), we have that A,(K) C A.(K) if and only if
1/(z —b) € Ac(K). Pick a component Z of C\ K, and take a € Z. Let S={be Z : Ay(K) C A.(K)}.
We prove that if ¢ € S, and B(c, r[C Z, then B(c,r[C S. In fact:

1 1 1 1

2—b (z—¢c)—(b—2¢) - z—cl—(b—c)/(z—c);

if z € K we have |z —¢| > 1 > |b—¢|; hence |[(b—¢)/(z — ¢)| < |b— ¢|/r < 1; this proves that the series
11 1 B i (b—rc)

z—b z—cl—(b—2c)/(z—2c)) _n:O (z — ¢)ntl
is normally convergent in K, hence 1/(z — b) belongs to A.(K). We leave it to the reader to show that
this implies S = Z. We have proved that A,(K) C A,(K) for every a,b € Z; then A,(K) = Ay(K) for
every a,b € Z. If Z is the unbounded component of C \ K, pick a € Z with |a| > max{|z| : z € K};
then we have, with normal convergence on K:

1 11 —1/a _i -1 .,

z—a:az/a—l 1—(z/a) noa’“rlz7

which proves that A,(K) C Ao (K); and if r > max{|z| : z € K} then by Cauchy formula z =
fa(rB) ¢/ (¢ — 2)d¢/(2mi) for every z in the interior of rB; by the preceding proposition z is uniformly
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approximable on K by rational functions with poles in d(rB). This means that z|x is in A,(K) for a in
the unbounded component of C \ K; hence Ao (K) C Aq(K). O

REMARK. Using 4.0.8, we actually see that if a and b belong to different components of C \ K, then
Aa(K) 7é Ab(K)

4.0.11. A contouring cycle. By cycle in an open set E we mean, roughly speaking, a finite set of
loops in E; the precise concept belongs to homology theory; its usage in the next theorem will be in any
case clear from the proof.

THEOREM. Let D be open in C, and let K be a compact subset of D. Then there is a cycle 7y in
D ~\ K such that for every f holomorphic in D and every z € K we have

~ omi v C—z

Proof. Let p = dist(K,C ~ D) = min{dist(z,C ~ D) : z € K}. Let § > 0 be such that §v/2 < p,
and let p1,p2,q1,q2 € R be such that the compact rectangle R = {p1 < Rez < p2, 1 < Imz < ¢o}
contains K in its interior. We pick n € N so large that (ps — p1)/n < ¢ and (g2 — ¢1)/n < §. The lines
Rez=ar =p1+k(pz—p1)/nand Imz = b, = ¢1 + k(g2 — q1)/n, k = 0,...,n divide the rectangle R
into a finite set of small rectangles Q, each with diameter smaller than §v/2 < p, with pairwise disjoint
interiors. A typical rectangle @ will have a boundary 9@ identified with the polygonal loop

l[aj—1+iby_1,a; +iby_1,a; +ibg,aj_1 +iby,aj_1 +iby_1],

oriented in this way. It is not difficult to prove that for every function f holomorphic on an open set
containing @) the following Cauchy formula holds:

_ 1 f(©) .
f(2) =3 o C_de z € inte(Q),
1 f(©)
=5 aQC—ZdC zeC\Q.

Consider now the set I’ of all rectangles () which have non—empty intersection with K; each @ € F is
contained in D, since the diameter of @ is smaller than dist(K,C ~\ D). Let P = UQeF Q; plainly we
have K C P C D. If A =Jgepintc(Q) and z € A we evidently have

(2) QWZZ/QC—Z

QEF

(z belongs to exactly one @) € F', hence all the terms in the sum are zero, except the one corresponding
to the @ containing z, whose value is f(z)). Of course A is in general strictly contained in intc(P), but it
is dense in P. Consider now the segments which are sides of more than one rectangle Q € F. If ¢ is one
such segment, observe that o is oriented in opposite ways as part of the boundary of the two rectangles;
in the sum of the integrals over the boundaries the integrals over these segments then cancel out. In
other words we have, for every u continuous on UQ crp 0Q:

Z/a ¢)d¢ = Z/ ¢)dc,

QEF jeJ
where (0;);es is a bijective indexing of the oriented segments contained in only one rectangle @ € F;
clearly the trace of every such segment is contained in D ~\ K, otherwise all the rectangles containing the
segment, at least two, would be in F'. We have our cycle : it is the family of oriented segments (o) e,

and we agree to write:
/ Qdc=Y" / ¢)dc,

jeJ
for every function continuous on the trace [y] = (U,¢ (0] of v (warning: in general « is not a loop.
However it can be proved that it is a finite family of polygonal loops, see 4.1.2). Notice now that the

integral
L[
omi / %
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defines a continuous function of z on C \ [v], which coincides with f on A, and since A is dense in P, we
have by continuity:

f(z);ri/vg(—ozdg for every ze€ P\ [v].

Now K C P \ [y]: we have observed that K C P and that K is disjoint from every segment ;. The
construction is concluded. O

4.0.12. A topological lemma and its corollary. We need one more lemma from topology:

LEMMA. Let D be open in C and define L = {z € C: dist(z,C ~\ D) > p} N (rB), for some r,p > 0.
Then every bounded component of C ~ L contains a component of C . D. Moreover, in this situation
every component of Coo \ L contains a component of Coo N D.

Proof. If we put

M=C~{zeC: dist(2,C\ D) >p} ={z€C: dist(2,C\ D) < p} = U B(z, p[;

zeC\D
then we have C ~ L = M U (C \ rB); since C \ rB is connected, it is contained in the unbounded
component of C ~\ L; every bounded component Z of C \ L is therefore disjoint from C \ rB, hence
contained in M. Thus B(c, p[NZ # () for some ¢ € C \ D; but then B(c, p[C Z, and hence ¢ € Z (every
disk B(c, p[, being disjoint from L and connected is contained in a connected component of C \ L; if it
intersects the bounded component Z of C \ L it is then contained in it). The connected component of
C \ D containing ¢ is then contained in Z (since C~ D C C \ L, every connected component of C ~\. D
is contained in some connected component of C \ L).

For C. notice that the component of Co, ~ L containing oo is simply {oco} U E, where E is the
unbounded component of C \ L, and the other components of C,, \ L are unaltered. All the unbounded
components of C \ D (if any exist) are contained in {oo} U E, as is also co. Every bounded component
of C \. L contains a point of C,, . D, as we have just seen, and hence also a component of Co, ~ D. 0O

COROLLARY. Let D be open in C, and let K be a compact subset of D. Then there exists a compact
subset L of D such that K C L, and every bounded component of C~\ L contains a component of C~\ D.

Proof. In the preceding lemma simply take p such that 0 < p < dist(K,C \ D), and r such that
K CrB. O

4.1. Runge’s approximation theorem.

. RUNGE THEOREM.

(i) RUNGE THEOREM FOR COMPACT SETS Let K be a compact subset of C, and let P be a set which
intersects every bounded component of C~\ K. Then every function holomorphic on an open set
containing K can be uniformly approximated on K by rational functions, all of whose poles lie
in P.

(i) RUNGE THEOREM FOR OPEN SETS Let D be open in C, and let P be a set whose closure inter-
sects every hole of D. Then every f € O(D) can be compactly approximated on D by rational
functions, all of whose poles lie in P.

Proof. (i) Given a compact subset K of C, contained in some open subset D of C, and f € O(D), we
take a cycle v in D\ K as in 4.0.11; by 4.0.9 the function f is approximable on K by rational functions
with poles in [y]; that is, given € > 0 there is a rational function

1
R.(2) = p(2) + ch (zc) such that || f — Rellx <¢/2;
ceF

here p. and p,. are polynomials, and F' is a finite subset of [v]. Since [y] is contained in the complement

of K, we can write
1 1
So() -2 (a()
ZeH \ceFnZ

ceF
where H is the set of bounded components Z of C \ K such that Z N F' is non empty.

Now the rational function .
A == c 9
2= 3 p ( ! )

ceFNZ
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can be approximated on K by rational functions with a single pole in Z N P; pick one such function Rz
which differs from Az on K by less that €/(2m), where m is the cardinality of F. The conclusion is
immediate: the rational function

Pe + ZE:«RZ

ZeH
has its poles in P, and approximates f on K to less that €. The proof of (i) is concluded.

(ii) Given a compact subset K of D, we first enlarge it to a compact subset L of D such that every
bounded component Z of C \. L contains a component of C \. D, as in lemma 4.0.12. Since P intersects
every hole of D, for every bounded component Z of C \ L the set PN Z is non empty. We now apply
(1)- O

4.1.1. A corollary on nullhomologous loops. Runge’s approximation theorem yields easily the follow-
ing:

THEOREM. Let D be an open region, and let v be a loop in D. Then the following are equivalent:

i) f,y f(2)dz =0, for every f € O(D).
(ii) ~ is nullhomologous in D, that is, for every z € C . D we have ind,(z) = 0.

Proof. (i) implies (ii) is trivial since ¢ — 1/(¢ — z) is holomorphic in D if z € C~\ D.
(ii) implies (i) Given f € O(D) pick a sequence R,, of rational functions, all of whose poles lie outside
D, which uniformly approximates f on the trace [y] of 4. Then R, is of the form:

Ru(2) =pu(2) + ) (Rej]f’;’ 2 'S (j_’“(j))k) ,

acFy, k=2

where p,, is a polynomial and F,, is the pole set of R,,, a finite subset of C ~. D. Hence the integral

/R dz = 2mi Z ind, (a) Res(R,,,a)
.

acl,

is zero because ind,(a) = 0 for a ¢ D, by the hypothesis made on . By uniform convergence we have

/ f(z)dz= lim [ R,(z)dz=0.

n—oo

O

4.1.2. About cycles. The notion of cycle pertains to algebraic topology. Without entering too deeply
into the subject, we say that a finite family o = (a;)jes of paths (all parametrized on the interval
[0,1]) is a cycle if its homological boundary }c ;(cv;(1) — a;(0)) is O: this sum is a formal sum, that is

a;(1),2;(0) are not summed as complex numbers, but as elements of the free abelian group Z© | direct
sum of Card(C) copies of Z; thus for it to be 0 means that for every ¢ € C we have

Card({j € J: (1) =¢}) —Card({j € J: ;(0) =¢}) =0

(that is, for every ¢ € C the number of paths ending at ¢ is the same as the number of paths beginning
at ¢). Let us prove:

. The finite family oo = (cyj)jeg of paths is a cycle if and only if for every polynomial p we have

/ Z/ =0.

jeJ

Moreover a cycle can be decomposed into a finite set of loops.

Proof. If P'(z) = p(z) we have, letting S = {c;(1),®;(0) : j € J} be the set of extremities and
origins of the paths «;

[#ara=% / 2)dz = 37 (P(ay(1)) - P (0))) =

JjeJ jeJ
Z((Card({j €J: aj(l) =c})—Card({j € J : ;(0) =c}))P(c).
ces

Clearly this expression is zero for every polynomial p if and only if « is a cycle (for every given ¢ € S
there exists a polynomial which is nonzero at ¢, and zero at every other d € S). Now we can observe
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that v, as constructed in the proof of 4.0.11 is such that f g(¢) d¢ = 0 for every function g holomorphic
on D (given z € K, apply the formula to f(¢) = (¢ — 2) g(¢
polynomial, and -~y is indeed a cycle.

By induction on the cardinality of J it is easy to prove that « can be decomposed in a finite set
of loops; we say that a finite set {a1,...,,} of paths is a loop if, up to a permutation, we have
a;(1) = a;41(0) for j =1,...,m—1, and o, (1) = a1(0). Clearly a loop is a cycle; and if {a; : j € J} is
a cycle, and {aq,...,a.} is aloop, with {aq,...,an} C{a;: j € J}, then {a;: j € J}~{a,...,am}
is still a cycle. It should now be clear how to proceed: start with any ¢y € S and let ¢; be the extremity
of a path a; beginning at cy; then get co extremity of a path as beginning at ¢p, etc.; by this process
we select points in S, until we get ¢; = ¢; for some j < k. At the first such repetition we consider
Qj41, ..., 0 which clearly is a loop. We now remove the paths of this loop from the original cycle, and
we get a cycle of strictly smaller cardinality, to which induction may be applied. (I

)). Thus we have fvp(z) dz = 0 for every

4.1.3. Characterizations of simple connectedness.

THEOREM. Let D be an open region of C. Then the following are equivalent:

(i) D is simply connected, that is, every loop of D is nullhomotopic in D (=the fundamental group
m1(D, ¢) is trivial, for any ¢ € D).
(ii) For every loop v of D, and every f holomorphic on D we have

L f()dz =

iii) O'(D) = O(D), that is, every holomorphic function on D has a primitive on D

iv) Bwvery unit of D has a holomorphic logarithm.

(v) D has the square root property: that is, every unit of D has a holomorphic square root.
) D is homeomorphic to the open unit disc.

) For every loop v of D, and every z € C~\ D we have

1nd : 2m / = =0

(this condition is sometimes expressed by saying that D is homologically simply connected; it
is equivalent to asserting that the first homology group of D vanishes, i.e. Hi (D) =0).
(viil) Coo N\ D is connected.
(ix) Every function holomorphic on D can be compactly approximated on D by polynomials.
(x*) D has no holes, i.e. C~ D has no bounded components.

Proof. (i) implies (ii): invariance of the integral under loop homotopy; that (ii) is equivalent to (iii)
is well known; (iii) implies (iv): given a unit f € O(D) recall that a logarithm of f is any primitive g of
f'/f such that for some ¢ € D we have that e9(®) = f(c); (iv) implies (v): if g is a logarithm of the unit
f, then e9/2 is a square root of f; (v) implies (vi): if D = C, then z + z/4/1 + |2|? is a homeomorphism
of C onto the open unit disc. If D is not C, apply the Riemann mapping theorem. Finally, simple
connectedness is a topological condition, hence preserved by homeomorphisms; then (vi) implies (i) and
the first six conditions are equivalent.

Next we prove that (ii) implies (vii): if z € C\ D, then ¢ — 1/(¢ — z) is holomorphic on D.

Proof that (vii) implies (viii), by contradiction: if Co, \ D is not connected we have Coo "D = KUL,
where K and L are closed disjoint non empty in C, ~\ D. If co € L, then K is a compact subset of C,
and Coo ~ L = DU K is open in Cy, and hence £ = D U K is an open subset of C. By theorem 4.0.11
there is a cycle v in E~\ K = D around K such that

ind, ( =5 /< =1 forevery ze€K.

The cycle can be decomposed into a finite set 1, ..., 7, of loops; since
ind,(z) = >>%_, ind,,(2), forevery z¢€K,

we have ind,, (z) # 0 for at least one j and z € K, contradicting (vii).

(viii) implies (ix): take a compact subset K of D; by enlarging it if necessary we can assume that
every bounded component Z of C \ K contains a hole C' of D (4.0.12). By hypothesis there is only one
component of C,, \ D, that containing oco; there cannot be bounded components of C \ K, for any such
component Z contains a bounded component C' of C ~\ D, which is also a component of C,, \ D; in
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fact Z is a neighborhood of C disjoint from all unbounded components of C \ D (if Z N E # ) for some
unbounded component of C~\ D then F C Z, absurd since Z is bounded and E is unbounded). It follows
immediately from Runge’s theorem for compact sets that every function holomorphic on a neighborhood
of K can be uniformly approximated on K by polynomials.

(ix) implies (ii): If f is holomorphic on D and + is a loop in D we choose a sequence p,, of polynomials
which converges to f uniformly on [vy]; we then have

[v]
/ f(z)dz = lim | p,(2)dz =0,
~ n— oo ~
since each integral fv pn(z) dz is zero.
(]

REMARK. (x*) has a special status to be discussed later (4.2). It trivially implies (viii), or (ix) by
Runge’s theorem, but the converse is not as easy as one might expect.

4.2. Holes of open subsets of C. We complete here the analysis of the characterization of simple
connectedness begun in 4.1.3. Recall that a locally compact (Hausdorff) space is a Hausdorff topological
space in which every point has a compact neighborhood; it is well known that then the compact neigh-
borhoods of a point are a base for the neighborhood system of the point, for every point of the space.
We need a simple

LEMMA. In a compact space X, let (F)\)xen be a family of closed subsets; assume that the intersection
Mxca Fa is contained in an open set W. Then there exists a finite subfamily (Fx)xenm (M a finite subset
of A) such that ()., Fx is also contained in W.

Proof. If F = X~ W, consider (F'NF))xea; this family of closed sets has empty intersection, so that
some finite subfamily has also empty intersection. O

We now prove the following theorem

. SURA-BURA’S THEOREM. Let X be a locally compact Hausdorff space. Let C be a connected
component of X. If C is compact, then C is the intersection of all the open compact subsets of X
containing it.

Proof. We first assume that X is compact. Take the family of all clopen (=open and closed) subsets
of X containing C' (this family contains at least X), and consider its intersection K; it is a closed subset
of X containing C, and we claim that it coincides with C. If not, then K cannot be connected, hence
K = AU B, with A and B closed disjoint and non empty; since C' is connected we have either C' C A
or C C B; we assume C' C A. By normality of X there are open disjoint sets U and V with A C U and
B C V. Now the family of all clopen subsets of X containing C' has intersection K C U U V; by the
lemma, there is a finite family Oq, ..., O,, of clopen subsets of X containing C such that

m
KCO=()O,CUUV.
k=1
Now O is clopen, hence O N U is open, but also closed, since ONU =0 N (X \V). Thus ONU is a
clopen subset containing C, but not containing K, a contradiction.

We now reduce the locally compact case to the previous one. For every x € C we pick an open
neighborhood U () of  in X with compact closure U (z) in X; by compactness of C there are x1, ..., 2, €
C such that C CU =U(z1)U---UU(2); let T be the closure of this open set U, that is T = clx(U) =
Ui clx (U(zy)). Clearly T is a compact subspace of X containing C. Then C'is a connected component
also of T', and by what we have just proved C is the intersection of the clopen subsets of T containing
C. Since U is open in X, and hence in 7', by the lemma there are clopen subsets of T' containing C' and
contained in U; these are then open in U and hence in X, and are compact, being closed in the compact
space T. O

We now consider the case X = C ~\ D, where D is an open subset of C; it is a closed subspace of
C, hence locally compact in the induced topology. Its compact components are exactly what we called
holes of D (4.0.7). Trivially, a subset A of C \ D is open in the relative topology of C \. D if and only if
DUA is open in C. As a first consequence of Sura-Bura’s theorem we have that unbounded components
cannot accumulate on holes of C \ D:
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. For every open subset D of C the union of the unbounded connected components of C~ D 1is closed
in C.

Proof. We show that if p € C is not in this union F, then some neighborhood of p is disjoint from
E. If p € D, then D is the required neighborhood. Otherwise p is in some hole C' of D; by the previous
theorem, there is a compact subset A of C \. D which is open in the relative topology of C . D and
contains C'. Since A is clopen in C \ D, if it intersects a connected component of C \. D it must contain
it, but being compact it cannot contain unbounded sets. Then AU D is open in C, has empty intersection
with F, and contains C'; since p € C' C A, the set AU D is a neighborhood of p disjoint from E. O

Hence:

PRrROPOSITION. If D is open in C, then the components of Coo \x D are the holes of D, and the union
of all the unbounded components of C~\ D, with co added. Consequently, a connected open subset of C is
simply connected if and only if Coo ~ D is connected, and if and only if it has no holes.
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5. The maximum modulus theorem

We recall the following version of the maximum modulus theorem for holomorphic functions, which
is an immediate corollary of the Open Mapping Theorem:

. MAXIMUM MODULUS THEOREM, I Let D be a region of C, and let f : D — C be holomorphic. If
¢ € D is a point of local mazimum for |f|, then f is constant.

We shall present some results related to this theorem. In this section we use the following notation:
if £ is a set, and f: F — C is a function, then

Iflz :=sup{|f(2)| : 2 € E}, finite or 4oc.

We also use this terminology: if D is a region, D = D U 9D is the closure of D, and f : D — C is
continuous and holomorphic on D, then f is said to be c—holomorphic on D.

REMARK. If D is a region, f : D — C is holomorphic non constant, and M > 0 is a real number such
that | f(z)] < M for every z € D, then actually |f(z)] < M for every z € D: otherwise, if | f(c)| = M for
some ¢ € D, then ¢ is a point of absolute maximum for |f| on D, so that f is constant on D.

5.0.1. Bounded regions. 1t is easy to see that:

. MAXIMUM MODULUS THEOREM, II Let D be a bounded region of C, and let f : D — C be continu-
ous on D = DUID and holomorphic on D (i.e, f is c—holomorphic on D). Then || fllp = || fllop, and
if [ is non constant then |f(z)| < ||fllop for every z € D.

Proof. By Weierstrass theorem max{|f(z)| : z € D} = || f|| exists by continuity of f and compact-
ness of D; then |f(2)] < ||f||p for every z € D, and by the preceding remark we have |f(2)| < ||fl|p
unless f is constant on D. For f nonconstant the maximum modulus is then attained only on 0D. [

5.1. Unbounded regions. We have just seen that on bounded regions, the supremum of a c—holo-
morphic mapping is assumed on the boundary, and only on the boundary if the function is non—constant.
If we remove the boundedness assumption for D this is no longer true; e.g. the exponential function has
modulus constantly 1 on i R = 9T, where T' = {Re z > 0} is the right half-plane, but clearly || exp |7 = 0.
As a second example, consider the function f(z) = exp(e®®) in the strip D = {z € C: |Rez| < 7/2},
whose closure is D = {z € C: |Rez| < 7/2}; we have, if 2 =z +iy:

|£(2)] = exp(Re(e"*"¥)) = exp(Re(e ¥ (cosz + i sinz))) = exp(e ¥ cosz);

on 0D = (7/2+iR) U (—7m/2+iR) we have |f(z)| = 1, constantly; but clearly f(iy) = exp(e™¥) — oo if
y — —oo. But if we assume f bounded on all of D, then we still have:

. MAXIMUM MODULUS THEOREM, III Let D be an unbounded region of C, and let f : D — C be
c—holomorphic on D. If ||f|lp < oo, then ||fllp = ||fllop, and if f is non constant then |f(z)| < || fllop
for every z € D.

Proof. We assume f non constant. We first prove the theorem under the extra assumption that
lim  f(z) =0.

z€D, z—00

Let p be any real number, u > || f|lap; we prove that K = {|f| > u} := {2z € D : |f(2)| > u} is empty.
In fact, K is closed in D by continuity of |f], hence also closed in C; and since lim,cp , . f(2) =0 we
find R > 0 such that if z € D and |z| > R we have |f(z)| < u. Then |z| < Rif z € K, so that K is also
bounded, and hence compact. Clearly K NdD = () (on dD we have |f(2)| < ||fllop < u). If K is non
empty then |f| has a maximum on K, which clearly is also the absolute maximum of |f| on D (outside
of K we have |f(w)| < p); if this maximum is attained on ¢ € K C D, by the first theorem we get f
constant on D; the proof with the extra assumption is concluded.

We now turn to the general case. Fix a € D, and consider the auxiliary function g : D — C, where
g(2) = (f(2) — f(a))/(z — a) for z € D~ {a}, g(a) = f'(a); it is easy to see that g is bounded and
c¢—holomorphic on D, with limit 0 at infinity, hence so also is ¢(z) = f(2) g(z). By what just proved we
get [lellp < llellon- Since [[ollop < [ fllop lgllop < I fllop lgllp we have

le(2)l = [f () g()] < I fllop gl for every z € D

The same can be repeated for ¢, = f™ g, for every n =1,2,3,..., obtaining

lon(2) = F ()" l9(2)| < [[fll5p llgllp  for every z € D,
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so that, if z € D with ¢g(z) # 0 we have:

s < Wlbnlolo ) < gy, 10087
= o) = Wloo 17

for every n > 1 and every z € D \ Z(g); letting n tend to infinity we have
lf(2) < Ifllop  for every z € D\ Z(g),

and since D \ Z(g) is dense in D we conclude.

REMARK. Notice that if f is bounded on D and zero on the boundary then it is identically zero on
all of D.

O

EXERCISE 5.1.0.1. Prove that boundedness of f on D can be replaced by the hypothesis that f is
O(log |z|) as z — oo, that is, there are A, r > 0 such that |f(2)| < A log|z| for z € D and |z| > r.

5.1.1. A generalization. In all the preceding theorems, and in the ones to follow, the hypothesis that
f be c—holomorphic, that is continuously extendable to the boundary of its domain, can be dropped if
Ifllop is replaced with

|flon = sup{ limsup |f(w)|: = € OD}.

weD, w—z
We also consider the boundary 0D of D in the extended plane Co, = CU {o0}, so that for D C C we
have 0o D = 9D if D is bounded, and otherwise d,.D = 0D U {oc}. Let’s prove the generalization of
the preceding proposition:

. Let D be a region of C, and let f : D — C be holomorphic. Then, unless f is constant, we have
[f () <Ilfllown  for every z € D;
and if || fllo..p < 00 then || fllop = [ fllo.n-

Proof. It || f|ls..p = oo there is nothing to prove. Otherwise, let ;1 > || f]|o.. p be any real number. We
prove that K = {w € D : |f(w)| > p} is empty. For any z € 0D there is a set U(z) containing z, open
in Cw, such that sup{|f(w)|: w € U() N D} < p (if z = 0o we can assume U(oco) = Cs \ rB). Since
OsoD is compact there exist z1, ..., 2y, € 0D such that 0D C U, where U = U(21)U---UU(z,). Then
DU =(DU08xD)\ U is a compact subset of D (it is closed in Co,, hence compact); since | f(w)| < p
for w € U we have that K = {w € D : |f(w)| > p} = {w € D\U : |f(w)| > p} is compact. If K is non—
empty there is ¢ € K such that |f(c)| = max{|f(w)|: w € K} then also |f(c)| = max{|f(w)| : w € D},
and by the Maximum modulus theorem I we conclude. The last assertion, ||f|lop = ||f|lo.. b, is obtained
as above, multiplying by a function g such that lim,ep, ,— 00 f(2) g(2) =0 .... O

5.1.2. The three lines lemma. We know that |I'(o 4+ it)| < T'(o) for o > 0 (by the integral represen-
tation or directly from the Gauss limit); in other words we have I'(0) = max{|I'(c +it)| : t € R} =
IT||Re s=o; and we have seen that the real gamma function is logarithmically convex on ]0, 00|, equiva-
lently that I'(aa + Bb) < (I'(a))® (T'(b))?, for a,b,«, 3 > 0 and a + 3 = 1. In this sense the behavior of
the gamma function is shared by all holomorphic functions bounded on strips, as we now see.

. THREE LINES LEMMA. Let f : S — C be c—holomorphic, and bounded on the strip
S={zeC:a<Rez<b}, a,beR, a<hb.

Then, unless f is identically zero, the function u : [a,b] — [0,00[ defined by u(x) = sup{|f(z+iy)|: y €
R} is strictly positive and logarithmically convex in [a,b], that is

0<plaz+By) < (u@)* (u(y)” @ yelab, a,f>0,a+p=1

Proof. 1t is clearly enough to prove the statement with z = a and y = b. We shall also prove that
wu(a), pu(b) > 0; in this proof A is any real number strictly larger than 0, if f(a+iy) = 0 for every y € R,
otherwise A = u(a); same for B and u(b). Given x € [a,b], let us find the weights a, 8 > 0 such that
r=aa+fband a+ =1 wegeta=(b—z)/(b—a)and 8 = (z —a)/(b—a). Let us consider the
entire function

g(z) = Ab=2)/(b=0) Ble=a)/(b=a) _ g (Z “ g At z “ e B> ;
—a

—a
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we have, if z=x +1y:
19(2)] = ARe((b=2)/(b-0)) pRe((z=a)/(b=a)) _ g(b=2)/(b=0) pla=a)/(b=a)
so that, in particular, |g(a +iy)| = A and |g(b+iy)| = B for every y € R; moreover 1/|g(z)| is bounded
in S (by max{1/A,1/B}). Then f(z)/g(z) is bounded on S, and is bounded by 1 on the boundary of S,
so that the preceding theorem implies | f(2)|/|g(z)| < 1 for every z € S; in particular
[Fle+iy)l < gl +iy)| = ACT/C70 pemalC=a) -y e o], y € R,
so that
p(z) < A=)/ (b=a) gla=a)/(b=a) {41 every x € [a, b],
and letting A — p(a)*t and B — pu(b)™ the proof is concluded; notice that since p(z) > 0 for x €]a,b]
(by the identity theorem) we must have p(a), u(b) > 0. O

REMARK. With S ={z € C:0 < Rez < 1} we get, for every z € [0,1] and every y € R:
[f(z +iy)] < (u(0)) " (u(1))"

Holder’s inequality may be interpreted in this context: let (X, M, 1) be a measure space, and let u, v :
X —]0, 00 be strictly positive functions in L' (). Then, for s € S the function

gp(s):/ ur v dp
b'e

is c—holomorphic (differentiation under the integral sign); moreover |p(c+it)| < (o) for every o € [0, 1],
so that by the three lines lemma:

-0 o
#(0) < (PO (o) thatis [ (o)~ (o) aute) < [wan) ([ van)
and setting 0 =1/¢, 1 — o = 1/p, u = |f|?, v = |g|? we get the familiar Holder’s inequality.
5.1.3. As a corollary:

. THREE CIRCLES THEOREM (HADAMARD) Let f : A — C be c—holomorphic, where A = {z € C :
u < |z| < v} is an annulus, 0 < u < v < co. Forr € [u,v] let M(r) = max{|f(2)|: |z| = r}. Then, if
a,8>0, a+ =1 we have
M (u® v7) < (M (u))* (M(v))”.

Proof. Consider g : S — C defined by g(s) = f(e®), where S = {s € C : logu < Res < logv}; for
u < r <wv we have u(logr) := sup{|g(logr +it)| : t € R} = M(r). The three lines lemma says that

(o logu+ 8 logv) < (u(logu))® (u(logv))® that is  p(log(u® v?)) < (M(u))® (M(v))?,
or also
M(u® o) < (M(w)* (M(v))".
O

The three circles theorem may be expressed by saying that log M (r) is a convex function of logr.

5.2. The Phragmen—Lindel6f theorem for a strip. Even if it is bounded on the boundary of the
unbounded region D, a c—holomorphic function is not necessarily bounded on the region, as seen at the
beginning of 5.1. However, if the growth at infinity is "not too fast”, where this notion of ”fast” depends
on the shape and size of D, then we can still deduce boundedness from boundedness on the boundary.
We first state and prove the theorem for strips. Essentially the theorem says that if f is bounded on the
boundary of the strip, and at infinity is O(exp(e’#!)) for some b, with 0 < b < 7/(width of the strip),
then f is bounded on the strip; there is also a more general result.

. PHRAGMEN-LINDELOF THEOREM Let S = {z € C:d -1 < Rez < d+ 1} be a vertical strip with
bounded base (d € R,l > 0). Let D be a region of C contained in S, and assume that f : D — C is
c—holomorphic and non constant on D, and that || f|lap is finite. Put a =m/(2l).

(a) If there is b, with 0 < b < a, and A, B > 0 such that
|f(2)] < A exp(Be°l) for every z € D,
then | f(2)| < |[fllop for every z € S.
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(b) If for every e > 0 there exists Ac > 0 such that
1f(2)] < Az exp(eel?l) for every z € D,
then |f(2)| < ||fllop for every z € D.

Proof. Before going to the proof notice that since |z| is rotationally invariant the theorem holds for
any strip with bounded base, horizontal, vertical or oblique, and that we may also translate the strip
(this changes |z|, but it is easy to see that the hypotheses are still valid, since |z| —|c| < |z —¢| < |z]|+]¢])-
So we consider the strip S = {—I <Rez < }.

(a) We pick ¢ with b < ¢ < a, and consider the function g.(z) = exp(e cos(cz)), with € > 0 arbitrary.
Notice that |g-(2)|7* < 1 on S: in fact

|9-(2)| 7! = | exp(—¢ cos(cz)| = exp(—¢e Re(cos(cz)));

recalling that Re(cos(cz)) = cos(cx) cosh(cy) if # = Rez and y = Im z, since |cx| = c|z| < cl < wl/(2]) =
7/2 we have, for x € [, 1], cos(cx) > cos(cl) > 0 so that —e Re(cos(cz)) < —& cos(cl) cosh(cy) < 0 for
every z = x + iy € S, hence

|9 (2)| 7! < exp(—¢ cos(cl) cosh(cy)) <1 for every z € S.

If we define F.(z) = f(z) (g-(2))~! for z € D, we then have |F.(2)| < |f(z)| for every z € D, in particular
also || Fellap < ||fllop- We now prove that lim, o, .ep Fe(z) = 0; this implies that F, is bounded on D;
by Maximum Modulus IIT we then get
F(2)| < | Fellon < |fllop for every 2 € D,
then
[F(2)| < |Ifllop exp(e cos(cz)) for every z € D,

which implies, letting € — 0T, the assert.

Using the previous estimate for |g.(z)

|F.(2)| < A exp(Be”?!) exp(—¢ cos(cl) cosh(cy)) < A exp(Be? ¥ — ¢ cos(cl) cosh(cly|));

|~! and the hypothesis we get

let’s prove that lim,_, 4+, (B e?+1¥D) — ¢ cos(cl) cosh(c|y|)) = —oo; in fact

clyl —clyl
BePHWD — ¢ cos(el) cosh(cly|) = B et HWD — ¢ cos(cl) % =
1+ 62c|y)

2

since b < ¢ the expression in parentheses tends to —e cos(cl)/2 < 0, and the entire expression has limit
—00, as Yy — +0o.

(b) Given € > 0 consider again g.(z) = exp(e cos(az)); again we have |g-(2)|~* < 1in S (but this
time |g-(2)]7! = 1 on 99), so that if F.(2) = f(2) (9-(2))~* we still have ||F.|lap < || fllop. We want to
prove that F. is bounded on the set D N iR, intersection of D with the imaginary axis iR; this proves
that F. is bounded on the boundary of the sets D_ = DN {Rez < 0} and Dy = D N {Rez > 0}; since
these sets are contained in the strips S_ = SN{Rez < 0} and Sy = SN {Rez > 0}, whose width is half
that of S, we can apply part (a) of the theorem, replacing b with a, and a by 2a, to obtain boundedness
of F, on Dy, and hence on D. By Maximum Modulus III then |F.| is bounded by ||f|lap > ||F:llap, so
that, as above

)

eclvl (B e 0=l _ ¢ cos(cl)

[F(2)] < | fllop | exp(e cos(az))| for every z € D,

and we conclude immediately, letting ¢ — 0.
Take then § with 0 < § < £/2; by hypothesis there is A > 0 such that

|f(2)] < A exp(del)  for every z € DN (iR);
Then, for z =iy € DN (iR):
|F.(2)] < A exp(d ey exp(—¢ cosh(ay)) = A exp(de?! — ¢ cosh(ay)),
and consider the exponent
s el — ¢ cosh(ay) = €6 — (e/2)(1 + e~22lW]y);

since § — £/2 < 0, this exponent has limit —oo as y — +00, so that y — A exp(J e*¥ — ¢ cosh(ay)) is a
continuous function zero at infinity, hence it is bounded. The proof ends. (I



5. THE MAXIMUM MODULUS THEOREM 73

Notice how delicate these estimates are: on the strip {—7/2 < Rez < 7w/2} the function f(z) =
exp(e?*) is unbounded but of modulus constantly 1 on the boundary (5.1).

5.3. The Phragmen—-Lindel6f theorem for an angle. Here the critical value is 7/a, where
0 < a < 27 is the aperture of the angle.

. PHRAGMEN-LINDELOF THEOREM Let A = {re'’ : r >0, p—a/2 <9 < o+a/2}, with0 < a < 27
be an angle,and let D be a region of C contained in D. Assume that f : D — C is c—holomorphic on D,
with || fllop < oo.

(i) If for some b, with 0 <b < a=m/a and A, B > 0 we have
|f(2)] < A exp(B|z]") for every z € D,

then |f(2)| < |[fllap for every z € D.
(ii) If for every e > 0 there exists a constant A. > 0 such that

|f(2)] < Az exp(e|z]?) for every z € D
(where, again, a = w/a), then |f(z)| < ||fllap for every z € D.

Proof. Clearly the theorem is rotation invariant, and is is not restrictive to assume ¢ = 0; in other
words A = {re®’ € C: r > 0, || < a/2}. We can reduce this case to the case of a strip: observe
that, if 0 < a < 27 the exponential function gives an holomorphic isomorphism of the horizontal strip
S={seC: —a/2 <Ims < a/2} onto the angle A of the theorem; set g(s) = f(e®), for s € E = {s €
S : e® € D}, and observe that the hypothesis f € O(exp(B |2|’) for z tending to infinity in D becomes
g € O(exp(B exp(b Res))) for Res — 400 with s € E, hence also g € O(exp(B exp(b]s|))), and similar
arguments work for case (ii). O

Note again that the balance in the preceding theorem is delicate: if we consider f(z) = exp(z*), with
a = m/a, then we have |f(2)| = 1 on 9D, where z = re*%/2 yet f(x) = exp(z®) — 0o as x — 0o on the
positive reals, so that f is unbounded.

For o = 27 we have a function bounded on a ray, and the critical value is 1/2. So:

COROLLARY. If an entire function f : C — C is bounded on a ray, and for every € > 0 we have that
fis O(e® \/m) as z — 00, then f is a constant.

Proof. By Phragmen—Lindelof f is bounded, and by Liouville’s theorem it is then constant. O

The function z — cos(y/z) is a non—constant entire function bounded on the positive ray R, , and

is O(e\/m), but it is asymptotic to e\/m/Q as |z| = r — oo on the ray {—r : r > 0}. But there are
nonconstant entire functions that are O(exp(|z|%)), for every € > 0; they are of course unbounded on
every ray (see, e.g. Bak-Newman, Complex Analysis, 15.7).

5.3.1. Entire functions of finite order. The previous results suggest the following:

DEFINITION. An entire function is said to be of finite order if it is O(exp(|z|?)), for some b > 0. The
order of an entire function is the infimum of the set of all b > 0 such that the function is O(exp(|z|?)).

EXERCISE 5.3.1.1. Prove that if an entire function of finite order has polynomial growth on the
boundary 95 of a strip, then it has polynomial growth of the same order on S (that is, if there is m € N
such that f(z) is O(z™) for z — o0, z € 0S5, then f(z) is also O(z™) for z — o0, z € S (hint: consider

f(2)/(z—c)" witheg S ...).

Solution. Following the hint, let g(z) = f(2)/(z — ¢)™ with ¢ ¢ S fixed. Then g is bounded on
the boundary of S. Moreover, if f € O(exp(]z|°) for some ¢ > 0 as |z] = o0, z € S, then clearly
g € O(exp(ebl?)) for every b > 0: in fact

|9(2)] exp(—e"*) < [f(2)]]2 = ¢| ™ exp(—€"*l) < A exp(|2[) |2 — ¢| 7™ exp(—€"*);

Setting for simplicity r = |z| we easily see that the preceding expression has limit 0 as r — +oo (note
also that |z —¢|™™ ~ ™™ as r — 400):

A exp(r¢ — ebr) r~™ —=0 for r— +oo,

since, clearly, lim, _, ;o (r®—e’") = —oco. Taking b < 7/a, with a the width of S, we get that ¢ is bounded
on S, by ||g]las. Then

[f(2)| < Clz—c|™ for every z € S, with C = ||g]as-
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O

EXERCISE 5.3.1.2. Suppose that f is a nonconstant entire function bounded on every ray. Prove that
f is not of finite order (if not we can divide the plane into a finite number of small wedges. . .).

Solution. Tf f had finite order, then f € O(exp(e®!?)) for some b > 0. Let us divide the plane into
angles of aperture a = 27/m such that b < 7/a = m/2: that is, we pick m > 2b, and partition the plane
into m equal angles. Since f is by hypothesis bounded on every ray it is bounded on the boundary of
each of these angles, hence bounded on each of these angles by the Phragmen—Lindel6f theorem; but then
f is bounded on C, and by Liouville’s theorem f is a constant. O
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