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The theory of Riemann surfaces is a classical field of mathematics where geom-
etry and analysis play equally important roles. The purpose of these notes is to
present some basic facts of this theory to make this book more self contained.
In particular we will deal with classical descriptions of Riemann surfaces,
Abelian differentials, periods on Riemann surfaces, meromorphic functions,
theta functions, and uniformization techniques.

Motivated by the concrete point of view on Riemann surfaces of this book
we choose essentially an analytic presentation. Concrete analytic tools and
constructions available on Riemann surfaces and their applications to the
theory are explained in detail. Most of them are proven or accompanied with
sketches of proofs. For the same reason, difficult non-constructive proofs of
some classical existence results in the theory of Riemann surfaces (such as the
existence of conformal coordinates, of holomorphic and Abelian differentials,
of meromorphic sections of holomorphic line bundles) are omitted. The lan-
guage of the geometric approach is explained in the section on holomorphic
line bundles.

This chapter is based on the notes of a graduate course given at the Tech-
nische Universitat Berlin. There exists a huge literature on Riemann surfaces
including many excellent classical monographs. Our list [FK92, Jos06, Bos,
Bea78, AS60, Gu66, Lew64, Spr81] for further reading is by no means com-
plete.

1.1 Definition of a Riemann surface and basic examples

Let R be a two-dimensional real manifold, and let {U, }oeca be an open cover
of R, i.e., UpeaUs = R. A local parameter (local coordinate, coordinate chart)
is a pair (Uy, 2o ) of U, with a homeomorphism z,, : U, — V, to an open subset
Vo C €. Two coordinate charts (Uy, zo) and (Ug, zg) are called compatible if
the mapping
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fﬁ7a22502;1 1 2a(Ua NUB) — 23(Ua NUB) , (1.1)

which is called a transition function is holomorphic. The local parameter
(Ua, zo) will be often identified with the mapping z, if its domain is clear
or irrelevant.

If all the local parameters {U,, 24 taca are compatible, they form a complex
atlas A of R. Two complex atlases A = {Us,,zo} and A = {Ugs, 25} are
compatible if AU A is a complex atlas. An equivalence class X of complex
atlases is called a complez structure. It can be identified with a maximal atlas
A*, which consists of all coordinate charts, compatible with an atlas A C X.

Definition 1. A Riemann surface is a connected one-dimensional complex
analytic manifold, that is, a connected two-dimensional real manifold R with
a complex structure X on it.

When it is clear which complex structure is considered, we use the notation
R for the Riemann surface.

If {U, z} is a coordinate on R then for every open set V' C U and every
function f: € — €, which is holomorphic and bijective on z(V'), {V, f o z} is
also a local parameter on R.

The coordinate charts establish homeomorphisms of domains in R with
domains in C. This means that locally the Riemann surface is just a domain
in C. But for any point P € R there are many possible choices of these
homeomorphisms. Therefore one can associate to R only the notions from the
theory of analytic functions in C that are invariant with respect to biholo-
morphic maps, i.e. those that one can define without choosing a specific local
parameter. For example, one can talk about the angle between two smooth
curves v and 4 on R intersecting at some point P € R. This angle is equal
to the one between the curves z(v) and z(¥) that lie in € and intersect at the
point z(P), where z is some local parameter at P. This definition is invariant
with respect to the choice of z.

If (R, X)) is a Riemann surface, then the manifold R is oriented.

The simplest examples of Riemann surfaces are any domain (connected
open subset) U C C in the complex plane, the whole complex plane €, and
the extended complex plane (or Riemann sphere) € = CIP* = € U {oo}. The
complex structures on U and € are defined by single coordinate charts (U, id)
and (C, id). The extended complex plane is the simplest compact Riemann sur-
face. To define the complex structure on it we use two charts (Ui, 22), (Us, 22)
with

Ulz(D, Z1 =z,
Us = (C\{0}) U {oo},  2o=1/z.

The transition functions

fia=z1025", fa1=2z290z7" : C\{0} — C\{0}
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are holomorphic
f12(2) = fan(z) =1/z.

To a large extent the beauty of the theory of Riemann surfaces is due to
the fact that Riemann surfaces can be described in many completely different
ways. Interrelations between these descriptions make up an essential part of
the theory. The basic examples of Riemann surfaces we are going to discuss
now are exactly these foundations the whole theory is based on.

1.1.1 Non-singular algebraic curves
Definition 2. An algebraic curve C is a subset in C*
C={(u,\) € C* [ P(n,\) =0}, (1.2)

where P is an irreducible polynomial in X and p

N M .

Plp,A) = Z Zpij,ul/v .

i=0 j=0

The curve C' is called non-singular if

oP oP
grad@P|7,:0 = <E7 m)|
P, \)=0

is nowhere zero on C.

(1.3)

The complex structure on C'is defined as follows: the variable X is taken as
local parameter in the neighborhoods of the points where 9P/ # 0, and the
variable p is taken as local parameter near the points where 9P /OX # 0. The
holomorphic compatibility of the introduced local parameters results from the
complex version of the implicit function theorem.

The Riemann surface C' can be made a compact Riemann surface

C=Ccu{ccM}u...u{ccV}

by adjoining points co™), ... co™) at infinity (A — oo, — o0), and intro-
ducing admissible local parameters at these points, see Fig. 1.1.

Definition 3. Let R be a Riemann surface such that there exists an open
subset
U =UDU...uUMcR

such that R\Us, is compact and Uég) are homeomorphic to punctured discs
Zn UMW - D\{0}={2eC|0< |2 <1},

where the homeomorphisms z, are holomorphically compatible with the com-
plex structure of R. Then R is called a compact Riemann surface with punc-
tures.
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Fig. 1.1. A compact Riemann surface with punctures.

Let us extend the homeomorphisms z,
Zy UM = UM U {co™} = D={z]|2] <1}, (1.4)

by setting z,(co™) =0, n=1,...,N. A complex atlas for a new Riemann
surface R
R=RU{coMIU...U{oc™}

is defined as a union of a complex atlas A of R with the coordinate charts
(1.4) compatible with A due to Definition 3. The Riemann surface R is called
the compactification of the punctured Riemann surface R.

Hyperelliptic curves.

Let us consider the important special case of hyperelliptic curves

N
w=TJA=%), N=3, )ecC. (1.5)

Jj=1

When N = 3 or 4 the curve (1.5) is called elliptic. The curve is non-singular
if all the points A; are different

AN#£XN, dj=1,...N.

In this case the choice of local parameters can be additionally specified.
Namely, in the neighborhood of the points (p0, Ao) with Mg # A; Vj, the
local parameter is the homeomorphism

(1, A) — A (1.6)
In the neighborhood of each point (0, A;) it is defined by the homeomorphism
(1 A) = VA= (1.7)
For odd N = 2g + 1, the curve (1.5) has one puncture co
P—ooo<= \— 0,

and a local parameter in its neighborhood is given by the homeomorphism
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1
Zoo (1, A) — 7 (1.8)

For even N = 2g + 2 there are two punctures oo™ distinguished by the condi-
tion ’

+
P — oo <:>)\g+1

— +1, A — 00,

and the local parameters in the neighborhood of both points are given by the
homeomorphism
Zoot t (py A) — AT (1.9)

Theorem 1. The local parameters (1.6, 1.7, 1.8, 1.9) describe a compact Rie-
mann surface

C=CU{x} if N is odd,
C=CU{x*} if N is even

of the hyperelliptic curve (1.5).

One prefers to consider compact Riemann surfaces and thus the compact-
ification C' is called the Riemann surface of the curve C.

It turns out that all compact Riemann surfaces can be described as com-
pactifications of algebraic curves (see for example [Jos06]).

1.1.2 Quotients under group actions

Definition 4. Let A be a domain in C. A group G : A — A of holomorphic
transformations acts discontinuously on A if for any P € A there exists a
neighborhood V-3 P such that

gVnv =1, Vg € G, g#1T. (1.10)
The quotient space A/G is defined by the equivalence relation
P~P &3geG:P =gP.

By the natural projection 7 : A — A/G every point is mapped to its equiva-
lence class. Every point P € A has a neighborhood V satisfying (1.10). Then
U = n(V) is open and 7, : V — U is a homeomorphism. Its inversion
z:U —V CAcCCis alocal parameter. One can cover A/G by domains of
this type. The transition functions are the corresponding group elements g;
therefore they are holomorphic.

Theorem 2. A/G is a Riemann surface.
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Tori

Let us consider the case A = C and the group G generated by two trans-
lations
z—z4+w, z—z4+w,

where w, w’ € € are two non-parallel vectors, Im w’/w # 0, see Fig. 1.2. The
group G is commutative and consists of the elements

Gnm(2) = 2+ nw+ muw' | nméeZ. (1.11)
The factor C/G has a nice geometrical realization as the parallelogram
T={zeC|z=aw+buw', a,be[0,1)}.

There are no G-equivalent points in 7" and on the other hand every point in
C is equivalent to some point in 7T'. Since the edges of the parallelogram T are
G-equivalent z ~ 2 +w, z ~ 2z +w’, R is a compact Riemann surface, which
is topologically a torus. We discuss this case in more detail in Sect. 1.5.5.

Fig. 1.2. A complex torus

The uniformization theorem (see for example [Jos06]) claims that all com-
pact Riemann surfaces can be obtained as quotients A/G.

1.1.3 Polyhedral surfaces as Riemann surfaces

One can build a Riemann surface gluing together pieces of the complex plane
C.

Consider a finite set of disjoint polygons F; and identify isometrically pairs
of edges in such a way that the result is a compact oriented polyhedral surface
P. A polyhedron in 3-dimensional Euclidean space is an example of such a
surface.

Theorem 3. The polyhedral surface P is a Riemann surface.

In order to define a complex structure on a polyhedral surface let us dis-
tinguish three kinds of points (see Fig. 1.3):
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Fig. 1.3. Three kinds of points on a polyhedral surface

1. inner points of triangles,

2. inner points of edges,

3. vertices.

One can map isometrically the corresponding polygon F; (or pairs of neigh-
boring polygons) into €. This provides local parameters at the points of the
first and the second kind. Let P be a vertex and Fj, ..., F, the sequence of
successive polygons with this vertex (see the point (iii) above). Denote by 6;
the angle of F; at P. Then define

27
Y=< 5 -
Zi:l 0;

Consider a suitably small ball neighborhood of P, which is the union U" =
U;Fl, where F = {Q € F; | | @ — P |< r}. Each F/ is a sector with
angle 0; at P. We map it as above into € with P mapped to the origin
and then apply z — 27, which produces a sector with the angle v6;. The
mappings corresponding to different polygons F; can be adjusted to provide
a homeomorphism of U” onto a disc in C. All transition functions of the
constructed charts are holomorphic since they are compositions of maps of
the form z +— az + b and z +— 27 (away from the origin).

It turns out that any compact Riemann surface can be recovered from
some polyhedral surface [Bos].

1.1.4 Complex structure generated by the metric

There is a smooth version of the previous construction. Let (R, g) be a two-real
dimensional orientable differential manifold with Riemannian metric g.

Definition 5. Two metrics g and ¢ are called conformally equivalent if they
differ by a function on R

g~9g=9=19, fiR—TR,. (1.12)

The transformation (1.12) preserves angles. This relation defines classes of
conformally equivalent metrics.

Let (z,y) : U C R — R? be a local coordinate. In terms of the complex
variable z = x + iy the metric can be written as
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g=Adz? + 2Bdzdz + Adz?, A€ C,BeRR,B>|A|. (1.13)

Note that the complex coordinate z is not compatible with the complex struc-
ture we will define on R with the help of g.

Definition 6. A coordinate w : U — C 1is called conformal if the metric in
this coordinate is of the form

g = e’dw,dw, (1.14)
i.e., it is conformally equivalent to the standard metric dwdw of R* = C.

If F: U ¢ R? — R? is an immersed surface in IR? then the first fundamen-
tal form < dF,dF > induces a metric on U. When the standard coordinate
(z,y) of R? D U is conformal, the parameter lines

F(x,Am) , F(An,y), z,y €R, n,mé€ Z, A—0

comprise an infinitesimal square net on the surface.

It is easy to show that every compact Riemann surface admits a conformal
Riemannian metric. Indeed, each point P € R possesses a local parameter
zp :Up — Dp C C, where Dp is a small open disc. Since R is compact there
exists a finite covering U ;Up, = R. For each ¢ choose a smooth function
m; : Dp, — IR with

m; >0 onD;, m; =0 on C\ D, .

m;(zp,)dzp,dzZp, is a conformal metric on Up,. The sum of these metrics over
t=1,...,n yields a conformal metric on R.

Moreover, any metric can be brought to conformal form (1.14) due to the
following fundamental theorem.

Theorem 4. Conformal equivalence classes of metrics on an orientable two-
manifold R are in one to one correspondence with the complex structures on

R.

Let us show how one finds conformal coordinates. The metric (1.13) can
be written as follows (we suppose A # 0 )

g = s(dz + pdz)(dz + adz) , >0, (1.15)
where _ B
2
= (1 2 =
n=opH’), =

Here || is a solution of the quadratic equation

1l + 1 2B
M T 1 Tar>
ul 1A
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which can be chosen |u| < 1. Comparing (1.15) and (1.14) we get
dw = A(dz + pdz)

or

dw = \(dz + fidz).

In the first case the map w(z, Z) satisfies the equation
wz = pw, (1.16)

and preserves the orientation w :D CU — V C C since |u| < 1. In the second
case w : U — V inverses the orientation.

Equation (1.16) is called the Beltrami equation and pu(z,z) is called the
Beltrami coefficient.

By analytic methods (see for example [Spi79]) one can prove that for any
Beltrami coeflicient i there exists a local solution to the Beltrami equation in
the corresponding functional class. This allows us to introduce local conformal
coordinates.

Proposition 1. Let R be a two-dimensional orientable manifold with a metric
g and a positively oriented atlas ((Ta,ya) : Us — R*)aca on R. Let (x,y) :
U c R — IR? be one of these coordinate charts around a point P € U,
let z = x + iy and p(z,z) be the Beltrami coefficient and let wg(z,z) be a
solution to the Beltrami equation (1.16) in a neighborhood Vg C V = z(U)
with P € Uz = 271 (Vg). Then the coordinate wg is conformal and the atlas
(wg : Ug — C)gep defines a complex structure on R.

Only the holomorphicity of the transition function may require a comment.
Let w: U — C,w : U — C be two local parameters with a non-empty
intersection U N U # (). Both coordinates are conformal

g = e?dw dw = e*dw dd,
which happens in one of the two cases
ow 0w
— =0 or — =0 1.17
0w ow ( )
only. The transition function @(w) is holomorphic and not antiholomorphic
since the map w — @ preserves orientation.

Repeating these arguments one observes that conformally equivalent met-
rics generate the same complex structure, and Theorem 4 follows.

1.2 Holomorphic mappings

Definition 7. A mapping
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f:M—N

between Riemann surfaces is called holomorphic if for every local parameter

(U, z) on M and every local parameter (V,w) on N with UN f=Y(V) # 0, the

mapping
wo foz t:z(UNFHV)) = w(V)

s holomorphic.

A holomorphic mapping to C is called a holomorphic function, a holomor-
phic mapping to C is called a meromorphic function.
The following lemma characterizes the local behavior of holomorphic map-

pings.

Lemma 1. Let f : M — N be a holomorphic mapping. Then for any a € M
there exist k € IN and local parameters (U, z), (V,w) such that a € U, f(a) € V
and F =wo foz1:2(U)— w(V) equals

F(z) =2~ (1.18)

Corollary 1. Let f : M — N be a non-constant holomorphic mapping, then
f is open, i.e., the image of an open set is open.

If M is compact then f(M) is compact as a continuous image of a compact
set and open due to the previous claim. This implies that in this case the
corresponding non-constant holomorphic mapping is surjective and its image
N = f(M) compact.

We see that there exist no non-constant holomorphic mappings f : M — C,
which is the issue of the classical Liouville theorem

Theorem 5. On a compact Riemann surface there exists no non-constant
holomorphic function.

Non-constant holomorphic mappings of Riemann surfaces f: M — N are
discrete: for any point P € N the set Sp = f~1(P) is discrete, i.e. for any
point a € M there is a neighborhood V' C M intersecting with Sp in at most
one point, |V N Sp| < 1. Non-discreteness of S for a holomorphic mapping
would imply the existence of a limiting point in Sp and finally f = const, f :
M — P € N. Non-constant holomorphic mappings of Riemann surfaces are
also called holomorphic coverings.

Definition 8. Let f : M — N be a holomorphic covering. A point P € M
is called a branch point of f if it has no neighborhood V. > P such that
f‘v is injective. A covering without branch points is called unramified (rami-
fied covering/ramified or branched covering in the opposite case).

Note that various definitions of a covering are used in the literature (see for ex-
ample [Ber57, Jos06, Bea78]). In particular, often the term “covering” is used
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for unramified coverings of our definition. Ramified coverings are important
in the theory of Riemann surfaces.

The number £ € IN in Lemma 1 can be described in topological terms.
There exist neighborhoods U 3 a,V 3 f(a) such that for any Q € V\{f(a)}
the set f~1(Q) N U consists of k points. One says that f has the multiplicity
k at a. Lemma 1 allows us to characterize the branch points of a holomorphic
covering f : M — N as the points with the multiplicity k¥ > 1. Equivalently,
P is a branch point of the covering f: M — N if

dwo foz )

5 =0, (1.19)

z(P)

where z and w are local parameters at P and f(P) respectively. Due to the
chain rule this condition is independent of the choice of the local parameters.
The number b;(P) = k — 1 is called the branch number of f at P € M. The

next lemma follows immediately from Lemma 1.

Lemma 2. Let f : M — N be a holomorphic covering. Then the set of branch
points

B={PeM]|bs(P)>0}
1s discrete. If M is compact, then B is finite.

The projection A = f(B) of the set of branch points is also finite. The
number m of preimages for any point in N\A is the same since any two
points @Q1,Q2 € N\ A can be connected by a curve | C N\ A. Combined with
the topological characterization of the branch numbers this fact implies the
following theorem.

Theorem 6. Let f : M — N be a non-constant holomorphic mapping between
two compact Riemann surfaces. Then there is a number m € IN such that f

takes every value Q € N precisely m times, counting multiplicities. That is,
forallQ e N

S P+ 1) =m. (1.20)

Pef~1(Q)

Fig. 1.4. Covering
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Definition 9. The number m above is called the degree of f, and the covering
f+M — N is called m-sheeted.

Applying Theorem 6 to holomorphic mappings f: R — € we get

Corollary 2. A non-constant meromorphic function on a compact Riemann
surface assumes every value m times, where m is the number of ils poles
(counting multiplicities).

1.2.1 Algebraic curves as coverings

Let C be a non-singular algebraic curve (1.2) and C its compactification. The
map
(, ) — A (1.21)
is a holomorphic covering C' — €. If N is the degree of the polynomial P(u, \)
in p
P, A) = 1V pn () + 1 Ipnoa (V) + - po(N)
where all p;(\) are polynomials, then A : C — ( is an N-sheeted covering, see
Fig. 1.4.
The points with OP/0u = 0 are the branch points of the covering A : C' —

C. At these points OP/OX # 0, and u is a local parameter. The derivative of
A with respect to the local parameter vanishes

ox _ 9P/on _
op — OPJON

which characterizes (1.19) the branch points of the covering (1.21). In the
same way the map (g, \) — p is a holomorphic covering of the p-plane. The
branch points of this covering are the points with 9P /9 = 0.

Hyperelliptic curves

Before we consider the hyperelliptic case let us recall a conventional de-
scription of the Riemann surface of the function 2 = v/X. One takes two copies
of the complex plane C with cuts [0, 00] and glues them together crosswise
along this cut (see Fig. 1.5). The image in Fig. 1.5 visualizes the points of the
curve

C={(p)) eC|pu*=1},

and the point A = 0 gives an idea of a branch point.
The compactification C' of the hyperelliptic curve

C={(mN e | =T]r =)} (1.22)

i=1
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Fig. 1.5. Riemann surface of VA

is a two sheeted covering of the extended complex plane A\ : C — C. The
branch points of this covering are

(0,X), i=1,...,Nand oo for N=2g+1,
(0,\), i=1,...,N for N =2g+2,

with the branch numbers by = 1 at these points. Only the branching at
A = oo possibly needs some clarification. The local parameter at co € C is
1/A, whereas the local parameter at the point co € C of the curve C' with
N =2g+1is 1/v/X due to (1.8). In these coordinates the covering mapping
reads as (compare with (1.18))

which shows that by (c0) = 1. R
One can imagine the Riemann surface C' with N = 2g+ 2 as two Riemann
spheres with the cuts

A1, A2, (A3, Adl, ooy [A2g1s Aagya]

glued together crosswise along the cuts. Fig. 1.6 presents a topological image
of this Riemann surface. The image in Fig. 1.7 shows the Riemann surface
“from above” or “the first” sheet on the covering A : C' — C.

Fig. 1.6. Topological image of a hyperelliptic surface

Hyperelliptic curves possess a holomorphic involution
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Fig. 1.7. Hyperelliptic surface C as a two-sheeted cover. The parts of the curves
on C' that lie on the second sheet are indicated by dotted lines.

B () — (—p, ), (1.23)

which interchanges the sheets of the covering A : C — Q. It is called the
hyperelliptic involution. The branch points of the covering are the fixed points
of h.

The cuts in Fig. 1.7 are conventional and belong to the image shown in
Fig. 1.7 and not to the hyperelliptic Riemann surface itself, which is deter-
mined by its branch points alone. In particular, the two images shown in
Fig. 1.8 correspond to the same Riemann surface and to the same covering
(,u, )\) — A\

Fig. 1.8. Two equivalent images of the same hyperelliptic Riemann surface

1.2.2 Symmetric Riemann surfaces as coverings
The construction of Sect. 1.1.2 can be also applied to Riemann surfaces.

Theorem 7. Let R be a (compact) Riemann surface and let G be a finite
group of holomorphic automorphisms' of order |G|. Then R/G is a Riemann
surface with the complex structure determined by the condition that the canon-
ical projection

mT:R—>R/G

! This group is always finite if the genus > 2.
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is holomorphic. This is an |G|-sheeted covering, ramified at the fixed points of
G.

The canonical projection 7 defines an |G|-sheeted covering. Denote by
Gp, ={9€G|gh = R}

the stabilizer of Py. It is always possible to choose a neighborhood U of P,
which is invariant with respect to all elements of Gp, and such that UNgU = ()
for all g € G\ Gp,. Let us normalize the local parameter z on U by z(Pp) = 0.
The local parameter w in m(U), which is |Gp,|-sheetedly covered by U is
defined as the product of the values of the local parameter z at all equivalent
points lying in U. In terms of the local parameter z all the elements of the
stabilizer are represented by the functions § = zogoz=!: 2(U) — z(U), which
vanish at z = 0. Since g(z) are also invertible they can be represented as §(z) =
zhg(z) with hy(0) # 0. Finally the w — z coordinate charts representation of

™
womoz 'z — 2Grl H hg(2)
ge€Gp,

shows that the branch number of Py is |Gp,|.
The compact Riemann surface C' of the hyperelliptic curve

2N
=TI =22, A #EN, M #0 (1.24)

n=1
has the following group of holomorphic automorphisms
B () — (=, \)

i : (/1'7)‘) - (Mv _)‘)
iQ = hll . (,u,)\) — (—‘u, —A) .

The hyperelliptic involution % interchanges the sheets of the covering A : C—
C, therefore the factor C/h is the Riemann sphere. The covering

G Cfh =

is ramified at all the points A = £\,,. .
The involution i; has four fixed points on C: two points with A = 0 and
two points with A = oo. The covering

C—C =Cliy (1.25)
is ramified at these points. The mapping (1.25) is given by
(IUJaA)_)(uvA)v A:)\27

and C’l is the Riemann surface of the curve
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2N

w=1lm-x).

n=1
The involution i has no fixed points. The covering
C — Cy=Clis (1.26)
is unramified. The mapping (1.26) is given by
(12— (M, A),  M=px, A=,

and (5 is the Riemann surface of the curve

2N
M>=AT[(A-X2).
n=1

1.3 Topology of Riemann surfaces

1.3.1 Spheres with handles

We have seen in Sect. 1.1 that any Riemann surface is a two-dimensional ori-
entable real manifold. In this section we present basic facts about the topology
of these manifolds focusing on the compact case. We start with an intuitive
fundamental classification theorem.

Theorem 8. (and Definition) Every compact Riemann surface is homeo-
morphic to a sphere with handles (i.e., a topological manifold homeomorphic
to a sphere with handles in Euclidean 3-space). The number g € IN of han-
dles is called the genus of R. Two manifolds with different genera are not
homeomorphic.

=3

Fig. 1.9. A sphere with 2 handles

The genus of the compactification C' of the hyperelliptic curve (1.22) with
N =2g+1or N =29+ 2 is equal to g.

For many purposes it is convenient to use planar images of spheres with
handles.
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Proposition 2. Let 11, be a sphere S = R? U{oo} with 2g holes bounded by
the non-intersecting curves

Y15 Y1s -+ o> Vgr Vg - (1.27)

and identify the curves v; =, i = 1,..., g in such a way that the orientations
of these curves with respect to I, are opposite (see Fig. 1.10). Then II, is
homeomorphic to a sphere with g handles.

Fig. 1.10. A planar image of a sphere with g handles

To check this claim one should cut up all the handles of a sphere with g
handles.

A normalized simply-connected image of a sphere with g handles is de-
scribed in the following proposition.

Proposition 3. Let F,; be a 4g-gon with the edges

!/ / !/
ai,by,ay, by, ... aq,bg,q,

g’

b/

g

(1.28)
listed in the order of traversing the boundary of F, and the boundary curves
a; ~=al, by ~b, i=1,...,g

are identified in such a way that the orientations of the edges a; and a) as
well as b; and b with respect to Fy are opposite (see Fig. 1.11). Then F, is
homeomorphic to a sphere with g handles. The sphere without handles (g = 0)
18 homeomorphic to a 2-gon with the edges identified.

This claim is visualized in Figs. 1.12, 1.13. One choice of closed curves
ai,b1,...,a4,by on a sphere with handles is shown in Fig. 1.9.

Let us consider a triangulation T of R, i.e., a set {T;} of topological trian-
gles, which are glued along their edges (the identification of vertices or edges
of individual triangles is not excluded), and which comprise R. More gener-
ally, one can consider cell decompositions of R into topological polygons {T;}.
Obviously, compact Riemann surfaces possess finite triangulations.
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aéw
b

/
g a1
Fig. 1.11. Simply-connected image of a sphere with g handles

a/

/ N
’ bﬁb—

Fig. 1.12. Gluing a torus

/

a
a .4

Fig. 1.13. Gluing a handle

Definition 10. Let 7 be a triangulation of a compact two-real dimensional
manifold R and F be the number of triangles, E the number of edges, V' the
number of vertices of T. The number

x=F-FE+4+V (1.29)
1s called the Euler characteristic of R.

Proposition 4. The Euler characteristic x(R) of a compact Riemann surface
R is independent of the triangulation of R.

A differential geometric proof of this fact is based on the Gauss—Bonnet
theorem (see for example [Spi79]). Introduce a conformal metric e* dzdz on
a Riemann surface (see Sect. 1.1.4). The Gauss—Bonnet theorem provides us
with the following formula for the Euler characteristic

x(R) . /RK (1.30)

T2

where
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K = —2uzgeiu

is the curvature of the metric. The right hand side in (1.30) is independent of
the triangulation, the left hand side is independent of the metric we introduced
on R. This proves that the Euler characteristic is a topological invariant of
R.

A triangulation of the simply-connected model Fy of Proposition 3 gives
a formula for x in terms of the genus.

Corollary 3. The Euler characteristic x(R) of a compact Riemann surface
R of genus g is equal to
X(R)=2-2g. (1.31)

Theorem 9 (Riemann-Hurwitz). Let [ : R — R be an N-sheeted cover-
ing of the compact Riemann surface R of genus g. Then the genus g of R is
equal to

(1.32)

where

b= > bs(P) (1.33)

is the total branching number.

This formula is equivalent to the corresponding identity for the Euler char-
acteristic

X(R) = Nx(R)-b.
The latter follows easily if one chooses a triangulation of R so that the set of

its vertices contains the projection to R of all branch points of the covering.

1.3.2 Fundamental group

Let v be a closed curve with initial and terminal point P, i.e., a continuous
map 7 : [0,1] — R with y(0) = v(1) = P.

Definition 11. Two closed curves v*,v? on R with the initial and terminal
point P are called homotopic if one can be continuously deformed to the an-
other, i.e., if there exists a continuous map v : [0,1] x [0,1] — R such that
Y(t,0) = yL(t), v(t, 1) = v2(t), v(0,\) = v(1,\) = P. The set of homotopic
curves forms a homotopy class, which we denote by I' = [v].

There is a natural composition of such curves:

0<t<i
. — =t=73
el {72(%—1) 1<t<i

which is well-defined also for the corresponding homotopic classes
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I I =[y-7] .

The set of homotopy classes of curves forms a group 7 (R, P) with the mul-
tiplication defined above. The curves that can be contracted to a point corre-
spond to the identity element of the group. It is easy to see that the groups
m1 (R, P) and 71 (R, Q) based at different points are isomorphic as groups,
and one can omit the second argument in the notation. The elements of this
group are freely homotopic closed curves (i.e. cycles without reference to the
base point P).

Definition 12. The group m (R) is called the fundamental group of R.

Examples
1. Sphere with N holes

Fig. 1.14. Fundamental group of a sphere with N holes

The fundamental group is generated by the homotopy classes of the closed
curves 7,...,7n each going around one of the holes (Fig. 1.14). The curve
Y17Y2 - -.yn can be contracted to a point, which implies the relation

Ny, . Iy=1 (1.34)

in (5% \ {Un_y Dn}).

2. Compact Riemann surface of genus g

It is convenient to consider the 4¢g-gon model F, (Fig. 1.15). The curves
ai,b1,...,a4,by are closed on R. Their homotopy classes, which we denote by
A1, By,..., Ay, By generate w1 (R). The contractible boundary of Fj, implies
the only relation in the fundamental group:

A1Bi AT By AByA B =1 (1.35)
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Fig. 1.15. Fundamental group of a compact surface of genus g

1.3.3 First homology group

Formal sums of points Y n;P;, oriented curves ~;,
Y= Z nivi € C
and oriented domains D;,
D= nD;eCy

with integer coefficients n; € Z form abelian groups Cy,C; and Cy respec-
tively. The elements of these groups are called 0-chains, 1-chains and 2-chains,
respectively.

The boundary operator 0 maps the corresponding elements to their ori-
ented boundaries, defining the group homomorphisms 9 : C; — Cp,0 : Cy —
C1.

C contains two important subgroups, of cycles and of boundaries. A closed
oriented curve 7 is called a cycle (i.e. 9y = 0), and v = 9D is called a boundary.
We denote these subgroups by

Z={yeC| 0y=0}, B =090, .

Because 0% = 0, every boundary is a cycle and we have B C Z C C;. Two
elements of Cy are called homologous if their difference is a boundary:

Y1~ V1,2 €C1 &y — €B, ie.AD € Cy: 6D =71 — 72 .
Definition 13. The factor group
H\(R,Z)=Z7/B
is called the first homology group of R.

Freely homotopic closed curves are homologous. However, the converse is
false in general, as one can see from the example in Fig. 1.16.

The first homology group is the fundamental group “made commutative”.
More precisely
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Fig. 1.16. A cycle homologous to zero but not homotopic to a point.

H(R,Z) =

where the denominator is the commutator subgroup, i.e., the subgroup of
7(R) generated by all elements of the form ABA™'B~!, A, B € n(R).

To introduce intersection numbers of elements of the first homology
group it is convenient to represent them by smooth cycles. Every element of
Hy(R,Z) can be represented by a C*°-cycle without self-intersections. More-
over, given two elements of Hy (R, Z) one can represent them by smooth cycles
intersecting transversally in a finite number of points.

Let 71 and 2 be two curves intersecting transversally at the point P. One
associates to this point a number (y10v2) p = 1, where the sign is determined
by the orientation of the basis v;(P),v4(P) as it is shown in Fig. 1.17.

72 4!
L 24! L 72
(mom)p =1 (r1o72)p =—1

Fig. 1.17. Intersection number at a point.

Definition 14. Let v1,7v2 be two smooth cycles intersecting transversally in
finitely many points. The intersection number of v1 and 72 is defined by

Y1072 = Z (r1o72)p - (1.36)

Peyinys
Lemma 3. The intersection number of any boundary with any cycle vanishes.

Since (1.36) is bilinear it is enough to check the statement for a boundary
of a domain # = 0D and a simple cycle . This follows from the fact that the
cycle v enters D as many times as it leaves D (see Fig. 1.18).

To define the intersection number for homology classes represent v, €
Hy(R,Z) by C>®-cycles
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Fig. 1.18. y0 4D = 0.

Y=Y v A =Y mp,
i j

where %,7} are smooth curves intersecting transversally. Define v o 7/ =
Zij niM;7Y; © 75-. Due to Lemma 3 the intersection number is well defined
for homology classes.

Theorem 10. The intersection number is a bilinear skew-symmetric map
o Hl(R, Z) X Hl(R,Z) —Z.
Examples

1. The homology group of a sphere with N holes
The homology group is generated by the loops 71, ..., vn—1 (see Fig. 1.14).
For the homology class of the loop v one has

N-1
TN = — E Yi s
i=1
. N .
since ) ;_; 7; is a boundary.

2. Homology group of a compact Riemann surface of genus g

Since the homotopy group is generated by the cycles ai,bq,...,a4,bq
shown in Fig. 1.15 this is also true for the homology group. The intersec-
tion numbers of these cycles are as follows:

aiObjzéij, aiOaj:biOijO. (137)

The cycles ai,b1,...,a4,by constitute a basis of the homology group. Their
intersection numbers imply the linear independence.

Definition 15. A homology basis a1,b1,...,a4,by of a compact Riemann sur-
face of genus g with the intersection numbers (1.37) is called canonical basis
of cycles.
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A canonical basis of cycles is by no means unique. Let (a,b) be a canonical
basis of cycles. We represent it by a 2g-dimensional vector

Qg by

Any other basis (d, ) of H;(R,Z) is then given by the transformation

(Z) :A(Z) ., AcGL(29.Z). (1.38)

Substituting the right hand side of equation (1.38) in

J= (%)qa,é), J= (_Olé)

we obtain that the basis (d,B) is canonical if and only if A is symplectic,
A€ Splg,Z), ie.,
J=AJAT . (1.39)

Two examples of canonical cycle bases are presented in Figs. 1.19, 1.20.
The curves b; in Fig. 1.19 connect identified points of the boundary curves and
are therefore closed. In Fig. 1.20 the parts of the cycles lying on the “lower”
sheet of the covering are marked by dotted lines.

by

Fig. 1.19. A canonical cycle basis for the planar model I7, of a compact Riemann
surface.

1.4 Abelian differentials

Differentials on a Riemann surface are much easier to handle than functions,
and they are the basic tool to investigate and construct functions.
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Fig. 1.20. A canonical cycle basis of a hyperelliptic Riemann surface.

1.4.1 Differential forms and integration formulas

If smooth complex valued functions f(z, %), p(z,2), q(z,2), s(z,z) are as-
signed to each local coordinate on R such that

[ = f(Z,z) )
w=p(z,z)dz +q(z,z)dz, (1.40)
S =s(z,z)dz ANdZ

are invariant under coordinate changes (1.1), one says that the function (0-
form) f, the differential (1-form) w and the 2-form S are defined on R.

The 1-form w is called a form of type (1,0) (resp. a form of type (0,1)) if
it may locally be written w = pdz (resp. w = ¢dz). The space of differentials
is obviously a direct sum of the subspaces of (1,0) and (0,1) forms.

The exterior product of two 1-forms w; and ws is the 2-form

w1 Awa = (p1g2 — paqr)dz A dZ .

The differential operator d, which transforms k-forms into (k + 1)-forms is
defined by

df = fzdz + fzdZz,
dw = (¢, — pz)dz AdZ, (1.41)
dS=0.

Definition 16. A differential df is called exact. A differential w with dw = 0
1s called closed.
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Using (1.41), one can also easily check that
*=0
whenever d? is defined and
d(fw) =df Aw+ fdw (1.42)

for any function f and 1-form w. This implies in particular that any exact
form is closed.

One can integrate differentials over 1-chains (i.e., smooth oriented curves
and their formal sums), [w, and 2-forms over 2-chains (formal sums of ori-

¥
ented domains): [ S.
D
The most important integration formula is

Theorem 11 (Stokes’s theorem). Let D be a 2-chain with a piecewise
smooth boundary 0D. Then Stokes’s formula

/dw: /w (1.43)

D aD
holds for any differential w.

The difference of two homologic curves v — 4 is a boundary for some D,
which implies

Corollary 4. A differential w is closed, dw = 0, if and only if for any two
homological paths v and 7

o]

Y ¥

holds.

Corollary 5. Let w be a closed differential, Fy be a simply connected model
of Riemann surface of genus g (see Sect. 1.3) and Py be some point in Fy.
Then the function

P
f(P)=[w, Pelky,
/

where the integration path lies in F, is well-defined on Fy.

Let 71, ..., v, be a homology basis of R and w a closed differential. Periods
of w are defined by
Ai = /w .

Yi
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Any closed curve v on R is homological to Y n;y; with some n; € Z, which

implies
/w = Z nl/ll 5
Y

i.e., A; generate the lattice of periods of w. In particular, if R is a Riemann
surface of genus g with canonical homology basis ai, b, ..., a4, by, we denote
the corresponding periods by

Aiz/w, Bi:/w.
b;

aj

Theorem 12 (Riemann’s bilinear relations). Let R be a Riemann sur-
face of genus g with a canonical basis a;,b;, i =1,...,g and let w and W' be
two closed differentials on R with periods A;, Bi, A;, Bl, i =1,...,g9. Then
g
/w/\w’ = (A;B} — A;B;) . (1.44)
R i=1
The Riemann surface R cut along all the cycles a;,b;, i = 1,...,g of the

fundamental group is the simply connected domain Fj; with the boundary (see
Figs. 1.11, 1.15)

g
OF; =Y ai+a; " +bi+b". (1.45)
i=1
Stokes’s theorem with D = F}, implies

where Py is some point in Fy, and the integration path [Py, P] lies in Fy,.
The curves a; and aj_l of the boundary of F}; are identical on R but have

opposite orientation. For the points P; and PJ{ lying on a; and aj_l respectively
and coinciding on R we have (see Fig. 1.21)

P; P P;
W'(Pj) = W' (P)), /w - /w = /w =-B;. (1.46)
Py Py P

In the same way for the points @); € b; and Q; € b;l coinciding on R one
gets

Qj Q; Qj
W(Q)) = w’(Q;) , /w — /w = /w =A4;. (1.47)
Py Py Q
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Substituting, we obtain

/w’(P)jW—_zq:(—Bj/w'+Aj/w') :z‘q:(AjB‘Q—A‘;Bj)-
P = aj bj

oF, : j=1 j=1

Finally, to complete the proof of Riemann’s bilinear identity, one checks di-
rectly that the right hand side of (1.44) is invariant under the transformation
(1.38, 1.39). Therefore the claim holds for an arbitrary canonical basis of
Hi(R,C).

Fig. 1.21. Illustrating the proof of the Riemann bilinear relation.

1.4.2 Abelian differentials of the first, second and third kind

Definition 17. A differential w on a Riemann surface R is called holomor-
phic (or an Abelian differential of the first kind) if in any local chart it is
represented as

w = h(z)dz
where h(z) is holomorphic. The differential @ is called anti-holomorphic.

Holomorphic and anti-holomorphic differentials are closed.

Holomorphic differentials form a complex vector space H(R,C). It is
not difficult to show that the dimension of this space is at most ¢g. Indeed,
Riemann’s bilinear identity with w’ = @ implies that the periods A;, B; of a
holomorphic differential w satisfy

g
Im» A;B; <0. (1.48)

J=1

Thus, if all a-periods of the holomorphic differential w are zero then w = 0. If
W1,...,wgt1 are holomorphic, then there exists a linear combination of them
with all zero a-periods, i.e., the differentials are linearly dependent.

Theorem 13. The dimension of the space of holomorphic differentials of a
compact Riemann surface is equal to its genus

dim H'(R,C) = g(R) .
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The existence part of this theorem is more difficult and can be proved
by analytic methods [FK92]. However, when the Riemann surface R is con-
cretely described, one can usually present the basis wy, .. .,wy of holomorphic
differentials explicitly.

On a hyperelliptic curve one can check the holomorphicity using the cor-
responding local coordinates described in Sect. 1.1.1.

Theorem 14. The differentials

N~
wj = PR ji=1,...,g (1.49)

form a basis of holomorphic differentials of the hyperelliptic Riemann surface

N

=TI =) N#EN, (1.50)

i=1
where N =2g+2 or N =2g+ 1.

Another example is the holomorphic differential
w=dz

on the torus €/G of Sect. 1.3. Here z is the coordinate of C.
Since a differential with all zero a-periods vanishes identically, the matrix
of a-periods A;; = [w; of any basisw;, j =1,...,g of H(R,C) is invertible.

aj

The basis can be normalized.

Definition 18. Let a;,b;, j =1,...,g be a canonical basis of H1(R,Z). The

dual basis of holomorphic differentials wy, k=1,..., g, normalized by
/wk = 27T16jk
aj

is called canonical basis of differentials.
We consider also differentials with singularities.

Definition 19. A differential {2 is called meromorphic or Abelian differential
if in any local chart z : U — C it is of the form

N =yg(z)dz,
P
where g(z) is meromorphic. The integral [ 2 of a meromorphic differential

Py
is called the Abelian integral.
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Let z be a local parameter at the point P, z(P) = 0 and

3

= Z grztdz NeZ (1.51)
k=N(P)

be the representation of the differential {2 at P. The numbers N(P) and g_
do not depend on the choice of the local parameter and are characteristics of
2 alone. N(P) is called the order of the point P. If N(P) is negative —N(P)

is called the order of the pole of 2 at P. The number g_; is called the residue
of 2 at P. It can also be defined by

1
resp2 =g_1 = %/Q , (1.52)
8!

where v is a small closed simple loop going around P in the positive direction.
Let S be the set of singularities of {2

S={PeR|N(P)<0}.

S is discrete, and if R is compact then S is also finite.
Computing the integral of an Abelian differential {2 along the boundary
of the simply connected model Fy by residues, one obtains

> resp2=0. (1.53)

P;es

Definition 20. A meromorphic differential with singularities is called an
Abelian differential of the second kind if the residues are equal to zero at all
singular points. A meromorphic differential with non-zero residues is called
an Abelian differential of the third kind.

The residue identity (1.53) motivates the following choice of basic mero-

morphic differentials. The differential of the second kind QE%N) has only one

singularity. It is at the point R € R and is of the form

SNFH1

N = ( ! +0(1)) dz (1.54)

where z is a local parameter at R with z(R) = 0. The Abelian differential

Q%N) depends on the choice of the local parameter z. The Abelian differential
of the third kind 2rg has two singularities at the points R and @) with

respf2rg = —1esQf2ro =1,

Qrg = (i + O(l)) dzg near R,

Nro = (—i + O(l)) dzg near @ , (1.55)
“Q
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where zgr and zg are local parameters at R and @) with zg(R) = 2¢(Q) = 0.
For the corresponding Abelian integrals this implies

P
o 1
/QR =55 tO0) P—R, (1.56)

P

/QRQzlong—i—O(l) P—R,

P

/QRQ = —logzg + O(1) P—-Q. (1.57)

The Abelian integrals of the first and second kind are single-valued on Fj,.
The Abelian integral of the third kind 2 is single-valued on Fy \ [R,Q)],
where [R, Q] is a cut from R to @ lying inside F,.

One can add Abelian differentials of the first kind to Q%N) and {2grg pre-
serving the form of the singularities. By addition of a proper linear combina-
tion Z‘g:l «o;w; the differential can be normalized as follows:

/ng =0, /QRQ =0 (1.58)

a; a;
for all a-cycles j =1,...,g.

Definition 21. The differentials Q%N), Qrq with the singularities (1.54),
(1.55) and all zero a-periods (1.58) are called the normalized Abelian dif-
ferentials of the second and third kind.

Theorem 15. Given a compact Riemann surface R with a canonical basis
of cycles a1,b1,...,a4,by, points R,QQ € R, a local parameter z at R, and
N € IN, there exist unique normalized Abelian differentials Q%N) and 2rq of

the second and third kind, respectively.

The proof of the uniqueness is simple. The holomorphic difference of two
normalized differentials with the same singularities has all zero a-periods and
therefore vanishes identically. Like in the case of holomorphic differentials, the
existence can be shown by analytic methods [FK92].

Abelian differentials of the second and third kind can be normalized by
a more symmetric condition than (1.58). Namely, all the periods can be nor-
malized to be purely imaginary

Re/Q:O, Vye Hi(R,Z) .
g

Corollary 6. The normalized Abelian differentials form a basis in the space
of Abelian differentials on R.
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Again, as in the case of holomorphic differentials, we present the basis of
Abelian differentials of the second and third kind in the hyperelliptic case

M
pr =TI = )
k=1

Denote the coordinates of the points R and @ by

R=(ur,Ar), Q= (ng:\q) -

We consider the case when both points R and () are finite Ag # 00, Ao #
00. The case Ap = 00 or Ay = oo is reduced to the case we consider by
a fractional linear transformation. If R is not a branch point, then to get a
proper singularity we multiply dA/u by 1/(A—Ar)™ and cancel the singularity
at the point 7R = (—ur, Ar).

The following differentials are of the third kind with the singularities (1.55)

. n Yo\ dr
QRQ_<IM 'uR_'u HQ>_ if HR#Ov HQ;AO,

A=Ar  A=Xg/ 2u
Qro = — — if 0 =0
RQ (u()\—/\R) /\_/\Q> 5 b pr#0, uo ;
A 1 1 d\
Qro = — — if = =0.
RQ (A—/\R A—/\Q) 5 i mr=pq
If R is not a branch point, ug # 0, then the differentials
O _ H+H[1év] dA
B (A=)t 2
where u[}ivl is the Taylor series at R up to the term of order N,
N
V] _ O A=\ 107 N An)N
have singularities at R of the form
(27N o(zNh))dz (1.59)

where z = A — Agr. If R is a branch point, ur = 0, the following differentials
have the singularities (1.59) with z = /A — Ag

™) dx N
oM - __ =2 Arp—2A;) for N=2n—1,
m =50 Ay | L=
i#R
. A
O = 2 for N=2n-2.
R 20— ) or n

Taking proper linear combinations of these differentials with different values
of N we obtain the singularity (1.54). The normalization (1.58) is obtained
by addition of holomorphic differentials (1.46)
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1.4.3 Periods of Abelian differentials. Jacobi variety

Definition 22. Let a;,b;, j = 1,...,9, be a canonical homology basis of R
and let wy, k=1,...,g, be the dual basis of H*(R,C). The matriz

By — / o, (1.60)

b;
1s called the period matrix of R.

Theorem 16. The period matrix is symmetric and its real part is negative
definite,

Bij = By , (1.61)
Re(Ba,a) <0, Va e R\ {0} . (1.62)

The symmetry of the period matrix follows from the Riemann bilinear identity
(1.44) with w = w; and w’ = w;. The definiteness (1.62) is another form of
(1.48).

The period matrix depends on the homology basis. Let us use the column

notations (%) B (é g) (Z) 7 (é g) € Splg,Z) . (1.63)

Let w = (w1,...,wy) be the canonical basis of holomorphic differentials
dual to (a,b). Labeling columns of the matrices by differentials and rows by
cycles we get

/w:2ﬂ'iA+BB, /w:2ﬂ'iC—|—DB.

a b
The canonical basis of H'(R, €) dual to the basis (a, ) is given by the right
multiplication
& = 2miw(27iA + BB) .
This implies the following transformation formula for the period matrix.

Lemma 4. The period matrices B and B of the Riemann surface R corre-
sponding to the homology basis (a,b) and (a,b) respectively are related by

B = 27i(DB + 27iC)(BB + 2miA) !, (1.64)

where A, B, C,D are the coefficients of the symplectic matriz (1.63).

Using the Riemann bilinear identity one can express the periods of the
normalized Abelian differentials of the second and third kind in terms of the
normalized holomorphic differentials. Choosing w = w; and w’ = QE%N) orw' =

f2rq in the Riemann bilinear identity we obtain the following representations.
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Lemma 5. Let wj,QI(%N),QRQ be the mormalized Abelian differentials from
Definition 21. Let z be a local parameter at R with z(R) =0 and

wj = Z o ;27 dz (1.65)
k=0

the representation of the normalized holomorphic differentials at R. The pe-
; () .
riods of 25", 2rq are equal to:

N 1
/.Qg% ) = NOéN_Lj (166)
bj
R
/QRQ = /Wj, (167)
bj Q

where the integration path [R, Q] in (1.67) does not cross the cycles a,b.
Let A be the lattice
A={27iN + BM, N,M € Z°}

generated by the periods of R. It defines an equivalence relation in €Y : two
points of €Y are equivalent if they differ by an element of A.

Definition 23. The complex torus
Jac(R)=CY%/A

18 called the Jacobi variety of R. The map

P
A:R — Jac(R) , A(P) = /w ) (1.68)
Py
where w = (w1, . ..,wy) is the canonical basis of holomorphic differentials and

Py € R, is called the Abel map.

1.5 Meromorphic functions on compact Riemann
surfaces

1.5.1 Divisors and the Abel theorem

In order to analyze functions and differentials on Riemann surfaces, one char-
acterizes them in terms of their zeros and poles. It is convenient to consider
formal sums of points on R. (Later these points will become zeros and poles
of functions and differentials).
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Definition 24. A formal linear combination
N
D=)nP;, m€Z,PeR (1.69)
j=1
is called a divisor on the Riemann surface R. The sum

N
deg D = an
j=1

is called the degree of D.

The set of all divisors with the obviously defined group operations
N
mP +nyP= (n1 + TLQ)P , -D = Z(_nj)Pj
j=1

forms an Abelian group Div(R). A divisor (1.69) with all n; > 0 is called
positive (or integral, or effective). This notion allows us to define a partial
ordering in Div(R)

D<D <= D'-D>0.

Definition 25. Let f be a meromorphic function on R and let Py, ..., Py

be its zeros with multiplicities p1,...,pap > 0 and Q1,...,QnN its poles with
multiplicities q1,...,qn > 0. The divisor
D=piPi+...+puPyu—qQ1—...—qvQn = (f)

is called the divisor of [ and is denoted by (f) . A divisor D is called principal
if there exists a function f with (f) = D.

Obviously we have

(f9) = () +(9),

where f and g are two meromorphic functions on R.

Definition 26. Two divisors D and D' are called linearly equivalent if the
dwisor D — D' is principal. The corresponding equivalence class is called the
divisor class.

We denote linearly equivalent divisors by D = D’. Divisors of Abelian
differentials are also well-defined. We have already seen that the order of the
point N (P) defined by (1.51) is independent of the choice of a local parameter
and is a characteristic of the Abelian differential. The set of points P € R
with N(P) # 0 is finite.
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Definition 27. The divisor of an Abelian differential 2 is

(@)= 3 N(P)P.

PeR
where N (P) is the order of the point P of {2.
Since the quotient of two Abelian differentials
21/82

is a meromorphic function any two divisors of Abelian differentials are linearly
equivalent. The corresponding class is called canonical. We will denote it by
C.

Any principal divisor can be represented as the difference of two positive
linearly equivalent divisors

(f):DO_DOO7 DOEDoou

where Dy is the zero divisor and D, is the pole divisor of f. Corollary 2
implies that
deg(f) =0,

i.e., all principal divisors have zero degree. All canonical divisors have the
same degree.
The Abel map is defined for divisors in a natural way

P;

N
A(D) = an/w. (1.70)

Jj=1 Py

If the divisor D is of degree zero, then A(D) is independent of P

D:P1++PN_Q1__QN7
AD) =3 [w. (1.71)
1=1Q;

Theorem 17 (Abel’s theorem). The divisor D € Div (R) is principal if
and only if:

1)deg D=0,
2) AD)=0.

The necessity of the first condition is already shown in Corollary 2. Let f be
a meromorphic function with the divisor

(f)=P1+...+PN—Q1—...—QN

(these points need not be different). Then
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af _
o

is an Abelian differential of the third kind. Since periods of {2 are integer
multiples of 27i, it can be represented as

N g
2= Z QPiQi + anwk
=1 k=1

with nj, € Z. The representation (1.67) for the b-periods of the normalized
differentials of the third kind implies A(D) = 0.

2= d(log f)

Corollary 7. All linearly equivalent divisors are mapped by the Abel map to
the same point of the Jacobian

A((f)+ D) = AD) .

The Abel theorem can be formulated in terms of any basis @ = (@1, ...,Qq)
of holomorphic differentials. In this case the second condition of the theorem

reads
P;

N
Z /LD =0 (mod periods of @).
=1Qs

1.5.2 The Riemann-Roch theorem

Let D, be a positive divisor on R. A natural problem is to describe the vector
space of meromorphic functions with poles at Do, only. More generally, let D
be a divisor on R. Let us consider the vector space

L(D) = {f meromorphic functions on R | (f) > D or f =0}.

Let us split
D =Dg— Dy

into negative and positive parts

Do=Y niP;,  Do=)Y miQx,
where both Dy and Do, are positive. The space L(D) of dimension
I(D) = dim L(D)

consists of the meromorphic functions with zeros of order at least n; at P;
and with poles of order at most my at Q.
Similarly, let us denote by

H(D) = {2 Abelian differential on R | (2) > D or 2 =0}
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the corresponding vector space of differentials, and by
i(D) =dim H(D)

its dimension, which is called the indezx of speciality of D.
It is easy to see that {(D) and i(D) depend only on the divisor class of D,
and
i(D)=1(D-C), (1.72)

where C' is the canonical divisor class. Indeed, let {2y be a non-zero Abelian
differential and C' = (£2y) be its divisor. The map H (D) — L(D — C') defined
by

n
HD)>2 — —e€L(D-C)
2
is an isomorphism of linear spaces, which implies (D) = (D — C).

Theorem 18 (Riemann-Roch theorem). Let R be a compact Riemann
surface of genus g and D a divisor on R. Then

I(=D) =deg D — g+ 1+i(D). (1.73)

This identity can be proved by an analysis of the singularities and the
periods of the differential df for a function f € L(—D). However the proof is
rather involved [FK92]. Many important results can be easily obtained from
this fundamental theorem.

Since the index (D) is non-negative one has

Theorem 19 (Riemann’s inequality). For any divisor D
I(-D)>deg D+1—g.
This has the following immediate consequence.

Corollary 8. For any positive divisor D with deg D = g + 1 there exists a
non-constant meromorphic function in L(—D).

Let us consider a divisor on a Riemann surface of genus zero which consists
of one point D = P. Riemann’s inequality implies {(—P) > 2. There exists
a non-trivial function f with 1 pole on R. It is a holomorphic covering f :
R — (. Since f has only one pole, every value is assumed once (Corollary 2),
therefore R and € are conformally equivalent.

Corollary 9. Any Riemann surface of genus 0 is conformally equivalent to
the complex sphere C.

Corollary 10. The degree of the canonical class is

deg C=2g—2. (1.74)
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The Riemann-Roch theorem implies for the canonical divisor
degC =1(-C)+g—1-1i(C).

Since the spaces of holomorphic differentials and functions are g- and 1-
dimensional respectively, using (1.72),1(—=C) = i(0) = g,4(C) = 1(0) = 1,
one arrives at (1.74).

Corollary 11. On a compact Riemann surface there is no point where all
holomorphic differentials vanish simultaneously.

Indeed, suppose there exists such a point P € R, i.e., i(P) = g. The Riemann-
Roch theorem for the divisor D = P implies I[(—P) = 2, i.e., there exists a
non-constant meromorphic function f with only one simple pole. This implies
that f: R — Cis bi-holomorphic, in particular g = 0.

1.5.3 Jacobi inversion problem

Now we come to more complicated properties of the Abel map. Let us fix a
point Py € R. From corollary 11 of the Riemann-Roch theorem we know that
all holomorphic differentials do not vanish simultaneously. Therefore dA(P) =
w(P) # 0, which shows that the Abel map is an immersion (the differential
of the map vanishes nowhere on R).

Proposition 5. The Abel map

A:R — Jac(R)
P

P w (1.75)
Py

is an embedding, i.e., the map (1.75) is an injective immersion.

The injectivity follows from Abel’s theorem. Suppose there exist P, P, € R
with A(Py) = A(P), i.e., the divisor P; — P is principal. Functions with one
pole do not exist for Riemann surfaces of genus g > 0, thus the points must
coincide P, = Ps.

The Jacobi variety of a Riemann surface of genus one is a one-dimensional
complex torus, which is itself a Riemann surface of genus one (see Sect. 1.1.2).

Corollary 12. A Riemann surface of genus one is conformally equivalent to
its Jacobi variety.

Although the next theorem looks technical (see for example [FK92] for the
proof), it is an important result often used.

Theorem 20 (Jacobi inversion problem). Let Dy be the set of positive
divisors of degree g. The Abel map on this set



42 A.I. Bobenko
A:Dy — Jac(R)

is surjective, i.e., for any £ € Jac(R) there exists a degree g positive divisor
Py +...+ P, € Dy (the P; need not be different) satisfying

i: /Pi w=¢. (1.76)

1.5.4 Special divisors and Weierstrass points

Definition 28. A positive divisor D of degree deg D = g is called special if
i(D) > 0, i.e., there exists a holomorphic differential w with

(w)=D. (1.77)

The Riemann-Roch theorem implies that (1.77) is equivalent to the existence
of a non-constant function f with (f) > —D. Since the space of holomorphic
differentials is g-dimensional, (1.77) is a homogeneous linear system of g equa-
tions in g variables. This shows that most of the positive divisors of degree g
are non-special.

Definition 29. A point P € R is called the Weierstrass point if the divisor
D = gP is special.

The Weierstrass points are special points of R. Weierstrass points exists on
Riemann surfaces of genus g > 1. They coincide with the zeros of the holo-
morphic ¢-differential Hdz? with ¢ = g(g + 1)/2 and

hi ... hy
Wy R
Hi=det| . I (1.78)

1 1
S

where wy, = hi(z)dz are the local representations of a basis of holomorphic
differentials. Indeed, H vanishes at Py if and only if the matrix in (1.78)
has a non-zero vector (v, ...,a4)7 in the kernel. In this case the differential
>7_, arhy has a zero of order g at Py, which implies i(gP,) > 0.

The number of the Weierstrass points is bounded by the number of zeros
of H, which is g% — g.

1.5.5 Hyperelliptic Riemann surfaces

Let R be a compact Riemann surface of a hyperelliptic curve as in Theorem 1.

On this Riemann surface there exist meromorphic functions with precisely two
poles counting multiplicities. Examples of such functions are A and >\+)\o with

arbitrary Ag. This observation leads to an equivalent definition of hyperelliptic
Riemann surfaces.
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Definition 30. A compact Riemann surface R of genus g > 2 is called hy-
perelliptic if there exists a positive divisor D on R with

deg D=2, I(-D)>2.

A non-constant meromorphic function A in L(—D) defines a two-sheeted
covering of the complex sphere

A:R—C. (1.79)

All the ramification points of this covering have branch numbers 1.

It is not difficult to show that two hyperelliptic Riemann surfaces are
conformally equivalent if and only if their branch points differ by a fractional
linear transformation. The branch points can be used as parameters in the
moduli space of hyperelliptic curves. The complex dimension of this space
is 2¢g — 1. Indeed, there are 2¢g + 2 branch points and three of them can be
normalized to 0, 1,00 by a fractional linear transformation. We see that for
g = 2 this dimension coincides with the complex dimension 3g— 3 of the space
of Riemann surfaces of genus g (see Sect. 1.8.1). This simple observation shows
that there exist non-hyperelliptic Riemann surfaces of genus g > 3.

Theorem 21. Any Riemann surface of genus g = 2 is hyperelliptic.

This is not difficult to prove. The zero divisor (w) of a holomorphic differential
on a Riemann surface R of genus 2 is of degree 2 = 2g — 2. Since i((w)) > 0,
the Riemann-Roch theorem implies [((w)) > 2.

Special divisors on hyperelliptic Riemann surfaces are characterized by the
following simple property.

Proposition 6. Let R be a hyperelliptic Riemann surface and let A : R — C
be the corresponding two-sheeted covering (1.5) with branch points Mg, k =
1...,N. A positive divisor D of degree g is singular if and only if it contains
a pair of points (uo, Xo), (—po,Xo) with the same A-coordinate Ao # A\, or a
double branch point 2(0, Ag).

D Dbeing a special divisor implies that there exists a differential w with
(w) > D. The differential w is holomorphic, and due to Theorem 14 it can be
represented as
_ Py (\)
I

where P;_1(A) is a polynomial of degree g — 1. The differential w has g — 1
pairs of zeros

dx,

(MnuAn)u (_Mna)\n)a nzlu"'ag_lu Pg—l()\n):O'

Since D is of degree g it must contain at least one of these pairs.
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1.6 Theta functions

1.6.1 Definition and simplest properties
Consider a g-dimensional complex torus €Y /A where A is a lattice of full rank:
A=AN+ BM , A,Beygl(g,C), N,M €Z?, (1.80)

and the 2¢g columns of A, B are IR-linearly independent. Non-constant mero-
morphic functions on €Y/ A exist only (see, for example, [Sie71]) if the complex
torus is an Abelian torus, i.e., if by an appropriate linear choice of coordinates
on €Y the lattice (1.80) can be reduced to a special form: A is a diagonal
matrix of the form

A =2ridiag(a; =1,...,aq4), ar € IN, ay divides agt+1 ,

and B is a symmetric matrix with negative real part. An Abelian torus with
a, = ... = ag = 1 is called principally polarized. Jacobi varieties of Rie-
mann surfaces are principally polarized Abelian tori. Meromorphic functions
on Abelian tori are constructed in terms of theta functions, which are defined
by their Fourier series.

Definition 31. Let B be a symmetric g X g matriz with negative real part.
The theta function is defined by the following series

0(z) = Z exp{%(Bm,m) +(z,m)}, zeC.

meZ9
Here
(Bm,m) = Z Biymymj,  (z,m) = szmj .
ij J
Since B has negative real part, the series converge absolutely and defines
an entire function on ¢.

Proposition 7. The theta function is even,
0(=2) = 0(2) ,
and possesses the following periodicity property:

O(z+2riN+BM) = exp{—%(BM, M)—(z,M)}0(z), N,MeZ.(1.81)

More generally one introduces theta functions with characteristics [, [3]

0 {g} =Y exp{l(B(m-i-a),m—i—a)-i- (z+27riﬁ,m+a)}

2
meZ9
= 0(z + 271 + Ba) exp {%(Ba, a) + (z + 27, a)} , (1.82)
zeCl a,pfeclRY.
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with the transformation law
0 [g] (z + 27N + BM) = (1.83)

exp {—1(BM, M) — (2, M) + 2ni((a, N) — (8, M))} 6 [g] (2) .

1.6.2 Theta functions of Riemann surfaces

From now on we consider an Abelian torus which is a Jacobi variety, C/A =
Jac(R). By combining the theta function with the Abel map, one obtains the
following useful map on a Riemann surface:

P
O(P) :=0(Ap,(P) —d), Ap, (P) = /P w . (1.84)

Here we incorporated the base point Py € R in the notation of the Abel map,
and the parameter d € €7 is arbitrary. The periodicity properties of the theta
function (1.81) imply the following

Proposition 8. O(P) is an entire function on the universal covering R of
R. Under analytical continuation M,, , My, along a- and b-cycles on the
Riemann surface, it is transformed as follows:

Ma, O(P) =6(P),
My, O(P) = exp{~1Bi — [5 wi +di} O(P) . (1.85)
The zero divisor (©) of O(P) on R is well defined.

Theorem 22. The theta function O(P) either vanishes identically on R or
has exactly g zeros (counting multiplicities):

deg(©) =g .

Suppose © # 0. As in Sect. 1.4 consider the simply connected model F},
of the Riemann surface. The differential dlog © is well defined on Fj; and the
number of zeros of @ is equal to

1
deg(©) = o /BF dlogO(P) .

using the periodicity properties of © we get (see Theorem 12 for notation) for
the values of dlog ® at the corresponding points

dlog O(Q) = dlog O(Q;), dlog O(P;) = dlog O(P;) — w;(P;) . (1.86)

For the number of zeros of the theta function this implies
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deg(© 27r12/ wj =

A similar but more involved computation [FK92] of the integral
1 P
Ik:—, leg@(P)/ Wwg -
2mi aF, Py
implies the following Jacobi inversion problem for the zeros of (0).

Proposition 9. Suppose © # 0. Then its g zeros Py, ..., P, satisfy

g P;
Z/ w=d-K, (1.87)
i=1 7/ Fo

where K is the vector of Riemann constants

P
Kk—m—l-——% /wj/POwk. (1.88)

One can easily check that K € Jac(R) is well defined by (1.88), i.e., it is
independent of the integration path. On the other hand, K depends on the
choice of the base point Fj.

1.6.3 Theta divisor

Let us denote by Ji the set of equivalence classes (of linearly equivalent divi-
sors, see Sect. 1.5.1) of divisors of degree k. The Abel theorem and the Jacobi
inversion imply a canonical identification of .J, and the Jacobi variety

Jg 3D «—— A(D) € Jac(R) .

The zero set of the theta function of a Riemann surface, which is called the
theta divisor can be characterized in terms of divisors on R as follows. Take
a non-special divisor D="P +...+ P, and distinguish one of its points
D =P +D, D¢ J, . Proposition 9 implies that 6( /" w — A((D)) — K)
vanishes in particular at P, and one has (A(D) — K) = 0. Since non-special
divisors form a dense set, one has this identify for any D € J,_;. Moreover,
this identity gives a characterization of the theta divisor [FK92].

Theorem 23. The theta divisor is isomorphic to the set Jy_1 of equivalence
classes of positive divisors of degree g — 1:

0(e) =0« 3D J,_1,D>0: e=AD)+ K .
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For any D € J,_; the expression A(D) + K € Jac(R) is independent of
the choice of the initial integration point Fp.

Using this characterization of the theta divisor one can complete the de-
scription of Proposition 9 of the divisor of the function ©

Theorem 24. Let O(P) = 0(Ap,(P) — d) be the theta function (1.84) on a
Riemann surface and let the divisor D € Jy, D > 0 be a Jacobi inversion
(1.76) of d — K,

d=AD)+ K .

Then the following alternative holds:
(i) © =0 iff i(D) > 0, i.e., if the divisor D is special,
(i) © £ 0 iff i(D) = 0, i.e., if the diwisor D is non-special. In the last

case, D is precisely the zero divisor of ©.

The evenness of the theta function and Theorem 23 imply that 6(d —
A(P)) =0 is equivalent to the existence (for any P) of a positive divisor Dp
of degree g — 1 satisfying A(D) + K — A(P) = A(Dp) + K. Due to the Abel
theorem the last identity holds if and only if the divisors D and Dp + P are
linearly equivalent, i.e., if there exists a function in L(—D) vanishing at the
(arbitrary) point P. In terms of the dimension of L(—D) the last property
can be formulated as I(—D) > 1, which is equivalent to i(D) > 0.

Suppose now that D is non-special. Then, as we have shown above, © # 0,
and Proposition 9 implies for the zero divisor of ©

A(©)) = A(D) .

The non-speciality of D implies D = (0).

Although the vector of Riemann constants K appeared in Proposition 9
just as a result of computation, K plays an important role in the theory
of theta functions. The geometrical nature of K is partially clarified by the
following

Proposition 10.
2K = —A(C) ,

where C is a canonical divisor.

Indeed, take an arbitrary positive Dy € Jg_1. Due to Theorem 23 the
theta function vanishes at e = A(D;) + K. Theorem 23 applied to 6(—e) =0
implies the existence of a positive divisor Dy € J,_1 with —e = A(D») + K.
For 2K this gives

2K = A(D1+ D) .

It is not difficult to show that this representation (where Dy € J,_; is ar-
bitrary) implies I(—D; — D3) > g, or equivalently i(D; + D3) > 0, i.e., the
divisor Dy + D5 is canonical.

The vanishing of theta functions at some points follows from their algebraic
properties.
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Definition 32. Half-periods of the period lattice

A =27ia+ B, a=(a,...,0q),8=(01,...,0), ak,ﬁkE{O,%}.

are called half periods or theta characteristics. A half period is called even
(odd) if 4(ar, B) =45 apfk is even (odd).

We denote the theta characteristic by A = [, 5]. The theta function 0(z)
vanishes in all odd theta characteristics

0(A) = 0(—A+ 4ria + 2Bf) = 0(—A) exp(—4ri(a, 5)) .

To any odd theta characteristic A there corresponds a positive divisor D A
of degree g — 1,
A=ADa)+ K . (1.89)

Since 2A belongs to the lattice of Jac(R), doubling of (1.89) yields
A(2Da) = —2K = A(C) .
The next corollary follows from the Abel theorem.

Corollary 13. For any odd theta characteristic A there exists a holomorphic
differential wa with
(wa) =2Da . (1.90)

In particular all zeros of wa are of even multiplicity.

Note, that identity (1.90) is an identity on divisors and not only on equivalence
classes of divisors.

The differential wa can be described explicitly in theta functions.

To any point z of the Abelian torus one can associate a number s(z)
determined by the condition that all partial derivatives of 6 up to order s(z)—1
vanish at z and at least one partial derivative of order s(z) does not vanish at
z. For most of the points s = 0. The points of the theta divisor are precisely
those with s > 0. In particular, s(A) > 0 for any odd theta characteristic A.
An odd theta characteristic A is called non-singular iff s(A) = 1.

Let D = P, +...4+ P;_;1 be a positive divisor of degree g — 1. Consider the
function f(P1,...,Py—1) = 0(A(D) + K) of g — 1 variables. Since f vanishes
identically, differentiating it with respect to P, one sees that the holomorphic
differential

with e = A(D) + K vanishes at all points Py. Let A be an odd non-singular
theta characteristic. Then Da € J,—1 is uniquely determined by the identity
(1.89), i.e., i(DAa) = 1. Indeed, if DA is not determined by its Abel image



1 Riemann Surfaces 49

then it is linearly equivalent to a divisor P + Dy_g, Dy_2 € Jy_o with an
arbitrary point P. Repeating the arguments with the differential A above
we see that it vanishes identically on R, i.e., all the derivatives of the theta
function 6(A) vanish. This contradicts the non-singularity of A. Finally, we
arrive at the following explicit description the one-dimensional (i(Da) = 1)
space of holomorphic differentials vanishing at D .

Proposition 11. Let A be a non-singular odd theta characteristic and D o the
corresponding (1.89) positive divisor of degree g — 1. Then the holomorphic
differential wa of Corollary 13 is given by the expression

. 00
wA :Za -(A)w;
i=1

Zi

where w; are normalized holomorphic differentials.

We finish this section with Riemann’s complete description of the theta
divisor. The proof of this classical theorem can be found for example in [FK92,
Lew64]. It is based on considerations similar to the ones in this section, but
technically more involved.

Theorem 25. The following two characterizations of a point e € Jac(R) are
equivalent:

o The theta function and all its partial derivatives up to order s —1 vanish
in e and at least one partial derivative of order s does not vanish at e.

e e=A(D)+ K where D is a positive divisor of degree g and i(D) = s.

1.7 Holomorphic line bundles

In this section some results of the previous sections are formulated in the lan-
guage of holomorphic line bundles. This language is useful for generalizations
to manifolds of higher dimension, where one does not have concrete tools as
in the case of Riemann surfaces, and where one has to rely on more abstract
geometric constructions.

1.7.1 Holomorphic line bundles and divisors

Let (Uq, 24) be coordinate charts of an open cover Uye U, = R of a Riemann
surface. The geometric idea behind the concept of a holomorphic line bundle
is the following. One takes the union U, x C over all &« € A and “glues” them
together by identifying (P, &) € Uy x € with (P,€g) € Ugx C for P € U,NUg
linearly holomorphically, i.e., £ = ¢g(P){q where g(P) : U, NUg :— C is
holomorphic.

Let us make this “constructive” definition rigorous. Denote by
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o*(U)coU)cM(U)

the sets of nowhere vanishing holomorphic functions, of holomorphic func-
tions and of meromorphic functions on U C R, respectively. A holomorphic
line bundle is given by its transition functions, which are holomorphic non-
vanishing functions gog € O* (U, N Ug) satistying

908(P)gp+(P) = gary(P) ~ VP € Ua NUsNU, . (1.91)

This identity implies in particular goo = 1 and goggga = 1.
Introduce on triples [P,U,,¢&], P € U,,a € A, ¢ € C the following equiva-
lence relation:

[P,Ua,&] ~ [Q,Up,n] & P=Q €UaNUp, 1=ggal . (1.92)

Definition 33. The union of U, x C identified by the equivalence relation
(1.92) is called a holomorphic line bundle L = L(R). The mapping w: L — R
defined by [P, Uy, &] — P is called the canonical projection. The linear space
Lp:=7"Y(P)={P} x C is called the fibre of L over P.

The line bundle with all gog = 1 is called trivial.

A set of meromorphic functions ¢, € M(U,) such that ¢o/¢s € OF(Uy N
Up) for all o, 5 is called a meromorphic section ¢ of a line bundle L(R) defined
by the transition functions

Jap = (ba/(bﬁ .
Note that the divisor (¢) of the meromorphic section ¢ is well defined by
(9) b= (¢a) _p In the same way one defines a line bundle L(U) and its

sections on an open subset U C R. Bundles are locally trivializable, i.e., there
always exist local sections: a local holomorphic section over U, can be given
simply by

Uy 3 P [PUy,1]. (1.93)

One immediately recognizes that holomorphic (Abelian) differentials (see
Definitions 17, 19) are holomorphic (meromorphic) sections of a holomorphic
line bundle. This line bundle, given by the transition functions

dz
Gos(P) = 5 (P) .

is called the canonical bundle and denoted by K.

Obviously a line bundle is completely determined by a meromorphic sec-
tion. In Sect. 1.4 and 1.5.5 we dealt with meromorphic sections directly and
formulated results in terms of sections without using the bundle language.

Let L be a holomorphic line bundle (1.92) with trivializations (1.93) on
U,. Local sections

Uy 3 P [P,Uy, ho(P)],
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where ho € O*(U,) define another holomorphic line bundle L’ which is called
(holomorphically) isomorphic to L. We see that fibres of isomorphic holomor-
phic line bundles can be holomorphically identified h, : L(Uy) — L'(Uy).
This is equivalent to the following definition.

Definition 34. Two holomorphic line bundles L and L’ are isomorphic if
their transition functions are related by

h
/ «
9ap = GaB7— (1.94)
B hg

with some hy € O*(Uy).

We have seen that holomorphic line bundles can be described by their
meromorphic sections. Therefore it is not suprising that holomorphic line
bundles and divisors are intimately related. To each divisor one can natu-
rally associate a class of isomorphic holomorphic line bundles. Let D be a
divisor on R. Consider a covering {U,} such that each point of the divisor
belongs to only one U,. Take ¢, € M(U,) such that the divisor of ¢, is
presicely the part of D lying in U,,

(¢o¢) =Dy :=D |Ua .

For example take ¢, = z0¢, where z, is a local parameter vanishing at the
point P; € U, of the divisor D = }_ n;P;. The so defined meromorphic section
¢ determines a line bundle L associated with D. If ¢/, € M(U,) are different
local sections with the same divisor D = (¢), then hy = ¢, /b0 € O*(Uy)
and ¢’ determines a line bundle L’ isomorphic to L. We see that a divisor D
determines not a particular line bundle but a class of isomorphic line bundles
together with corresponding meromorphic sections ¢ such that (¢) = D. This
relation is clearly an isomorphism. Let us denote by L[D] isomorphic line
bundles determined by D.

It is natural to get rid of sections in this relation and to describe line
bundles in terms of divisors.

Lemma 6. The holomorphic line bundles L[D] and L[D'] are isomorphic if
and only the corresponding divisors D and D’ are linearly equivalent.

Indeed, choose a covering {U, } such that each point of D and D’ belongs to
only one U,. Take h € M(R) with (h) = D—D’. This function is holomorphic
on each U, NUg, o # B. If ¢ is a meromorphic section of L[D] then h¢
is a meromorphic section of L[D’], which implies (1.94) for the transition
functions. Conversely, let ¢ and ¢’ be meromorphic sections of isomorphic
line bundles L[D] and L[D'] respectively, (¢) = D, (¢') = D’. Identity (1.94)
implies that ¢ohs /@), is a meromorphic function on R. The divisor of this
function is D — D’, which yields D = D’.

It turns out that Lemma 6 implies a classification of holomorphic line bun-
dles. Namely, every holomorphic line bundle L comes as a bundle associated
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to the divisor L = L[(¢)] of a meromorphic section ¢, and every holomorphic
line bundle possesses a meromorphic section. The proofs of the last fact are
based on homological methods and are rather involved [GH94, Gu66, Spr81].
We arrive at the following fundamental classification theorem.

Theorem 26. There is a one to one correspondence between classes of iso-
morphic holomorphic line bundles and classes of linearly equivalent divisors.

The degree deg D is called the degree of the line bundle L[D].

Thus, holomorphic line bundles are classified by elements of J, (see
Sect. 1.6.3), where n is the degree of the bundle n = deg L. Due to the Abel
theorem and Jacobi inversion, elements of J,, can be identified with the points
of the Jacobi variety. Namely, choose some Dy € J,, as a reference point. Then
due to the Abel theorem the class of divisor D € J,, is given by the point

A(D — Dy) = /Dw € Jac(R) .

Do

Conversely, due to the Jacobi inversion, given some Dy € J,,, to any point
d € Jac(R) there corresponds D € J, satisfying A(D — Dy) = d.

1.7.2 Picard group. Holomorphic spin bundle.

We will not distinguish isomorphic line bundles and denote by L[D] the iso-
morphic line bundle associated with the divisor class D.

The set of line bundles can be equipped with an Abelian group structure.
If L and L’ are bundles with transition functions g, and g;ﬁ respectively,

then the line bundle. L'L~! is defined by the transition functions ggﬁg;ﬁl.

Definition 35. The Abelian group of line bundles on R is called the Picard
group of R and denoted by Pic(R)

Let ¢ and ¢’ be meromorphic sections of L and L’ respectively. Then ¢’ /¢
is a meromorphic section of L'L~!. For the divisors of the sections one has
(¢'/9) = (¢') — (¢). The classification theorem 26 implies the following

Theorem 27. The Picard group Pic(R) is isomorphic to the group of divisors
Div(R) modulo linear equivalence.

Holomorphic g-differentials of Sect. 1.5.4 are holomorphic sections of the
bundle K19.

Corollary 14. Holomorphic line bundles L1, Lo, L3 satisfy
Ly = LoLi*
if and only if
deg Ls = deg Ly — deg Ly and A(Ds— D2+ D7) =0,

where D; are the divisors corresponding to L; = L[D;].
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For the proof one uses the characterization of line bundles via their mero-
morphic sections ¢1, ¢2, ¢3 and applies the Abel theorem to the meromorphic
function (bg ¢1/¢2 .

Since the canonical bundle K is of even degree one can define a “square
root” of it.

Definition 36. A holomorphic line bundle S satisfying
SS=K

is called a holomorphic spin bundle. Holomorphic (meromorphic) sections of
S are called holomorphic (meromorphic) spinors.

Spinors are differentials of order 1/2. In local coordinates they are given
by expressions s(z)vdz where s(z) is holomorphic (meromorphic) for holo-
morphic (meromorphic) spinors.

Proposition 12. There exist exactly 49 non-isomorphic spin bundles on a
Riemann surface of genus g.

This fact can be shown using the description of classes of isomorphic holo-
morphic line bundles by the elements of the Jacobi variety, see the end of
Sect. 1.7.1. The classes of linearly equivalent divisors are isomorphic to points
of the Jacobi variety

DeJ,—d=AD-nP) e Jac(R) ,

where P, is a reference point Py € R. For the divisor class Dg of a holomorphic
spin bundle Corollary 14 implies

degDg=g—1 and 2A(Dg)=A(C),

where C' is the canonical divisor. Proposition 10 provides us with the general
solution to this problem,

ADs)=-K+ A,

where K is the vector of Riemann constants and A is one of the 49 half-periods
of Definition 32. Due to the Jacobi inversion the last equation is solvable
(the divisor Dg € Jy_1 is not necessarily positive) for any A. We denote by
D € Jgy— the divisor class corresponding to the half-period A and by S the
corresponding holomorphic spin bundle S := L[D a]. The line bundles with
different half-periods can not be isomorphic since the images of their divisors
in the Jacobi variety are different.

Note that we obtained a geometrical interpretation for the vector of Rie-
mann constants.
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Corollary 15. Up to a sign the vector of Riemann constants is the image
under the Abel map of the divisor of the holomorphic spin bundle with the
zero theta characteristic

K =—-A(Dp, — (9 —1)F) -

This corollary clarifies the dependence of Kp, on the base point and on the
choice of the canonical homology basis.

Finally, let us give a geometric interpretation of the Riemann-Roch theo-
rem. Denote by h°(L) the dimension of the space of holomorphic sections of
the line bundle L.

Theorem 28 (Riemann-Roch theorem). For any holomorphic line bun-
dle w: L — R over a Riemann surface R of genus g

RO(L) =degL —g+1+h° (KL ™). (1.95)

This theorem is just a reformulation of Theorem 18. Indeed, let D = (¢)
be the divisor of a meromorphic section of the line bundle L = L[D] and
let h be a holomorphic section of L. The quotient h/¢ is a meromorphic
function with the divisor (h/¢) > —D. On the other hand, given f € M(R)
with (f) > —D the product f¢ is a holomorphic section of L. We see that
the space of holomorphic sections of L can be identified with the space of
meromorphic functions L(—D) defined in Sect. 1.5.2. Similarly, holomorphic
sections of KL~! can be identified with Abelian differentials with divisors
(£2) > D. This is the space H(D) of Sect. 1.5.2 and its dimension is i(D).
Now the claim follows from (1.73).

The Riemann-Roch theorem does not allow us to compute the number of
holomorphic sections of a spin bundle. The identity (1.95) implies only that
deg S = g — 1. A computation of h?(S) is a rather delicate problem. It turns
out that the dimension of the space of holomorphic sections of Sa depends
on the theta characteristic A and is even for even theta characteristics and
odd for odd theta characteristics [Ati71]. Spin bundles with non-singular theta
characteristics have no holomorphic sections if the characteristic is even and
have a unique holomorphic section if the characteristic is odd.

Results of Sect. 1.6.3 allow us to show this easily for odd theta character-
istics. Take the differential wa of Corollary 13. The square root of it \/wa is
a holomorphic section of Sa.

Proposition 13. Spin bundles Sa with odd theta characteristics A possess
global holomorphic sections.

If A is a non-singular theta characteristic then the corresponding positive
divisor D of degree g — 1 is unique (see the proof of Proposition 11). This
implies the uniqueness of the differential with (w) = Da and h°(S,) = 1.
This holomorphic section is given by
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1.8 Schottky Uniformization

1.8.1 Schottky group

Let C1,C4,...,Cy,Cly be a set of 2N mutually disjoint Jordan curves on €.
They comprise the boundary of a domain IT C € which is a topological sphere
with 2N holes (see Fig. 1.22). Let us assume that the curves C,, and C/, are
identified by oC,, = C!, where o is a loxodromic transformation,

onz — By, z— B,

= 11 o gl <1, m=1,...,N, 1.96
pey Wl L b lunl <1, n (1.96)

which maps the exterior of C,, to the interior of C/. The points A,, B,, are
the fixed points of this transformation.

ay,
b1

Cy

Cy
Cy
Fig. 1.22. The fundamental domain I7 of a Schottky group with a canonical ho-

mology basis. The cycles a,, coincide with the positively oriented C}, ; b, run on IT
between the points z, € C,, and o,2, € CJ,.

Fractional-linear transformations can be canonically identified with the
elements of the matrix group PSL(2,C):

-b
<ab) o gr=" a,bye,de C, ad—bc=1. (1.97)

The canonical matrix representation of the transformation (1.96) is as follows
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(ab)_ 1 (Ayi— 75 AB(; — i)

= A i

cd)  A-B\ Vi—- - Byn

The derivative of the transformation (1.97) is 0’2 = (cz + d)~2. It is an
isometry for the points satisfying |cz + d| = 1. These points comprise the

isometric circle Cy, of o with the center at —g and the radius ﬁ The isometric

circles C, and C,-1 of the transformations (1.96) have equal radii and are
disjoint.

Definition 37. The group G generated by the transformations o1,...,0N 1S
called a Schottky group. If all the boundary curves C,,C! are circles the
Schottky group is called classical.

These groups were introduced in [Sch87] by Schottky who has established
their fundamental properties and investigated their automorphic functions.
The domain IT is the fundamental domain of the group G. The existence
of nonclassical (for an arbitrary system of generators) Schottky groups is
shown in [Mar74]. A special case of classical Schottky groups are the Schot-
tky groups with fundamental domains bounded by isometric circles of their
generators. General Schottky groups can be characterized as free, purely lox-
odromic finitely generated discontinuous groups [Mas67].

The limit set A(G) of the Schottky group is the closure of the fix points
of all its elements. The discontinuity set 2(G) = C\ A(G) factorized with
respect to G is a compact Riemann surface £2(G)/G of genus N. According
to the classical uniformization theorem [Fo29] any compact Riemann surface
of genus NV can be represented in this form.

Theorem 29 (Schottky uniformization). Let R be a Riemann surface
of genus N with a set of homologically independent simple disjoint loops
v1,...,uNn. Then there exists a Schottky group G such that

R=0(G)/G,

and the fundamental domain II(G) is conformally equivalent to R cut along
the loops vy, ..., uN.

Under the Schottky uniformization the loops v,, are mapped to the bound-
ary curves C,,C!. The loop system v1,...,vy generates a subgroup of the
homology group H1(R,Z). Two loop systems generating the same subgroup
determine the same Schottky group but with a different choice of generators.
The Schottky groups G and G’ corresponding to the loop systems generating
different subgroups of Hy(R,Z) are different.

The Schottky group is parametrized by the fix points Ay, By, ..., Ay, By
of the generators and their trace parameters p1, ..., uy. The Schottky groups
G and G’ with the parameters Ay, Bi,...,An, By and A, B},..., Ay, By
which differ by a common fractional-linear transformation uniformize the same
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Riemann surface. This parameter counting gives the correct number 3N — 3
for the complex dimension of the moduli space of Riemann surfaces of genus
N.

It is unknown whether every Riemann surface can be uniformized by a
classical Schottky group.

The Schottky uniformization of R is determined by a half basis of H, (2(GQ)/G, Z),
and it is natural to choose a canonical basis of Hy (R, Z) respecting this struc-
ture. Such a canonical basis of cycles is illustrated in Fig. 1.22: the cycle a,,
coincides with the positively oriented curve C/, and the cycle b,, connects the
points z,, € C,, and 0,2, € CJ,, and the b-cycles are mutually disjoint.

1.8.2 Holomorphic differentials as Poincaré series

Denote by G,, the subgroup of the Schottky group G generated by o,,. The
cosets G/G,, and G, \G/G,, are the sets of all elements

c=0l'...0, ie{l,...,N}, jezZ\ {0},

71 R TR

such that iy # n and for G,,\G/G,, in addition i; # m.
The following theorem is classical (see [Bur92, Bak97]).

Theorem 30. If the Poincaré series

1 1
wn= Y (z—aBn_z—aAn>dZ (1.98)

ceG/Gr

are absolutely convergent on II(G), they are holomorphic differentials of
the Riemann surface 2(G)/G normalized in the canonical basis shown in
Fig. 1.22. The period matriz is

B = Z log{Bm,0Bn, Am,04,}, m#n,
ceG,\G/G,,
By = log pin + Z IOg{Bna oBp, Ay, UAn} ) (199)
ceG,\G/Gn

where the curly brackets denote the cross-ratio

(21 — 22)(23 — 24)
(22 — 23)(24 — 21)

{Zla 225 23, 24} =

The series (1.98) have no poles in IT(G). The normalization fam W, = 2Ti0pm

follows from a computation of residues. Indeed, if o = afll e U{ ©, 0 # I, then
both the points o B,, and o A,, are inside of C’{l when j; > 0, and inside of Cj,
when j; < 0. Only for ¢ = I the images 0B,, and oA, are separated: B, is

inside of C/, and A,, is inside of C,,.
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The series (1.98) are (—2)-dimensional Poincaré series and can be written
in a slightly different form

1 1 , 1
n — - d 'z = ’
v Z <02—Bn oz—An>UZZ’ 7 (cz+d)?
ceG,\G

In this form it is easy to see that w,(0z) = wy(z), 0 w, is a holomorphic
differential on R = 2(G)/G. Using the invariance of the cross-ratio with
respect to fractional-linear transformations

{0217 0%z2,02%3, 024} = {21, 22,23, 24}

one can derive (1.99) from the definition of the period matrix.

The problem of convergence of Poincaré series describing holomorphic dif-
ferentials is a non-trivial problem of crucial importance since one cannot rely
on computations with divergent series. This problem is ignored in some ap-
plied papers. For general Schottky groups and even for classical ones the (—2)-
dimensional Poincaré theta series can be divergent. However, the convergence
of these series is guaranteed if the fundamental domain I7(g) is “circle decom-
posable”:

Assume that the Schottky group is classical and that 2N — 3 circles
Ly,...,Lan—3 can be fixed on the fundamental domain [7(G) so that the
following conditions are satisfied:

e (i) The circles L1, ..., Lan—3,C1,C1,...,Cn,C} are mutually disjoint,
e (ii) Thecircles Ly, ..., Loy _3 divide IT(G) into 2N —2 regions T, . . ., Ton o2,
e (iii) Each T; is bounded by exactly three circles.

Such Schottky groups are called circle decomposable (see Fig. 1.23 for an ex-
ample of a circle decomposable Schootky group). In particular, each Schottky
group which has an invariant circle is circle decomposable by circles orthogo-
nal to the invariant circle.

The following elegant geometric convergence result is due to Schottky
[Sch87] (see also [FK65] for a proof).

Theorem 31 (Schottky condition). (—2)-dimensional Poincaré theta se-
ries corresponding to a circle decomposable Schottky group is absolutely con-
vergent on the whole fundamental domain of G.

The convergence of (—2)-dimensional Poincaré theta series can be proved
also in the case when the circles C,,,C/, n = 1,...,N are small and far
enough apart. The corresponding estimations can be found in [Bur92, Bak97]
and in the contribution by Schmies in this volume.

The convergence of the Poincaré theta series can be characterized in terms
of the metrical properties of the limiting set A(G). If v is the minimal di-
mension for which the (—v)-dimensional Poincaré theta series converge abso-
lutely, then the Hausdorff measure of A(G) is equal to 5. In particular, the
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Fig. 1.23. The fundamental domain of a circle decomposable Schottky group.

1-dimensional Hausdorff measure of A(G) of a Schottky group with divergent
(—2)-dimensional Poincaré theta series is infinite. Examples of such classi-
cal Schottky groups with fundamental domains bounded by isometric circles
can be found in [Myrl6, Aka67]. The class of Schottky groups with conver-
gent (—2)-dimensional Poincaré theta series is geometrically characterized in
[BowT79].

1.8.3 Schottky uniformization of real Riemann surfaces

As it was mentioned in the preceding sections the problem of convergence
of the Poincaré theta series for the holomorphic differentials is of crucial im-
portance. Another important problem for the practical application of Schottky
uniformization is to determine the Schottky space S = (A1, By, p1, ..., An, By, un) C
3" of the uniformizing Schottky groups. Both problems are so difficult that
solving them for general Riemann surfaces seems hopeless.

The situation is more fortunate in the case of real Riemann surfaces, which
is the most important for applications. In this case one can find a Schottky uni-
formization with convergent Poincaré series and describe the Schottky space
S [Bob88, BBE+94]. Here we present the main ideas of this method.

Definition 38. A Riemann surface R with an anti-holomorphic involution
T : R — R is called a real Riemann surface. The connected components
X1,..., X of the set of fix points of T are called real ovals. If R\{X1,...,Xm}
has two connected components the Riemann surface is called of decomposing

type.
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There are real Riemann surfaces without fix point of 7. Let R be of decom-
posing type and Ry and R_ be two components of R \ {X7,...,X,,}. Both
R+ are Riemann surfaces of type (g,m), i.e., they are homeomorphic to a
surface of genus g = L;m with m boundary components.

Theorem 32. Every real Riemann surface of decomposing type possesses a
Schottky uniformization by a Fuchsian group G of the second kind. The
Poincaré theta series of dimension —2 of G are absolutely convergent.

The main idea behind this theorem is that in this case the Schottky group
is of Fuchsian type. Indeed, consider the classical Fuchsian uniformization of
the surface R4 = H/G. Here H is the upper half plane H = {z € Z,3z > 0}
and the group G is a purely hyperbolic Fuchsian group of the second kind
[Fo29]. The matrix elements (1.97) of all the group elements of G are real and
satisfy |[a+d| > 2. The group G is generated by the hyperbolic transformations
o1, B, .., ag, B and 1, ..., Ym, m > 0, satisfying the constraint

alﬁlaflﬁfl . ..ozgﬂgozg_lﬁg_IFh coiYm =1 .

Extending the action of G to the lower half-plane H = {z € Z,Sz < 0} we
obtain another component R_ = H/G. The elements

0; = @, 0gyi = Bi, 02945 =75, t=1,...,9; j=1,...,m—1

acting on the whole Riemann sphere C generate a free, purely hyperbolic
group, which is a Schottky group uniformizing the Riemann surface R. It
possesses an invariant circle, which is the real line, and therefore is circle de-
composable. The convergence of the Poincaré series follows from Theorem 31.
Note that the Schottky group is classical since the fundamental domain of the
Fuchsian group can be chosen to be bounded by geodesics in the hyperbolic
geometry. These geodesics are arcs of circles orthogonal to the real line.

The Schottky uniformization of real Riemann surfaces of decomposing type
described above looks as follows. The circles C,,,C’, n = 1,...,N are or-
thogonal to the real axis and their discs are disjoint (see Fig. 1.24 for the
special case of M-curves). The order of circles is arbitrary. Every pair C,,, C/,
determines a hyperbolic transformation o,. The transformations oq,..., NV
generate a Schottky group uniformizing a real Riemann surface of decompos-
ing type. The number of real ovals is determined by the arrangement of the
circles Cy,,C!, n=1,..., N. The Schottky parameters are real,

(AluBl7M17"'7ANaBN7/J'N) €R3N7 0</1'77,< 1,”21,...,N.

The description of the Schottky space can be obtained from an analysis of the
invariant lines of the group elements of G (see [Kee65, Nat04]). We present
here the result for the case of M-curves.

A real Riemann surface R of genus N with maximal possible number
m = N + 1 of real ovals is called an M-curve. The real ovals decompose it
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Fig. 1.24. Schottky uniformization of an M-curve.

into two components R which are topological spheres with N + 1 holes. The
Schottky space S is described as follows [Bob88, BBE+94]:

By <By_1<...<B1 <A <..<Ayx, O0<u,<l,n=1,...,N,

2
n+ n
VHn Ty Hntl V““) Con=1,... N-1.

BnaBn 7A77,7An >
{ + w1} ( 1+ /nfini1

1.8.4 Schottky uniformization of hyperelliptic M-curves

By imposing an additional symmetry to the Schottky data one obtains hyper-
elliptic Riemann surfaces. The additional constraint

B,=-A,, n=1,...,N, (1.100)

in the previous description of M-curves gives all hyperelliptic M-curves. All
the considerations simplify in this case (see [BBE+94] for details).

In particular the fundamental domain IT of the Schottky group can be
chosen symmetric with respect to the involution 7z = —z. The boundary
circles Cy,, C!, can be chosen to be the isometric circles of the corresponding
hyperbolic generators. The center ¢, and the radius r, of C,, are as follows:

L+ pn r, = 2A VHn
b) n nl—'un'

The involutions 7z = z and T = 7wz = —Z are anti-holomorphic, and 7 is the
one with N +1 real ovals. The Schottky group G is the subgroup of index 2 of
the group generated by the inversions i,, in the circles C,, and 7, in particular
I = §,7. The intersection points of the circles C,, with the real

1+ n
+ A \//J’_

Op = Tin, 0,
axis

2y n
1F Vin

as well as z = 0 and z = oo are the fix points of the hyperelliptic involution
.
The reduction (1.100) simplifies the period matrix,

Ap —o(An) \°

Bpm = g 1 - |

o8 (Am —o( An))
UEGwn\G/Gn

Bup=logpn+ Y log<AL(An)))2

An - 0(_ n
ceG,\G/Gn
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and the description of the Schottky set,

0<A1<...<An, O0< /tin<l,n=1,...,N,
1— n 1_ n n
( V“>< V”“>> An 1 N-1.
1- vV Hn 1- vV Hn+1 An-i-l

A meromorphic function A : R — € with double pole (at z = co) defining
a two-sheeted covering (see Sect. 1.5.5) is given by the Poincaré theta series

Mz) =Y ((02)° = (00)%) .

ceG

The corresponding hyperelliptic curve is

N
w = AT =20 = AED)

Acknowledgment:
This work is partially supported by the DFG Research Unit ‘Polyhedral Sur-
faces’ and by the DFG Research Center ‘Matheon’.

References

[Aka67] Akaza, T.: Singular sets of some Kleinian groups. II. Nagoya Math. J.,
29, 149-162 (1967)

[AS60] Ahlfors L., Sario, L.: Riemann Surfaces. Princeton Mathematical Series,
26, Princeton University Press, Princeton, N.J. (1960), xi+382 pp.

[AtiT1] Atiyah, M., Riemann surfaces and spin structures. Ann. Sci. Ecole Norm.
Sup. (4), 4, 47-62 (1971)

[Bak97]  Baker, H.F.: Abelian functions. Abel’s theorem and the allied theory of
theta functions, Reprint of the 1897 original. Cambridge Univ. Press,
Cambridge (1995), xxxvi+684 pp.

[Bea78]  Beardon, A.F.: A Primer on Riemann Surfaces. London Math. Society
Lecture Notes series, 78, Cambridge University Press, Cambridge, (1984),
x+188 pp.

[BBE+94] Belokolos, E.D., Bobenko, A.IL., Enolskii V.Z., Its, A.R., Matveev, V.B.:
Algebro-geometric approach to nonlinear integrable equations. Springer
Series in Nonlinear Dynamics, Springer-Verlag, Berlin (1994), xii+337 pp.

[Ber57]  Bers, L.: Riemann Surfaces. Lectures New York University (1957-58),
Notes by: R. Pollak, J. Radlow.

[Bob88]  Bobenko, A.IL: Schottky uniformization and finite-gap integration. Soviet
Math. Dokl., 36, No. 1, 38-42 (1988)

[Bos] Bost, J.-B.: Introduction to Compact Riemann Surfaces, Jacobians, and
Abelian Varieties. In: Waldschmidt, M., Moussa, P., Luck, J.-M., Ttzyk-
son, C. (ed) From Number Theory to Physics. Springer, Berlin (1992),
64-211



[Bow79]
[Bur92)
[FK92]
[Fo29)]

[FK65]

[GHO4]

[Gu66]

[Jos06]

[Kee65]
[Lew64]

[Mar74]

[Mas67]
[Myr16]

[Nat04]

[Schm]
[Sch87]

[SieT1]

[Spi79]

[Spr81]

1 Riemann Surfaces 63

Bowen, R.: Hausdorff dimension of quasicircles. Inst. Hautes E’tudes Sci.
Publ. Math., 50, 11-25 (1979)

Burnside, W.: On a class of automorphic functions. Proc. London Math.
Soc., 23, 49-88, 281-295 (1892)

Farkas, H.M., Kra, I.: Riemann Surfaces. Second edition, Graduate Texts
in Mathematics, 71, Springer-Verlag, New York (1992), xvi+363 pp.
Ford, L.R.: Automorphic Functions. McGraw-Hill, New York (1929),
vii+333 pp.

Fricke, R., Klein, F.: Vorlesungen iiber die Theorie der automorphen
Funktionen. Johnson Reprint Corp., New York; B.G. Teubner Verlags-
gesellschaft, Stuttgart (1965), xiv4+634 pp., xiv+668 pp.

Griffiths, P., Harris J.: Principles of Algebraic Geometry. Reprint of the
1978 original, Wiley Classics Library, John Wiley and Sons Inc., New
York (1994) xiv+813 pp.

Gunning, R.: Lectures on Riemann Surfaces. Princeton Math. Notes,
Princeton University Press, Princeton, N.J. (1966), iv+254 pp.

Jost, J.: Compact Riemann Surfaces. An introduction to contemporary
mathematics. 3d edition, Universitext, Springer-Verlag, Berlin (2006),
xviii+277 pp.

Keen, L.: Canonical polygons for finitely generated Fuchsian groups. Acta
Math., 115, 1-16 (1965)

Lewittes, J.: Riemann Surfaces and the Theta Functions. Acta Math.,
111, 35-61 (1964)

Marden, A.: Schottky groups and Circles. In: Contribut. to Analysis,
Collect. of Papers dedicated to Lipman Bers, Academic Press, New Your
(1974), 273-278

Maskit, B.: A characterization of Schottky groups. J. Anal. Math., 19,
227-230 (1967)

Myrberg, P.J.: Zur Theorie der Konvergenz der Poincaréschen Reihen. I,
II. Ann. Acad. Sci. Fennicae (A), 9, Nr. 4, 1-75 (1916)

Natanzon, S.M.: Moduli of Riemann surfaces, real algebraic curves, and
their superanalogs. Translations of Mathematical Monographs 225, AMS,
Providence (2004), viii4+160 p.

Schmies, M.: Chap. 5 in this volume.

Schottky, F.: Uber eine specielle Function, welche bei einer bestimmten
linearen Transformation ihres Argumentes unverdndert bleibt. Journal
reine angew. Math., 101, 227-272 (1887)

Siegel, C.L.: Topics in complex functions theory. Vol. II: Automorphic
functions and Abelian integrals. Interscience Tracts in Pure and Applied
Mathematics, 25, John Wiley and Sons Inc. (1971), ix+193 pp.

Spivak, M.: A Comprehensive Introduction to Differential Geometry. 2d
edn., Publish or Perish, Boston, v. 1-5, (1979)

Springer, G.: Introduction to Riemann Surfaces. 2nd ed., Chelsea Pub-
lishing Co., New York (1981), 309 p.





