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1. Introduction

These notes began as a companion to §§30-34 of [T2], which develops the basic
theory of elliptic functions and elliptic integrals. Material there starts with the
Weierstrass p function, defined as a double series, shows how this and related
functions can be represented in terms of theta functions, and shows how elliptic
integrals can be represented in terms of inverses of o functions. This last result is
known as the solution to the Abel inversion problem, and the route taken to do
this in [T2] involves constructing the Riemann surface of 1/¢(({), whenever ¢(() is
a polynomial of degree 3 or 4, with distinct roots.

We continue this theme in §2 of these notes, constructing the Riemann surface M
of 1/q(¢) for a polynomial ¢(¢) of degree > 5, with distinct roots, and investigating
certain properties, such as its topology (it has genus g if ¢(¢) has order 2g+1 or 2g+
2), and a basis of holomorphic 1-forms on M. Such surfaces constitute the family of
hyperelliptic surfaces. We record the well known fact that each compact Riemann
surface of genus 2 is hyperelliptic. (The surfaces dealt with in [T2] have genus 1
and are called elliptic.) This result uses the Riemann-Roch theorem, discussed in
Appendix A, which is of fundamental use in subsequent sections. At this point,
these notes acquire the role of also being a companion to §9 of [T1].

In §3 we consider general compact Riemann surfaces. The analogue of the Abel
inversion problem in this context (which for genus 1 was to present an isomorphism
of M with a torus C/A) is to map M into a complex g-dimensional torus C9/A,
called the Jacobi variety and denoted J(M), establish that this is an embedding,
and examine the image, both of M and of k-fold products of M (especially for
k=g —1and k = g). This mapping ® : M — J(M) is constructed in §3 and
shown there to be an immersion. The presentation in §3 and subsequent sections
draws heavily from two books on Riemann surfaces, [FK] and, particularly, [N].

In §4 we prove Abel’s theorem, characterizing which divisors on M are divisors
of a meromorphic function, and use this to show that the map ® : M — J(M),
shown to be a immersion in §3, is also one-to-one, and hence an embedding.

In §5 we define the Riemann theta function ¥ and related theta functions. These
are functions on CY with special properties under translation by elements of A
that allow one to regard them as holomorphic sections of certain line bundles over
CI/AN = J(M). In §6 we present basic results on the divisor of ¢, and in §7
we present Riemann’s factorization theorem, expressing a general meromorphic
function on M as a product of factors of the form
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times the exponential of fpzo (¢, for some holomorphic 1-form on M, times a constant.



In addition to Appendix A, mentioned above, there are several other appendices,
containing either background or complementary results. Appendix B discusses
special divisors, which is useful for §6. Appendix C has further commentary on the
factor exp fpzo ¢, arising in §4 and in §7, and relates the material there to the question
of examining certain flat complex line bundles over M and determining whether
they are holomorphically trivial. Appendices D and E draw parallels between 0 and
d & ¢ and discuss connections with Hodge theory. Appendix F discusses proofs of
the Uniformization Theorem for compact Riemann surfaces, and gives two proofs
when g = 0 and when g = 1, one set of proofs using the Riemann-Roch theorem
(standard) and the other using basic linear PDE (the treatment for g = 0 being
perhaps not well known).

Appendix G discusses holomorphic maps ¢y, : M — CP*~! defined for certain
holomorphic line bundles L — M, with emphasis on the canonical map ¢,;, which
one gets when L = k is the canonical bundle and M has genus g > 2. It is shown
that the canonical map is an embedding when M is not hyperelliptic. Appendix
H produces a basis for the canonical ring &,,>0O(k™) in case M has genus 2; this
is a simple counterpoint to the more elaborate study of the canonical ring for non-
hyperelliptic M, which can be found in [ACGH].

Appendices I and J deal with holomorphic vector bundles over M, including the
extension of the Riemann-Roch theorem to this setting.



2. Hyperelliptic Riemann surfaces

A hyperelliptic Riemann surface is the Riemann surface M of 1/q((), where ¢({)
has the form

(2.1) q(Q) = (C—e1) (¢ —em),

with e; € C distinct and m > 5. The cases m = 2,3, and 4 were discussed in §34
of [T2], where the resulting Riemann surfaces M were seen to be ~ S? for m = 2
and tori &~ C/A for m = 3 or 4. What was seen in §34 of [T2], in case m > 5, was
the following construction of M.

Work on the Riemann sphere S? = CU{oc}, and picture e; € S2. If m = 2g+1,
one has slits from eg;_1 to eyj, for j =1,...,¢g, and a slit from es441 to 0o, which
we denote eggio. If m = 2g + 2, one has slits from eg; 1 to ey for j =1,...,9+1.
Say the slits are geodesics on S?. (Reorder {e;} if necessary to arrange that these
various geodesic segments are disjoint.) Such a slit version of S? is a manifold X
with g + 1 boundary components. Cf. Fig. 1. Now

(2.2) M =X, UXy/ ~,

where X; and X, are two copies of X, and the equivalence relation ~ identifies
the upper boundary of X; along the slit v; with the lower boundary of X, along
this slit and vice-versa, for each j. The identification amounts to gluing together
g + 1 pairs of pipes, and one gets a g-holed surface, i.e., a surface of genus g, and
a natural map

(2.3) ©: M — S?

which is two-to-one except for the 2g + 2 points p; = ¢~ !(e;). The space M has
a unique Riemann surface structure for which ¢ is holomorphic. If e; # oo, a
coordinate taking a neighborhood of p; in M bijectively onto a neighborhood of
the origin in C is given by p,(z) = (¢(z) —e;)'/2. If e; = 00, a coordinate taking a
neighborhood of p; in M bijectively onto a neighborhood of the origin in C is given
by ¢;(x) = p(x) ™.

As noted in §34 of [T2], the pull-back by ¢ of the double valued form d¢/+/q(¢)
gives a single valued holomorphic 1-form a on M, whenever m > 3. If m = 3 or 4,
this form is nowhere vanishing on M. These results are consequences of the facts
that

(2.4) w? = ( = = 2dw,



and

(2.5) w? = = —2dw.

If m > 5, one sees that a does vanish on ¢ ~!(00), though it is nonzero elsewhere on
M. To see the order of vanishing at points in ¢ ~1(c0), one can compute as follows.
Ifm=29g+1, g >1, use

(2.6) w? = % = % = 2w 2 duw,

and if m=29+2, g > 1, use
(2.7) W= = —— = —w! duw.

One can obtain other holomorphic 1-forms on M (i.e., elements of O(k)) as
follows. If m = 2g + 1, we see from (2.6) that

(2.8) ¢ % = —2w?9727% qu,

and if m = 2g + 2, we see from (2.7) that

- dC .
(29) C] <g+1 == _wg 1 de.
Hence, in both cases,
(2.10) oz a€cOk), 0<j<g-—1.

Such a form vanishes on ¢ ~!(00) to order 2g — 2 — 235 if m = 2g + 2, and to order
g—1—7jif m = 2g+1. In either case, p(2)9~! a is nonvanishing at ¢ ~*(oc0), though
of course it vanishes on ¢ ~1(0).

It is clear from (2.8)—(2.9) that the set

(2.11) {p(2))a:0<j<g—1}C Ok)

is linearly independent. Here, following standard usage, we denote by O(k) the
space of holomorphic 1-forms on M. More generally, if L — M is a complex
(holomorphic) line bundle over M, O(L) denotes the space of holomorphic sections
of L.

It is known that for a general compact Riemann surface M,

(2.12) Genus M = g = dimO(k) = g.
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See (A.13) and (D.16) for two different proofs. Thus for hyperelliptic M we see
that (2.11) gives a basis of O(k).

An initially more general looking definition of hyperelliptic Riemann surfaces is
the class of compact Riemann surfaces M that have a holomorphic map ¢ : M — S?
that is a two-to-one branched cover. Actually, this is the same class as described
above. To see this, suppose the branch points in M are {p; : 1 < j < V'}, branching
over {e; : 1 < j < V}. Connecting various of the points e; by geodesic segments on
52, one can divide S? into polygonal regions (say F' of them), with E edges and V
vertices, namely {e; : 1 < j < V'}. Then the preimages under ¢ partition M into
polygonal regions, with 2F faces, 2E edges, and V' vertices, namely {p; : 1 < j <
V'}. Euler’s formula gives

(2.13)
V —2E+2F =x(M) =2 -2g,

where g denotes the genus of M. Hence ' — F' = 2¢g and
(2.14) V =2g+2.

Thus we are in the situation described earlier, and M is biholomorphically diffeo-
morphic to the Riemann surface constructed by slitting S? and forming (2.2).

There are lots of Riemann surfaces that are not hyperelliptic. However, the
following result is of interest.

Proposition 2.1. Each compact Riemann surface of genus 2 is hyperelliptic.

Proof. If M has genus > 0, to show M is hyperelliptic it suffices to show that there
is a nonconstant meromorphic function on M with poles contained in {p,q}, for
some p,q € M, more precisely, a nonconstant u € M(—p—¢q). Such u must have at
least one pole, by the maximum principle, and it cannot have just one simple pole
since g # 0 ([T1], Proposition 9.8), so such u : M — S? must be a 2-to-1 branched
cover. We have

(2.15) M(=p—q) = O(E__y),

where E_,_, is the bundle of a divisor ([T1], (9.41)), so the goal becomes to show
that

(2.16) dimO(E_,_4) > 2.

To get this, we apply the Riemann-Roch theorem, which yields

. . 1
(2.17) dimO(E_p—y) —dimO(Epyq @ k) = c1(E_p—q) — e (K);

cf. [T1], (9.17). We also have ([T1], (9.19), (9.39))

(2.18) ci(k) =29 -2, c(E_p—q) =2



Hence

(2.19) dimO(E_,—;) =dimO(k ® Epyy) +3 —g.

We now investigate

(2.20) O(Eptq ® 1) ~ M(r,p + q).

the space of holomorphic 1-forms with zeros at p and ¢. This is a linear subspace of

O(k), a space of dimension g = 2 > 0. Take a nonzero u € O(k). If v,(u) denotes
the order of vanishing of u at p, one has

(2.21) Z vp(u) = c1(k) = 2.

p

Cf. [T1], (9.28). Say u vanishes at p and ¢; one writes #(u) = p + ¢. If p = ¢, this
means u vanishes to second order at p. We see that, for g = 2,

(2.22) dp,q € M such that dimO(E,1, ® k) > 1.

This combined with (2.19) gives (2.16) and finishes the proof of Proposition 2.1.

REMARK. If M is a compact Riemann surface for which dim M(—p —¢q) > 2, then
M must be equivalent to S? and dim M(—p — ¢q) = 3. Consequently,

(2.23) g>1=dmM(-p—q) <2, Vp,qe M.

Part of the proof of Proposition 2.1 shows that (for g > 2)

(2.24) M is hyperelliptic <= dim M(—p — q) = 2, for some p,q € M.
The rest of the proof of Proposition 2.1 is the demonstration that

(2.25) g=2=— dimM(—p—q) =2, for some p,q € M.



3. Holomorphic differentials, period lattice, and Jacobi variety

Results of §2 illustrate, for hyperelliptic Riemann surfaces, the following, valid
for a general compact Riemann surface M of genus g > 1. Recall that O(k) denotes
the space of holomorphic 1-forms on M. This has dimension g.

Proposition 3.1. Given p € M, there exists w € O(k) such that w(p) # 0.

We give a proof using the Riemann-Roch formula. We consider
(3.1) M(r,p) = {u € O(r) : u(p) = 0} ~ O(x @ ),

where E, is a point bundle (cf. [T1], (9.41)). The Riemann-Roch formula ([T1],
(9.17); see also Appendix A) gives

(32  AmO(x©E,) —dmO( ' @ B, @x) = alk® E,) - seils).
We also have ([T1], (9.19), (9.39))

(33)  ak=20-2 aB)=-1 akeb)=calk)+al).
Also O(k™' @ E;' @ k) = O(E, 1) = M(—p) ([T1], (9.41)) and

dimM(—p)=2 if g=0

4
(34) 1 if g>1.
(Cf. [T1], Proposition 9.9.) Consequently,
(3.5) g>1=dimM(k,p) =g —1,

so M(k,p) is a proper linear subspace of O(k). This proves Proposition 3.1.

We comment further on results behind (2.12). Let {¢; : 1 < j < g} be a basis of
O(k). Then {Zj :1 < j < g} is a basis of O(F), and the space of complex valued
harmonic 1-forms H$ (M) has the direct sum decomposition

(3.6) HE(M) = O(k) & O(FR).

Equivalently, with u; = Rej, v; =Imj, {u;,v; : 1 < j < g} is a basis of H;(M).
Using this, we can prove the following. Let {7, : 1 < j < 2g} denote a set of closed
curves giving a basis of Hy(M,Z), and form

(3.7) Vj:(/gl,...,/gg)e@g, 1<j<2g.
Vi i



Proposition 3.2. The set {V; : 1 < j < 2g} is linearly independent over R.

Proof. An equivalent formulation is that

(3.8) Wj:(/ul,/vl,...,/ug,/vg)€R297 1<5<2g
7 Vi

Vs Y3
is linearly independent (over R). This in turn is a special case of deRham’s theorem.

Let

2g

(3.9) A={3nViin; ez},

=1

This is the period lattice associated to the basis {(1,...,(s} of O(k). Proposition
2.2 implies that C9/A is compact. We have a holomorphic mapping

(3.10) oM — CI/A,

given by picking zp € M and setting

(3.11) @(z):(/zozgl,...,/z:gg).

The g-dimensional torus CY9/A is called the Jacobi variety associated to M, and
sometimes denoted J(M). The following is a central result.

Theorem 3.3. If g > 1, the map ® in (3.10)-(3.11) is a holomorphic embedding
of M into CI9/A.

In case g = 1, the map ® is a holomorphic diffeomorphism. This was demon-
strated in §34 of [T2], given that M is the Riemann surface of \/¢(¢) with ¢(¢) as in
(2.1), with m = 3 or 4. In fact, given Proposition 3.1 here, the proof of Proposition
34.1 in [T2] works under the general hypothesis that g = 1.

At this point we have for g > 1 that ® is well defined and holomorphic. Also
Proposition 3.1 guarantees that ®'(z) # 0 for each z € M, so ® is an immersion.
It remains to show that ® is one-to-one. This is a special case of Abel’s theorem,
which we will discuss in §4.

Here is a more invariant formulation of the holomorphic map (3.10). We can
define a homomorphism of additive groups

(3.12) v H (M, Z) — O(k), 1(7)(C) = / c.
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Then Proposition 3.2 can be formulated as saying that ¢ is injective, and produces
alattice A = 1Hy (M, Z), for which O(k)’'/A is compact, and we have a holomorphic

mapping
(3.13) O: M — O(r)'/A,

given by picking zy € M and setting
(3.14) 20 = [ ¢ Ceow.

Having this invariant formulation, we see we are free to pick a convenient basis of
O(k) and of Hy(M,Z) in order to establish Theorem 3.3.

A convenient choice of basis of Hi(M,Z) for a Riemann surface M of genus g
has the form {a;,b; : 1 < j < g}. This is pictured in Fig. 2 in case g = 2. If ¢ is a
smooth 1-form on M, we set

(3.15) Auw=/¢,3aw=/@
ak by

The following is an important result of Riemann.

Proposition 3.4. If ( € O(k), ¢ #0, and if M has genus g > 0, then

(3.16) Im Yy~ Ax(¢)Bx(¢) < 0.
k=1

See [N], p. 80, for a proof. Note the following:
Corollary 3.5. The map

(3.17) A: O(r) — €9, A(g):(/g,...,/g)

1$ injective, hence an isomorphism.

It follows that there is a basis {(; : 1 < j < g} of O(k), called a normalized
basis, such that

(3.18) /cj b 1<jk<g
ax

From here on we work with such a normalized basis. The following result constitutes
Riemann’s bilinear relations.
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Proposition 3.6. If (3.18) holds, then if

(3.19) Bjkz/Ck, 1<jk<gy,
b

J

the matriz B = (Bj,) is symmetric, and its imaginary part is positive definite.

For a proof, see [N], p. 81.
With the choices of v; = a; for 1 < j <g, bj_, for g+ 1 < j < 2g, and (; as in
(3.18), we see that V; in (3.7) are given by

(3.20) Vi=E;, Vygr;=B; 1<j<g.

where {E; : 1 < j < g} is the standard basis of RY and B; = (Bj1,..., Bjg).
Another ingredient in the proof of Theorem 3.3 is the following result, of intrinsic
interest, concerning the conditions of existence of meromorphic 1-forms on M.

Proposition 3.7. Given distinct p1,...,px € M with disjoint neighborhoods O;
and meromorphic 1-forms u; on Oj, with poles at p;, there exists a meromorphic
I-form u on M (we write u € M(k)), such that uw— u; is a holomorphic 1-form on
O;, if and only if

K

(3.21) > Res,, (u;) = 0.

j=1

Proof. We use the fact that the elliptic differential operator
(3.22) Op : H* (M, k) — H* Y (M,k ®R) =~ H* "' (M)

is Fredholm, with closed range, of finite codimension, whose orthogonal complement
is the null space of

(3.23) J. = —d: H'"5(M) — H™*(M,F).

Clearly this null space is the space of holomorphic functions on M, i.e., constants.
Thus the range of d,. in (3.22) has codimension 1. Thus a family of distributions
with support on {pi,...,px} in H *(M,R) (for s large enough) belongs to the
range of 0, in (3.22) provided one linear relation is satisfied. It is relatively easily
verified that for such a linear combination of distributions, (3.21) defines that linear
relation. In fact, one can take a smoothly bounded open set O containing {p;},
diffeomorphic to a disk, and deform 9O to a; Ub, Ua; *Uby T U- - -UagUbgUa;1 Ub;l.
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Corollary 3.8. Given distinct p,q € M, there exists u € M(k), reqular on M \
{p, q}, with first order poles at p and q, such that

(3.24) Respu =1, Resju=—1.

Using Corollary 3.5, we see we can take such u and add an element of O(k) to
obtain an element we denote 7,, € M(k), holomorphic on M \ {p,q}, with first
order poles at p and ¢, satisfying (3.24) and

(3.25) /qu =0, 1<jk<g.

aj

Here is another proof of Corollary 3.8, using the Riemann-Roch formula. Con-
sider the space of meromorphic sections of x, with poles in {p, ¢}, of order <1,

(3.26) Mk, =p—q) # O(k® E_j_g).
The Riemann-Roch formula gives
1
dmO(k@E_,_4) —dimOK '@ E, ,@K) =c1(k®@E_p_4) — 561(11)

(3.27) =g—1+c(E_py)
=g+1

since ¢1(E_p_q) =2 ([T1], (9.39)). Also O(E,14) =0, so

(3.28) dmO(k @ E_p—q) =g+ 1,

or equivalently

(3.29) dim M(k, —p — q) = dim O(k) + 1.

Thus there exists u € M(k,—p — q), u ¢ O(k). The final argument in the proof

of Proposition 3.7 shows the residues sum to 0, so multiplication by a constant
achieves (3.24).
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4. Abel’s Theorem and the Jacobi inversion problem

We prepare to state Abel’s theorem, which was mentioned after Theorem 3.3 as
a central ingredient in the proof of that imbedding result. The theorem involves
the notion of a divisor.

By a divisor on M we mean a formal sum

(4.1) 9= np;,
pPj

where n; € Z and p; € M, with equivalence relations p; + p2 = p> + p1 and
mp; + np; = (m + n)p;. Given a meromorphic function u € M, we say its divisor
Y(u) is as in (4.1) (with p; distinct) where if n; > 0, u has a zero of order n; at p;
and if n; < 0, v has a pole of order —n; at p;. An easy degree theory argument
shows that 3, n; = 0 whenever ¢ is the divisor of u € M(M). More generally, if u
is a meromorphic section of a complex line bundle L, ¢(u) is defined similarly, and
one has »_;n; = c1(L) ([T1], (9.28)).

Theorem 4.1. (Abel’s Theorem) Given a divisor ¥ = Y n;p;, there exists u €
M(M) such that ¥(u) =V if and only if Y n; =0 and

(4.2) Zn]@(pj) =0 (modA),
where ® is as in (3.10)-(3.11).

Before discussing the proof, we show how Theorem 4.1 implies injectivity of
®: M — CI9/A for g > 1. Indeed, if p # ¢ and ®(p) = ®(q), Theorem 4.1 implies
that there exists u € M(M) such that ¥(u) = p — ¢, so u has a single simple pole.
This implies that u : M — S? is a holomorphic diffeomorphism ([T1], Proposition
9.9), so g = 0. Thus Theorem 3.3 is proven (modulo the proof of Theorem 4.1).

To show that (4.2) holds whenever ¥ = J(u) for some u € M(M), we use an
argument from [FK]. Namely, consider

(4.3) Y ST —CIA, Q)= Y. (p),

p€u=1(¢)

where {p € u=1(¢)} is counted with multiplicity. One sees that ¢ is holomorphic.
Since S? is simply connected, v lifts to a holomorphic map 1; : 52 — €9, which
(by the maximum principle) must be constant. Then (4.2) records the fact that
¥(0) = ¥(o0).

We next present the converse implication in Theorem 4.1 (which is deeper and
more significant). It is convenient to write

(44) ﬁ:p1+..‘+p7~_q1_..._qr7
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with perhaps repetition among p;s and among g;s, but with p; # g;. The claim is
that if

(4.5) Z ®(ps) = Z ®(gj) (mod A),

then ¥ = ¥(u) for some u € M(M). One produces such u in the form

) B

where 7,, is defined as in Corollary 3.8 and (3.24)-(3.25), and ¢ € O(k) is selected
to guarantee that (4.6) is single valued on M. (The hypothesis (4.5) is used in
producing such ¢.) The condition for such single valuedness of w is that

(4.7) / (Toras + -+ + Ty +C) € 2miZ,
Y

for each closed curve v in M. It suffices to arrange this for v = a; and for v = b;,
1 <75 <g. Weset

(4.8) ¢ =2mi(ciC1+ -+ ¢4Cy),

with {; € O(k) as in (3.18), and the task is to produce constants c¢; such that (4.7)
holds.
Let us set 0 = 7,4, + - - + Tp,q,. + (. Note that, by (3.18) and (3.25),

(4.9) / 6 — 2mic;.

To evaluate fb, 0, we use the following “reciprocity formula”:
J

Lemma 4.2. We have

(4.10) /qu = 2mi /qp G

b;

the integral taken along a curve joining q to p in M \ Ua; \ Ub;.
For a proof of Lemma 4.2, see [N], pp. 82-83. Given this, we have

r De 9
(4.11) /9 = 2mi (j+2mi Y crBik,

— qe —
b; (=1 k=1
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with Bjj as in (3.19). Now the hypothesis (4.5) says

r De
(4.12) Z/(@m@mm
L=171

while (using the symmetry Bj;, = By;) we have

(4.13)

]

g
ck(Biks- -, Bgk) = Y _ cxBr,
k=1 k=1

where {Bj : 1 < k < g} is half the set of generators of A given in (3.20). If we
write (4.12) as

T De g g
(4.14) DY IGHRRSED S-S S
(=11 j=1 j=1

with v, u; € Z, we have

g g
(4.15) (/9/9) =2mi Y v E;+2mi Y (4, + ¢;)B;.
by by j=1 j=1

We see that if we take
(4.16) Cj = —Hy

in (4.8), then (4.7) is achieved. This proves Theorem 4.1.
Here is an application of Abel’s theorem. Given a holomorphic line bundle
L — M, we can define

(4.17) U(L) € J(M)=C9/A

as follows. There is a nontrivial meromorphic section u € M(L) ([T1], Proposition
9.2). Given such a section, set

(4.18) @(L):anqp(pj) (mod A), ﬁ(u)zznjpj.

Note that if we pick another nontrivial v € M(L), with J(v) = > mgqx, then u/v
is a meromorphic function on M, with divisor ) n;p; — > mgqs, so the easy half
of Abel’s theorem implies > mgqr = > njp; mod A. Hence ¥ in (4.17)-(4.18) is
well defined. Using the deeper half of Abel’s theorem, we have the following.
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Proposition 4.3. If L — M is a holomorphic line bundle satisfying
(4.19) c1(L)=0, ¥(L)=0 (mod A),

then L is holomorphically trivial.

Proof. Pick a nontrivial u € M(L); say ¥(u) = > n;p;. If (4.19) holds, then
there is a meromorphic function f on M such that ¥(f) = > n;p;, by Abel’s
theorem. Then v = u/f is a holomorphic section of L, with no zeros, so it provides
a trivialization of L.

Corollary 4.4. Holomorphic line bundles L; — M (j =1,2) are holomorphically
equivalent if and only if

(420) Cl(Ll) == Cl(L2> and \If(Ll) = \IJ<L2) (mod A)

Proof. First, L1 and Ly are holomorphically equivalent if and only if L; ® Lo Lis
holomorphically trivial. Note that

(4.21) V(L@ Ly') = W(L1) — ¥(L2),

and also ¢; (L1 ® Ly') = ¢1(Ly) — c1(La).

REMARK. If Fy is the bundle of a divisor ¥ and u € M(FEy) the “natural” section,
we have

(4.22) V(u) = —1.
Hence
(4.23) U(Ey) = —®(09),

where we set
(4.24) O(9) = ijq)(pj) for ¥ = ijpj.

Here is another perspective. The set Div(M) of divisors on M forms a group.
The set Divy(M) of divisors of degree zero is a subgroup. Now (4.24) defines

(4.25) ¢ : Div(M) — J(M) = CI/A.

This depends a priori on the base point used to define ® in (3.11). Note however
that its restriction to Divy(M),

(4.26) ® : Divo(M) — J(M),
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is independent of the choice of base point, since

(4.27) /chj—/zjcj:/qu, (mod A),

SO
ko

(4.28) 19:p1+--~+pk—q1—---—qk:><I>(19):Z/ (Cl,...,Cg).
=174

The set Divp(M) of divisors of degree zero such that ®(J) = 0 is a subgroup of
Divo(M), called the group of principal divisors on M. (Abel’s theorem says this is
precisely the set of divisors of meromorphic functions on M.) The quotient

(4.29) Pic(M) = Divo(M)/ Divp(M)

is called the Picard variety of M. Since ® = 0 on Divp(M), we have an induced
map

(4.30) ®° : Pic(M) — J(M),

with the following fundamental property:
Proposition 4.5. The map ®° in (4.30) is a group isomorphism.

Proof. Tt is clear that ®° is a group homomorphism and that it is one-to-one, since
in passing from (4.26) to (4.30) we just divided out the kernel. It remains to show
that ®° is onto in (4.30), or equivalently that ® is onto in (4.26). The task of
proving this, to which we now turn, is known as the Jacobi inversion problem.

To begin, we use Proposition B.3 to produce g distinct points p1,...,p, with the
property that

(4.31) weO(k), wpj)=0Vje{l,...,g} =w=0.

Let U; be coordinate neighborhoods of p; (diffeomorphic to the disk), let {(1,...,(,;}
be a basis of O(k), and say

(4.32) ¢ = ¢jr(2)dz, on Uy.
It follows from (4.32) that the g x g matrix

(4.33) (¢jk(pr)) is invertible.
Now define

(4.34) ®:U; x---xU; — CY
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by

(21, 2k) = (21 —pr+ -+ 29 — py)
(4.35) = “
= ooy Cg) et y-oGg)-
/pl (Cl (g) /pg (Cl Cg)

We require the paths from p; to z; lie in U;, so we actually have a map to C9 rather

then merely to CY/A. Say & = (®1, ..., ®,). Note that

0P,
(4.36) a_Z’:(p17~~'7pg) = ©jk(Pr)-

Thus the inverse function theorem implies
(4.37) & maps Up X --- x U, onto a neighborhood O of 0 € J(M) = CY/A.

From here the surjectivity of ®° in (4.30) follows easily. Take z € J(M) = C9/A.
Let Z € CY9 denote a preimage. Then there exists M € N such that Z/M € O, given
in (4.37). Thus there exist ¢g; € U;, j =1,...,g, such that

(4.38) D(q1,...,q9) = M2,
and hence
(4.39) (Mg —p1+---+4qg—pg)) =2 (mod A).

The proof of Proposition 4.5 is complete.

Noting that (p1,...,pg) in (4.36) is fized, we have the following corollary. Let
Div} (M) denote the set of positive divisors of degree k, i.e., divisors of the form
pr+ -+ Dk

Corollary 4.6. If g > 2,
(4.40) ® : Div) (M) — J(M)
18 surjective.

The following is a useful complement to Corollary 4.6. For a proof, see [N],
pp. 87-88.

Proposition 4.7. In the setting of Corollary 4.6, there exists an analytic set’Y C
DiV;F(M), of dimension < g, such that

(4.41) ®: Div, (M)\Y — J(M)\ ®(Y) is bijective.

In fact, Y consists precisely of the class of special divisors (of degree g). Further-
more, given D € DiV;(M), the rank of ® at D is equal to

(4.42) g+1— dimM(-D),

soY' = ®(Y) is an analytic set of dimension < g — 2.
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5. Theta functions

For the torus C/A where A is the lattice generated by 1 and 7 (with Im 7 > 0),
there is the Jacobi theta function

(5.1) 193(2,’7_) _ Z eﬂin27—|—27rinz,

nez
discussed in §32 of [T2], whose relation to p(z; A) arises from the formulas

I3(z + 1,7) = V3(2,7),

5.2 .
(5:2) V3(z+7,7) = e‘m<7+2z)'l93(z, T),

and variants for ¥;(z,7), j =1,2,4, given in (32.8)-(32.10) of [T2].
More generally, let A C C9 be a lattice, with generators as in (3.20), i.e.,

2g

(5.3) A= {Z n;jV;:n; € Z},

j=1
V}:Eﬁ %+j:Bj7 1§]§g7

where F1, ..., E, form the standard basis of RY and

(5.4) B; = (Bj1,...,Bjg),

with B, as in (3.19), or more generally B = (B;;) € M(g, C) satisfying
(5.5) B = B' ImB positive definite.

Then, generalizing (5.1), we have the Riemann theta function

t

(56) 19(2;) — 19(2,3) — Z e’iTiant-i—27T’L'7’LZ .

nez9I

Here n,z € CY are row vectors, whose transposes n’, z! are column vectors. The
function ¥(z, B) is seen to be holomorphic in z € CY (and in B satisfying (5.5)).

Parallel to (5.2), a computation gives

Yz + E) = 9(z2),

5.7 .
( ) 19(2 + Bk) _ e—wz(Bkk+22k)79(2)_
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Another way of writing this is
(5.8) Iz +m+ nB) = e ™Y H200 90y € 79,

Generalizations of the other Jacobi theta functions 9,(z, 7) are defined as follows.
Pick ,¢’ € RY and set

(5.9)  De(s) = Doz B) = Y T/ ABl/A w242 2

nez9

These functions are holomorphic in z € CY9, and in B satisfying (5.5), and one
computes that

(5_1()) 19672,(,2 +m + nB) = e—wi(ant+2znt_gmt—i—s/nt)ﬂs’gl (2)7
for m,n € Z9. Note that
(5.11) e, € 79 = e milmemi+e'n’) _ (_1)em’—e'n"

When ¢,¢’ € Z9, one says 9. »/(z) is a first order theta function with integer char-
acteristic. Another calculation gives

(5.12) e, eV €729 = Veioperyon (2) = €mylst§a,s’(z)-

Hence, up to sign, there are 229 distinct first order theta functions with integer
characteristic. Let us also note that

(513) 8,6/ c 79 — ?9575/(—,2) = (—1)E,Et19575/(2).

When g = 1, a comparison with (5.1) and with (32.8)—(32.10) of [T2] gives (for
B=rT)

Yo,0(2) = U3(2), vo1(2) =Va(2),
19170(2’) = 192(2), 191 1(2) = —191(2).

)

(5.14)

Another family of theta functions is given by

(5.15) Qr,s(z) _ QT,S(Z,B) _ Z eﬂi(n+s/r)B(rn+s)t—|—27ri(7“n—|—s)zt,

nez9I
with

(5.16) reN, s=(s1,...,80) €Z9, 0<s;<r.
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These functions are also holomorphic in z € C9 and in B satisfying (5.5). This
time one has

(5.17) Or.s(z +m+nB) = e ™rBr A2 g () on e 79

We note that

(5.18) 01,0(2) = Yo,0(2) = V(2),
and

z ¢ B
(5.19) Uect (0 B) =25+ 7.5

for e,¢’ € {0,1}9.
The identity (5.8) allows us to regard ¥ = g9 = 61,0 as a holomorphic section
of a holomorphic line bundle

(5.20) L — C9/A,

with A given by (5.3)-(5.5). (Cf. [N], p. 91.) More generally, (5.17) exhibits 6, ; as
sections of ®" L. It is the case that for each r € N,

(5.21) dim O(®"L) = r9,

and a basis is given by 6, s, as s runs over the set described in (5.16); cf. [N], p. 93.
Let us note that

(5.22) a€C! = I(z+a)d(z —a) € O(RL),
and more generally

(5.23) a; €CY ay+-+ar=0=9(z+a)---9(z+ax) € O(L).
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6. The theta divisor

By (5.7)-(5.8) it is clear that the zero set of the theta function ¥ in C9 is
invariant under translation by A, so it defines an analytic variety in C9 /A of complex
dimension g — 1, which we denote ©. Here we explore what © is and how it and its
translates intersect ®(M), when CI/A = J(M).

It is clear that for most £ € J(M) the image ®(M) is not contained in © = O+&.
For such generic & we have a nontrivial element

(6.1) Fe € O(Le), Le=dL,

where L¢ — M is the pull-back of L — J(M) by ®¢, with ®¢(p) = ®(p) — &, and
(6.2 Fe(p) = 9(D(p) — ).

Note that the divisor ¥(F¢) of F¢ (on M, identified with its image ®(M)) is
(6.3) (M) N O¢ = I(F),

provided we count the points in ®(M) N O with multiplicity. The following is a
key result.

Proposition 6.1. If ®(M) is not a subset of O, then J(F¢) has degree g.

Proof. To begin, it is useful to examine F¢ on €2, obtained by slitting M along the
curves a;,b;, 1 < j < g, as indicated in Figure 2. (Arrange that these curves avoid
the zeros of F¢.) Thus 02 consists of copies of a;, b; and of the reverse curves a’;, b';.
Each point p € a; (resp., ¢ € b;) has two preimages in 012, which we denote p,p’
(resp., q,¢), as indicated in Figure 3.

Note that we can define ® as a map from  to CY9, by taking a path in Q in
(3.11), and hence we can define F¢ : Q — C. Then we have

p € a; = B(p) — O() =/;<<1,...,cg> -G =5,
(6.4) , b

1€y = 00 ~2(@) = | (G0 =aJ/<¢1,...,gg> _ 5,
and hence
(6.5) P aj = Fe(p) = 7" W) F(p),

q € bj = Fg(q/) = Fg(q)
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Now deg ¥(F¢) is equal to the number of zeros of Fy in 2, counted with multiplicity,
which in turn is equal to

1 F'(z) 1 FF(2)
(6.6) 2 | B T Q—Z /+/)d log Fi_(z),
o0 T oaj b,

where Fg’ is F¢ restricted to a; Ub; C 0Q and F is Fg restricted to aj U b;. By
(6.5) we have

_l’_
" F&_(z) — ¢™iByj ezm(@j(z)—g)
Fg (2)
(6.7)
F(2)
= d log —— =27 d®;(2),
Fg (2)
and
F(z Fi(z
(6.8) zeb; — 5_():1:>dlog—5_(>:o,
F& (2) Fg (2)

so the right side of (6.6) is equal to
g g
(6.9) Z/dq>j(z) =Y 1=y
=1, j=1

This completes the proof.

REMARK. A result equivalent to Proposition 6.1 is that
(6.10) c1(Le) =

for each § € J(M) such that ®(M) is not a subset of ©¢, hence, by continuity, for
all £ € J(M).

Here is a useful complement to Proposition 6.1:

Proposition 6.2. In the setting of Proposition 6.1, we have
(6.11) (I(Fe)) = € — ao,

for some ag € J(M), independent of €.
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Here we are using ® : Div(M) — J(M), defined by (4.24)—(4.25). Note that the
left side of (6.11) is > ®(p;(&)), where p1(§),...,py(&) are the zeros of F¢, counted
with muitiplicity. The proof of Proposition 6.2 starts with

(6.12) > 005() = 57 [ B dlog Fel),

2mi
o0

and makes use of (6.4)—(6.5). See [N], pp. 98-99, for details.
To state the next result about ©, we use Wy, C J(M), defined as

(6.13) Wy, = ®(Div} (M)), @ :Div(M)— J(M).
Proposition 6.3. With o as in (6.11), we have
(6.14) O = Wg_l + Qaq.

We refer to [N], pp. 100-101, for a proof. We mention that part of the argument
involves showing:

Lemma 6.4. Suppose D = py +---+py € Div;r(M) \Y, so (4.41) holds, and set
& = ®(D)+ . Then D is the divisor of Fe. In particular, the zeros of F¢ are
simple. Consequently, (6.14) is an identity of divisors, not just sets.

We next want to specify ag. To do this, it is helpful to have the following.
Lemma 6.5. The divisor © is not invariant under any nonzero translation of
J(M).

For a proof, see [N], pp. 94-95. In light of (6.14) it is equivalent to saying that
W,_1 is not invariant under any nontrivial translation of J(M). Here is the result
on «o.

Proposition 6.6. With U defined as in (4.17)-(4.18), and k — M the canonical
line bundle, we have

(6.15) U (k) = —2ap.

Proof. To start, pick an arbitrary D € DiV;_l(M ). There is a nontrivial u € O(k)
such that ¥(u) > D, by the Riemann-Roch theorem (cf. (B.16)). Thus there exists
D' € Div, (M) such that 9(u) = D + D', so ¥(k) = ®(D) + ®(D’). This holds
for arbitrary ®(D) € W,_;. It follows that

(6.16) U(k) = Wyo1 =Wy_q.
Since ¥(—z) = —9(z), we have
O=Wy_1+ayg=-Wy_1 —ag
(6.17) =Wy_1 —V(K) —ag
=0 —VU(k) — 2ap.
Hence Lemma 6.5 implies ¥ (k) + 2a9 = 0, giving (6.15).
We next specify when (M) C O¢.
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Proposition 6.7. Let { € J(M). Then ®(M) C O¢ if and only if £ — ag = ®(D)
where D € DiV;r(M) is a special divisor, i.e., if and only if € —ap € ®(Y), with Y
as in (4.41).

Proof. To say that ®(p) —¢ € O for each p € M is to say that £ —®(p) € Wy_1+ap
for each p € M, or equivalently that
(6.18) £ —ag=P(D) for some D € DiV;'(M) with p € supp(D).

Consequently, if we pick some Dy € Div;(M ) such that ®(Dy) = £ — ag, the
condition is that for each p € M there is a divisor D € Div (M) containing p such
that (by Abel’s theorem) D — Dy is the divisor of a meromorphic function. This is
equivalent to the assertion that dim M(—Dy) > 2, i.e., to the condition that Dy is
special.

Bringing in Proposition 4.7, we have:

Corollary 6.8. If £ € J(M) and ®(M) is not a subset of O¢, then there is a
unique divisor D € DiV;r (M) such that ®(D) + ag = &, namely the divisor of F¢.

Also:
Corollary 6.9. The set

(6.19) Ve={6e€JM): (M) CO¢} =9+ DY)

18 an analytic set of complex dimension < g — 2.
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7. Riemann’s factorization theorem

Here we prove Riemann’s result that each u € M(M) can be written as a product
of factors of the form

(®(z) — 2(pr) — &)
(2(2) — D(qk) — &)

times an exponential factor exp{ fpzo ¢} for some ¢ € O(k) (reminiscent of Abel’s

(7.1)

theorem), times a constant. Here £ will be a suitably chosen point in © C J(M).
Namely, we require

(7.2) E¢Y +ag—P(pr), and £¢Y +ag— P(qw),

for each k, where Y/ = ®(Y), as in (4.41).
The first order of business is to record sufficient information on the zeros in M
of

(7.3) Fep(z) = 0(2(2) — (p) - §)-

If the analogue of (7.2) holds, i.e., ®(p) + & —a ¢ Y, then F¢ , has exactly g zeros,
Pi,--.,Dg, and, by Proposition 4.7, p; + --- + p, is the only divisor in Div;(]\/[)
satisfying ®(D) = ®(p) + £ — ap. Given that we take & € ©, we have ¢j € M such
that

(7.4) €= (g} + - +dg_y) + o,
by Proposition 6.3. Hence

g—1

(7.5) O(p;) = B(p) + Y _ ().

Jj=1 j=1
The uniqueness result mentioned above implies
(7.6) p1+~~+pg:p+q?+--~+q2_1.
We have the following conclusion.

Proposition 7.1. If£ € © and ®(p) —&{ —ag ¢ Y, then the zeros of Fe p in (7.3)
consist of

(77) p7 Q?7"'7QS—17

where ¢Y, . .. ,q(g)_1 depend only on &, not on p.

We now state Riemann’s factorization theorem.
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Theorem 7.2. Letu € M(M) be nonconstant, with divisor 9(u) =Y 1 (Pr—qk)-
Take & € O, satisfying (7.2). Then there exist ( € O(k) and ¢ € C such that

e T 9(@(z) — D(pr) — )
(7.8) u(z) = ce ;El 9(D () —@(q:) —¢)

Proof. We can write £ in the form (7.4), i.e., £ = ®(Do) + o, Do = ¢) 4+ -+ ¢))_;.
Now slit M along a;,b;, 1 < j < g, obtaining the simply connected domain €2 with
02 = U(a; Ubj Uaj; UDY), as indicated in Figure 2, and arrange aj, b; to avoid the
points p, gk, and ¢j. Define

_ 17 9(@(2) — @(px) =€)
(7.9) Fz) = kll 9(®(2) — @(q:) —¢)

on ). Note that

V(F) = (Zpk + mDo> — <Z qr + mDo) = Z(pk —qr),

which is the divisor of u.
We now seek ¢ € O(k) so that exp{f;0 (} F(z) = G(z) defines a single valued

function on M. For this, it suffices for the values of G on € to match up at
corresponding points p € a; and p’ € a;-, and also at corresponding points ¢ €
bj and ¢’ € b}. (See Figure 3.) Recall the computations (6.4)-(6.5). For such
corresponding ¢, ¢’ as just mentioned, we have ®(¢') = ®(q) — E;, and hence F(q) =

F(q'). Meanwhile, for their counterparts p, p’, we have ®(p') = ®(p)+B;, and hence

F(p') M —2mi(@5(p)— P (Pk)—E;5)

F(p) paie e—2mi(®;(p)—®;(qr)—E;)

_ e2m‘22;1(<1>j (Pk)=®;(qx))

(7.10)

Now by Abel’s theorem (the easy half) we have n,m € Z9 such that

(7.11) D (@(pr) — ®(ar)) = Y mEe+ Y meBy.
= (=1 =1

k=1

We set

g
(7.12) (=—2mi ) m,
/=1
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where (i,...,(, is the normalized basis of O(k) satisfying (3.18), and then we set
(713) o= [ ¢
Po

with z € Q. We see that if ¢ € bj and g € b} are as above then e?(@) = ¢#(4) Also,
if p € aj and p’ € a} are as above, then

(7.14) PP — oo(p) g—2mi Zz meBe;

Hence z — e¥(*) F(2) is single valued on M and defines an element of M (M) with
the same divisor as w. This proves (7.8).
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A. The Riemann-Roch formula

Given a holomorphic line bundle L — M over a compact Riemann surface M
of genus g, it is of great interest to have information about the dimension of the
space O(L) of holomorphic sections of L. The Riemann-Roch formula relates the
dimension of this space and that of O(L~'®k), where & is the canonical line bundle,
whose local sections over U C M consist of holomorphic 1-forms on U. The result
is

(A.1) dim O(L) —dim O(L™ ' @ k) = ¢, (L) — %cl(m).

Here ¢1(L) € Z is the first Chern class of L. In particular,
(A.2) (k) =—x(M) =29 — 2.
The original version of the Riemann-Roch formula has an alternative formulation,

stated in (A.7) below. To get it, we bring in Ey, the holomorphic line bundle
associated to the divisor

on M. It is constructed to have a natural section u whose divisor is given by
P(u) = —v. Cf. [T1], (9.36)—(9.38). Then if we set

(A.4) M(L,9) = {u e M(L) : ¥(u) > v},

where M(L) denotes the space of meromorphic sections of L, we have
(A.5) M(L,Y) = O(L ® Ey).

Cf. [T1], (9.41). We also have ([T1], (9.39))

(A.6) c1(Ey) = — anpj = —deg?.

Then (A.1), applied to L = Ey, yields

(A.7) dim M(¥) — dim M(k, =) = —deg? + 1 — g.

Here M(¥) = M(1,9), where 1 denotes the trivial line bundle.
It is useful to know that

(A.8) u € M(L) = deg?(u) = c1(L).
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Cf. [T1], (9.28). In particular, if ¢;(L) < 0, then degd(u) < 0, so
(A.9) a(l)<0=0(L)=0.

Since ¢1 (L™ ! ® k) = 29 — 2 — ¢1(L), we see from (A.1) that
(A.10) c1(L) >29g—-2=dimO(L) =c (L) — g+ 1.
For ¢1(L) < 2g — 2, (A.1) yields Riemann’s inequality:

(A.11) dimO(L) > ¢1(L) — g+ 1,

which has content only if also ¢;(L) > g. Note that

(A.12) c1(L)=29g—-2=dimO(L) > g — 1.

As mentioned, ¢1(k) = 2g — 2; in that case, as one sees by taking L = k in (A.1),
(A.13) L=kr=dimO(L) =g.

The results given above, which are frequently used in these notes, are proven in
a number of places, including [FK], [N], and [T1].
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B. Special divisors and Weierstrass points

Let M be a compact Riemann surface of genus g. Consider a positive divisor
¥ = p1+- - -+pg, and the space of meromorphic functions u with divisor J(u) > —1,

(B.l) ./\/l(—p1 — —pk) ~ O(E_ﬁ).

The Riemann-Roch formula gives

(B2)  dimM(-py -~ p) = dmO(By © ) +ai(B_y) — jer(s)
Note that

(B.3) c1(E_y)=k, c1(Fy®k)=29—2—k,

SO

(B.4) dmM(—py —---—px) > k—g+1,

and in particular
(B.5) E>g+1= dimM(—p; — - —pi) > 2,

so there is guaranteed to be a nonconstant meromorphic function on M with divisor
> —p;—---—pg as long as k > g+ 1. (Note parenthetically that £ > 2g — 2 implies
equality in (B.4).)

If £ = g and there is such a meromorphic function, we say 9 is a special divisor.
If this holds for ¥ = gp, we say p is a Weierstrass point, i.e.,

(B.6) p € M is a Weierstrass point <= dim M(—gp) > 2.

Clearly when g = 1 there are no Weierstrass points. It turns out that whenever
g > 2 the set of Weierstrass points is a nonempty, finite set. Clearly if g > 2 and
M is hyperelliptic, so there is a 2-fold holomorphic branched covering ¢ : M — 52,
then each of the 2g + 2 branch points of ¢ is a Weierstrass point of M. It turns out
that these are all the Weierstrass points of such M. (See Proposition B.2 below.)
Furthermore, a compact Riemann surface of genus g is hyperelliptic if and only if
it has precisely 2g + 2 Weierstrass points ([FK], p. 95).

Here is a useful characterization of Weierstrass points, and more generally of
special divisors:
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Proposition B.1. If g > 2, a positive divisor of degree g, ¥ = p1 +---+pg s a
special divisor if and only if

(B.7) dim M(k,9) > 1.

In particular, a point p € M is a Weierstrass point if and only if dim M(k, gp) > 1,
i.e., if and only if there is a holomorphic 1-form on M, vanishing to order g at p,
but not identically zero.

Proof. Note that M(k,9) ~ O(Ey ® ). Using (B.2) we have
(B.8) dim M(—9) = dim O(Ey ® k) + 1,

so the criteria dim M(—v) > 2 and (B.7) are equivalent.

Proposition B.1 can be exploited as follows. Take a basis (1,...,(, of O(k). In
a local coordinate chart, say (; = u;(z) dz. Form the Wronskian

—1
up up - u§~" )

r (9—1)
(B.9) W=det| 2 2
ug u; N ugg_l)

Then a point in this coordinate chart is a Weierstrass point if and only if W vanishes
there. Now pasting together various coordinate charts reveals W as a global section
of @Mk, with M =142+ ---+g=g(g+1)/2:

(B.10) Weo@r), M= %g(g +1).

Since we started with a basis, W is not identically zero. Hence

(B.11) (W) = v (W)p,

where v,(W) >0, v,(W) > 0 if and only if p is a Welerstrass point, and

(B.12) Y (W) =ca(@"k) = Mei(r) = (9~ 1)glg + 1)

Thus the maximum number of Weierstrass points on M is g3 — ¢g. It turns out that
the minimum number is 2¢g + 2 ([FK], p. 85). This follows from the assertion that
vp(W) < (1/2)g(g — 1) for each p.

For notational convenience, denote (B.9) by W(uy,...,us). Note that if f is
holomorphic,

(B.12) W(fui,..., fug) = fIW(us,...,uy),
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as can be seen by expanding the entries (fu;)®*) in the analogue to (B.9) via the
Leibniz formula and using the fact that matrices with two identical columns have
determinant zero. With this in mind, we can compute W when M is hyperelliptic
and we take the basis of O(k) given by (2.11), using local ¢ coordinates away from
the branch points. (There is no loss in generality in assuming one of the branch
points lies over co € S2.) We obtain

(B.13) W =q(Q) 9*W(,(,..., %),

which is clearly nonzero away from the branch points. This establishes the adver-
tised result:

Proposition B.2. If M is hyperelliptic (of genus g > 2), its Weierstrass points
are precisely the branch points of the 2-fold branched cover M — S2.

The identity (B.12) implies that most points are not Weierstrass points. Here is a
complementary result, which is useful in the study of the Jacobi inversion problem.

Proposition B.3. If g > 2, there is a set {p1,...,pg} of g distinct points of M
such that ¥ = p1 + - -+ + py is not special.

Proof. Via Proposition B.1, it suffices to find distinct pq,...,p, such that
g

(B.14) M(k,pr+ -+ +pg) = [ M(k,pe) = 0.
=1

Clearly Npem M(k,p) =0, and (B.2) with £ = 1 implies
(B.15) dim M(k,p) =g —1=dimO(k) —1, Vpe M,

since M(—p) ~ C for g > 2. (See also (3.5).) Another way to put this is that V),
the annihilator of M(x,p) in O(k)’, has dimension 1 for each p, and @, V,, = O(k)".
We can hence choose p1, ..., p, such that elements e; € V,, form a basis of O(x)’,
and (B.14) is achieved.

REMARK. One can avoid use of (B.2) in (B.15) by taking some nontrivial u € O(k),
setting 2 = {p € M : u(p) # 0}, and noting that

dimM(k,p)=g—1, VpeQ,
and that NpcM(k, p) = 0. This sort of argument yields the following useful result
(cf. [N], p. 70):

Proposition B.3'. Let L — M be a holomorphic line bundle, V. C O(L) a k-
dimensional linear subspace. Then there is a set of k distinct points p1, ..., pr such
that

ueV, ulpr)=--=ulpy) =0=u=0.

Here is a result complementary to (B.5).
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Proposition B.4. If g > 2, we have

(B.16) k<g—1= dimM(k,p1+---+pr)>g—k.

Proof. Rewrite (B.2) as
(B.17) dim M(k,p1 + -+ px) =dimM(—9) +g — 1 — k,

and use the fact that M(—4) has dimension > 1, since it contains constants.
This leads to the following counterpoint to Proposition B.3.

Proposition B.5. If g > 2 and p1,...,py—1 € M are given, there exists p; € M
such that p1 + -+ - 4+ py s a special divisor.

Proof. By (B.16), there exists a nontrivial u € M(k,p1 + -+ 4+ pg—1). Now 9(u) is
a positive divisor of degree c¢;(k) = 29 —2 > g — 1, so one can take any point p,
such that p1 + -+ py—1 +py < I(u).

REMARK. We have defined special divisors ¥ = p; + --- 4+ pi only for k = g. In
[ACGH] a divisor of this form, for any k, is called special provided dim O(FEy®k) >
1. (This does require k < 2g — 2.)
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C. Flat line bundles and the factor exp fpzo C.

Let ¢ = 2mi(c1C1 + - - + ¢4¢y) be a holomorphic 1-form on M, where ¢; form a
basis of O(k) satisfying (3.18)—(3.19). We consider

(1) A(z) = exp / 3

which appears as a factor in (4.6) and in (7.8). This is a single valued function on
M, the universal cover of M. We have

(C.2) M — M,

with covering group 1 (M), which has a natural surjective homomorphism

(C.3) a:m (M) — Hi(M,7Z),

in which the homotopy classes of ax and of by are mapped to their corresponding
homology classes. If

g
(C.4) 2 =n(2), mem(M Z (vkak + prbr),
k=1
then
9 9
A(Z') = A(z) exp 2mi Z Z ¢;(Vk0jk + pkBjk)
j=1k=1
(C.5) .
= A(z) exp 2mi Z(chk + prdy),
k=1
where
g
(CG) dk == Z Cijk.
j=1

This presents A as a holomorphic section of a flat line bundle
(C.7) L.— M,

produced from the principal 71 (M)-bundle M — M via the representation R. of
m1(M) on C given by

(C.8) R.(m) = e2milev'+eBut) Z(Vkak + b)) = a(m).
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Here, c,v, and p are regarded as row vectors.

The bundle L. is holomorphically trivial; the section A € O(L.) provides a
trivialization.

A more general family of flat complex line bundles over M has the form

(09) Lc,d - M?

produced from the principal 71 (M )-bundle M — M via the representation R. g of
m1(M) on C given by

(C.10) Rea(m) = 2™+ N ap + puby) = alm),

where ¢, d € CY9 are arbitrary row vectors, uniquely determined modulo Z9.

Proposition C.1. The line bundle L. 4 ts holomorphically trivial if and only if
there exist cg,dg € 79 such that

(C.11) d—dy=(c—c)B,
or equivalently, if and only if

(C.12) d—cB €A,
where A is the lattice in CY9 given by (3.9), (3.20).

Proof. One direction follows via the analysis above of (C.1). For the other direction,
suppose A is a non-trivial holomorphic section of L. 4 (necessarily nowhere vanish-

ing since ¢1(L¢,q) = 0). Then A defines a holomorphic function on M, satisfying
the analogue of (C.5):

(C.13) =1z = A(Y) = A(z) 2TV ),
Also A has a logarithm: A(z) = e'(®)| F . M — C, holomorphic, so
(C.14) 2 =mz2= F(2') = F(2) + const(n).
Hence ( = dF is a well defined holomorphic 1-form on M, and A has the form
(C.1), which gives (C.11)—(C.12).

One way of looking at part of the proofs of Theorem 4.1 and Theorem 7.2 is that
(C.15) exp / (Tpran + " + Tprg,)

20

in (4.6) and

" (D (2) — Do) — €)
(C.16) 1 5@6) () o

in (7.9) define sections of line bundles over M to which Proposition C.1 applies.
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D. 0 versus d @ §

As always, M is a compact, connected Riemann surface. We assume M carries a
Riemannian metric, consistent with the complex structure, so in local holomorphic
coordinates it has the form ds? = A(z,y)(dz* + dy?). The operator
(D.1) 0:C®(M,C) — C*™(M,R)

is given in local holomorphic coordinates by

of = 1(% +i%)dz
(D.2) 2\ 0x oy
| =5l(5 - 5) (g v o))
20\9z oy oy Ox ’
where
(D.3) u=Ref, v=Imf.
Compare this with
(D.4) D : C™(M,R?) — C°°(M, A"),
given by
E(u) = du + *dv
(D.5) v

~ (5~ gy)e+ (G + 3

where * is the Hodge star operator, and we use local holomorphic coordinates.
Related to this comparison is the bundle isomorphism

(D.6) Fp~ Ty, (u+iv)dz < udz+vdy.

Note that this correspondence intertwines multiplication by ¢ on %, with x on T7.
We also have the isomorphism

(D.7) R? =~ C, (u) — U+ .
v

These bundle isomorphisms intertwine 20 and D.
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Going further, we look at

(D.8) d® s :C®(M,\° © A?) — C(M,A"),

given by

(D.9) (d® o) (Z) = du + 6.

In this case we have the bundle isomorphism

(D.10) A° @ A% ~ R, (g) o (_25)

which intertwines D with d & §, since § = — * d* on 2-forms on the surface M.

Consequently 20 and d ® § are intertwined.
Standard Hodge theory implies that d @ § in (D.8) yields a Fredholm operator
between Sobolov spaces:

(D.11) doé: H¥(M,A° ® A?) — H*"Y(M,AY),

for all real s. In all cases the kernel is a 2-dimensional real linear subspace of
C>(M,A° ® A?), independent of s, and the annihilator of the range is a 2g-
dimensional real linear subspace of C°°(M,A'), also independent of s, namely
the space of harmonic 1-forms. In view of the intertwining observed above, this
is equivalent to the assertion that

(D.12) 0:H*(M,C) — H* Y(M,R)

is Fredholm for all real s. In all cases the kernel is a 1-dimensional complex linear
subspace of C°°(M,C), namely constants, and the annihilator of the range is a g-
dimensional complex linear subspace of C*°(M, k), independent of s, namely O(k).
One consequence of the reasoning above is the identification dim O(k) = g,
without using the Riemann-Roch theorem. Here is another useful consequence:

Proposition D.1. Let V be a complex linear subspace of H*~1(M,®). If dim
V > g, then there is a nonzero element of V in the range of @ in (D.12).

Note that if s < 1/2 we can take elements
(D.13) fi e HYM,®), suppfi={p;}, 1<j<g+1,
whose linear span has dimension g+1. We can arrange this for s € [—1/2,1/2), with

each f; having a d-function type singularity and all the p; distinct. Alternatively,
we can take s < 1/2 — k and arrange f; to have the singularity of a derivative of
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order k; < k of a delta function, and various p; could coincide. By Proposition
D.1, some nonzero linear combination

(D.14) f=aifi+-+agi1fg+1
belongs to the range of 0:
(D.15) Ou=f, forsome u€ H*(M,C).

Note that such u is meromorphic on M, with poles at p;, of order k;. This gives
an alternative proof of (B.5) (once we throw in the constants).
Let us expand a little more on the isomorphism

(D.16) v HY M) — O(k),

where H!(M) is the 2g-dimensional real linear space of harmonic 1-forms on M,
given the structure of a g-dimensional complex vector space by *. Namely, given a
(real) harmonic 1-form « on M, set

(D.17) v(a) = a+i*a.

Note that in a local holomorphic coordinate system we have
(D.18) a=udr+vdy = v(a) = (u—iv) dz,
with dz = dz + i dy. Note that

(D.19) v(xa) = xa — i = —iy(«).

The condition that o be harmonic is that da =0 and d *x o = 0, i.e.,

0 0 0 0
(D.20) guw_ovo du_ 9
oy Oxr  Ox oy
which is the condition that u« — iv be holomorphic.
Let us also look at a consequence of the fact that * : H(M) — H (M) satisfies

%% = —I and is an isometry for the L? inner product, given for 1-forms by (o, 3) =
1) v @A xB. Tt follows that there is an orthonormal basis

(D.21) aj, Bj 1<j<g

of H*(M) such that

(D.22) xa; = [, *0; = —ay.

Consequently,

(o, o) = /Oéj A B = 0jk,
(D.23) (Bj, Br) = /Oék A B = jk,
(ajvﬁk>:/ak/\aj:/ﬁk/\ﬁj:0.

In such a case,
(D.24) () = a; +if;,  v(8;) = —iv(ay).
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E. Basic results on H'(M,R)

We discuss some basic results on the deRham cohomology group H'(M,R),
isomorphic via Hodge theory to H!(M), the space of harmonic 1-forms on M. As
stated before, this is a vector space of real dimension 2g, if M has genus g. Our goal
here is to make this argument, given that M is diffeomorphic to a g-holed torus.

A g-holed torus is depicted in Figure 4. There are closed curves a; and l;k, which,
it is useful to know, generate the fundamental group m1 (M). Foreach k € {1,...,¢g}
there is a smooth map

(E.1) F: M — T? = 8! x S%,

taking a to a and by, to b, and collapsing the other holes. Now T? = S! x S!, with
coordinates (61, 62) mod 27Z, has closed 1-forms o = dfy, = dfs, such that

(£.2) [a=[s=1 [6=[a=0
a i a B

Now if we set

(E.3) a = Fia, [, = F}f,

we have

(E.4) /aj:/ﬁjzéjk, /ﬁj:/aj:O.
ag br ag br

Consequently

(E.5) {ak, B : 1 <k <g}

are closed 1-forms whose images in H!(M,R) are linearly independent, since a
linear combination that is exact must integrate to 0 over each curve aj; and bg.
In fact, we have the following.

Proposition E.1. The images of (E.5) in H'(M,R) form a basis of this deRham
cohomology group.

For the proof, it remains to show that if ¢ is a closed 1-form, then ¢ is cohomol-
ogous to ciaq + - -+ cgog +d1B1 + - - + dy By, Where

(E.6) /w=% /¢=@-

(657 bk

This is an immediate consequence of the following lemma, applied to ¥ = ¢ —
(cloq + -+ dgﬁg)-
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Lemma E.2. If is a closed 1-form on M such that

(E.7) /w:/wzo, Vk,
ar, b

then 1 1s ezact.

Proof. Fix a base point pg € M and consider

(E.8) ) = [ v

Po

If we show that u is single valued on M, we have ¢ = du. To show wu is single
valued, it suffices to show that

(E.9) / b= 0,

for each piecewise smooth closed curve v on M. The topological fact that gives this
is that {ag,bx : 1 < k < g} generates m (M), so (E.9) follows from (E.7).
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F. Uniformization when ¢ =0 or 1

Here we discuss some proofs of the following results.

Proposition F.1. If M is a Riemann surface homeomorphic to S?, then M is
conformally diffeomorphic to S?, with its standard complex structure.

Proposition F.2. If M is a Riemann surface homeomorphic to a torus, then there
exists a lattice A C C such that M is conformally diffeomorphic to C/A.

These results can be proven using the Riemann-Roch formula. For Proposition
F.1, note that, given p € M,

(F.1) g=0= dim M(—p) > 2,

so M has a nonconstant meromorphic function f with a simple pole at p. Such f
produces a map f : M — C U {oo} ~ S?, which is easily seen to be a conformal
diffeomorphism.

For Proposition F.2, note that

(F.2) g=1=dimO(k) =1, c¢(k)=0,

so there exists a nonzero ¢ € O(k), and it is nowhere vanishing. Then fp’z ¢ provides
a holomorphic covering map M — C/A’, hence a conformal diffeomorphism M —
C/A (actually A = A’).

We now discuss alternative proofs of Propositions F.1-F.2, not using the Riemann-
Roch theorem, but rather some basic PDE.

To start with Proposition F.1, following an argument presented in [MT], we pick
a Riemannian metric on M, compatible with its conformal structure. Then pick
p € M, and pick g € D'(M), supported at p, given in local coordinates as a first-
order derivative of d, (plus perhaps a multiple of §,), such that (1,g) = 0. Hence
there exists a solution u € D'(M) to

(F.3) Au = g.

Then v € C°(M \ p) and u is harmonic on M \ p and has a dist(z,p)" type
singularity. Now if M is homeomorphic to S?, then M \ p is simply connected, so
u has a single-valued harmonic conjugate on M \ p, given by v(z) = qu xdu, where

we pick ¢ € M \ p. We see that v also has a dist(z,p)~! type singularity. Then
f = u+ v is holomorphic on M \ p and has a simple pole at p, so as argued above
f provides a conformal diffeomorphism of M with the standard Riemann sphere.
Moving on to Proposition F.2, again we put a compatible Riemannian metric ¢
on M. We claim there exists u € C°°(M) such that ¢’ = e?*g is a flat Riemannian
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metric, i.e., has Gauss curvature zero. Given this, it is an elementary geometric fact
that (M, g’) is isometric to R?/A for some lattice A, and Proposition F.2 follows.
To get such u, we use the fact that if g has Gauss curvature k € C*°(M), then ¢’
has Gauss curvature

(F.4) K = (—Au+ k)e 2"
Cf. [T], Appendix C, (3.46). To achieve K = 0, we must solve
(F.5) Au=Fk on (M,g).

This has a smooth solution as long as kang = 0. Now the Gauss-Bonnet
theorem gives

(F.6) / kdS, = 2my (M) = 0,

so (F.5) is solvable and hence such a proof of Proposition F.2 works.

We mention the rest of the Uniformization Theorem for compact Riemann Sur-
faces:

Proposition F.3. If M is a compact Riemann surface of genus g > 2, then M has
a compatible metric tensor ¢ with Gauss curvature K = —1. Hence M is covered
by the Poincaré disk.

To prove this, one can start with some compatible metric tensor g and seek
g’ = e*“g so that (F.4) holds with K = —1, i.e., so that u solves

(F.7) Au =k +e 2",
A proof of such solvability, due to M. Berger, is presented in [T], Chapter 14, §2.

REMARK. Different PDE proofs of Propositions F.1-F.3 can be found in [J].

REMARK. For a different proof of Proposition F.1 (observed in [Don], pp. 112-114),

note that if M is a compact Riemann surface of genus g, then, by the analysis of
(D.12) leading to Proposition D.1 (see also (I1.3)—(1.4) below),

(F.8) 0:D'(M) — D'(M,R)
has range of codimension g. Hence, if ¢ = 0, 0 is surjective. Thus we can solve
(F.9) Bf = 0y,

where §,, is a delta function on M (adjusted to be a section of k), to get the desired
meromorphic function on M with one simple pole.
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G. Embeddings into complex projective spaces

If L — M is a holomorphic line bundle over a compact Riemann surface M and
if dim O(L) = k > 2, then, under a condition to be specified below, we can define
a holomorphic map

(G.1) ¢r: M — CP* 1,
as follows. Pick a basis uq,...,u; of O(L). Then
(G.2) 2 [ug(2),. .., up(2)]

defines (G.1). In more detail, if U C M is an open set on which there is a nonvan-
ishing holomorphic section v of L, we can define

ui(z)  uk(2)

v(z) T w(z) )

where, for z € U, u;(2)/v(z) € C, and the right side is the class in CP*~! of
(u1(2)/v(2),...,ur(2)/v(z)) € CF. For this to be well defined, we need the following
condition on L:

(G.3) or U — CP*1 op(2) = [

(G.4) For each p € M, there exists u € O(L) such that u(p) # 0.

Then for each z € U, (uy(2)/v(2),...,ur(2)/v(z)) € C*¥\0, so (G.3) is well defined.
It follows easily that (G.3) is independent of the choice of the nonvanishing section
v of L over U. Hence, for open U; to which (G.3) applies, the maps coincide on
U1 NU,, so (G.1) is a well defined holomorphic map. The following is easy to verify.

Proposition G.1. Assume dim O(L) =k > 2 and (G.4) holds. Then r, in (G.1)
18 one-to-one if and only if the following holds:

(G.5) Given p,q € M, p # q, there exist u € O(L) such that u(p) =0, u(q) # 0.
The map @1, has injective derivative if and only if the following holds:
(G.6)

Given p € M, there exists u € O(L) such that u vanishes to just first order at p.

If both (G.5) and (G.6) hold, o : M — CP*~1 is an embedding.

REMARK. Given a different choice of basis a1, ...,a; of O(L), one gets a map
that agrees with (G.1) up to a holomorphic diffeomorphism CP*~! — CP*~!. As
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a related matter, we can give a version of ¢, that avoids picking a basis of O(L),
as follows. If V' is a complex vector space, let CP(V') denote the manifold of one-
dimensional complex subspaces of V, so CP(C*¥) = CP*~!. Assume (G.4) holds.
Then, for each p € M,

L,={uecO(L):ulp) =0} C O(L)
is a codimension 1 linear subspace, whose annihilator
L'If c O(L)
is a one-dimensional linear subspace. We have

oL M — CP(O(L)), ¢rlp) =L,

Let us specialize to the case L = &, the canonical bundle, for which dim O(k) = g.
That (G.4) holds whenever g > 2 follows from Proposition 3.1. Hence, whenever
M has genus g > 2, we have

(G.7) Or: M — CPI™ 1,
called the canonical map. In case ¢ = 2, we have ¢, : M — CP! ~ S'. This is a
branched cover, but obviously not an embedding. For g > 3, we have the following.

Proposition G.2. If M is not hyperelliptic, the canonical map ¢, : M — CP9I~1
15 an embedding.

In light of Proposition G.1, to prove Proposition G.2 we need only establish the
following.

Proposition G.3. Assume M is not hyperelliptic. Then the following hold.
(a) Given p,q € M, p # q, there exist u € O(k) such that u(p) = 0, u(q) # 0.
(b) Given p € M, there exists u € O(k) with a simple zero at p.

Proof. The proof is somewhat parallel to that of Proposition 3.1. As there, we
consider

(G.8) M(k,p) = {u € O(x) : u(p) = 0} = O(r & ).

Now we also consider

(G9)  M(r.p.q) = fue Or) : ulp) = ulg) = 0} ~ Ok ® Eyry).
The content of (a) is that

(G.10) dim M(k, p) > dim M(k, p, q),
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provided M is not hyperelliptic. As seen in (3.5),
(G.11) g>1=dimM(k,p) =g — 1.

Meanwhile, the Riemann-Roch formula gives

1
(G.12) dimO(k® Eppy) —dimO(k™ ' ® Ep_jq ®@k)=rc1(k® Eptq) — e (k).

Supplementing (3.3), we have
(G.13) c1(Epyq) = =2, (K ® Epyg) = c1(k) 4 c1(Eptq).

Also O(k™ 1 ® Ep]:q R K) ~ O(Ep_ﬁq) = M(—p — q). Thus we have

(G.14) dim M(k,p,q) = dim M(—p — q) + g — 3,
and this equals (G.11) if and only if
(G.15) dim M(—p — q) = 2.

As noted in (2.24), if there exist p,q € M such that (G.15) holds, then M must be
hyperelliptic. This proves the first part of Proposition G.3.
For the second part of Proposition G.3, we consider

(G.16) M(k,2p) = {u € O(k) : u has a double zero at p} ~ O(k ® Eay),
and note that the content of (b) is that, for each p € M,
(G.17) dim M (&, p) > dim M(k, 2p),

provided M is not hyperelliptic. This is established by the same sort of arguments
used above to establish (G.11).

Similar arguments involving the Riemann-Roch formula can be used to prove
the following.

Proposition G.4. If L — M is a holomorphic line bundle such that ¢1(L) > 2g,
then the map ¢y, in (G.1) is well defined and is an embedding.

REMARK. In such a case, (A.10) implies dim O(L) =¢1(L) —g+1> g+ 1.

We turn attention to the case where M is hyperelliptic and see how Proposition
G.3 fails. Such M yields a 2-fold branched covering ¢ : M — S?. If p € M is
not a branch point, pick ¢ # p such that ¢(p) = ¢(¢). Then dim M(—p —q) > 2,
and hence by (G.11) and (G.14) dim M(k,p) = dim M(k, p, q), so ¢.(p) = ¥x(q)-
On the other hand, if p(p) # ¢(q), then any f € M(—p — q) must be constant, so
dim M(—p—¢q) = 1 and the arguments in Proposition G.3 show that ¢, (p) # ¥k (q)-
The conclusion is:
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Proposition G.5. If M is hyperelliptic, then ¢, maps M as a 2-to-1 branched
cover of its image in CP9~1,

Let’s next look at
(G.18) Q2 1 M — CP3974,
where k2 = k ® k. Note that
(G.19) c1(K%) = 49 — 4,
and O(k™2® k) = 0 for g > 2, so, by (A.1)
(G.20) g>2=dimO(x?) =39 — 3.

From Proposition G.4 we have:

Proposition G.6. The map ¢.2 in (G.18) is an embedding as long as g > 3,
whether or not M is hyperelliptic.

When g = 2, (G.19) gives c; (k%) = 4 = 2g, and Proposition G.4 does not apply.
In fact, the following holds.

Proposition G.7. If M has genus 2, ¢,» : M — CP? is a 2-to-1 branched covering
of its image.

Proof. We check whether (G.5) and (G.6) hold, for L = k?, g = 2. Parallel to the
proof of Proposition G.3, this amounts to checking whether

(G.21) dim M(x?, p) > dim M(k?,p, q)

and

(G.22) dim M (x?,p) > dim M(xk?, 2p),

where

(G.23) M(K%,p) = O(K* ® E,), M(k* p,q) = O(k* @ Epyq).

The Riemann-Roch theorem gives

1
(G.24) dim O(k* ® E,) = c1(k* ® E,) — 561(/1),
and

1
(G.25) dimO(k?®@ Epyy) =dimOk ' @ E_, ) +c1(k* ® Epry) — 561(/%),
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hence

(G.26) dim O(k* ® E,) —dimO(k* @ Epyg) = 1 —dimO(k™ ' @ E_,_,).
Given that g = 2, we have ¢;(k* ® E_,_,) = 0, and

1-dimOK*@E_,_4) =0 if Kk~ E_,_,

1 if knot = E_,_,.

(G.27)
Furthermore, when g = 2,

(G.28) k~E_,_ <= M(k,p,q) #0.

Constructions of holomorphic 1-forms made in §1 and in §H readily show that when
g=2and ¢: M — S?is a 2-to-1 branched covering, if p # ¢ € M have the same

image under ¢, there is a nonzero u € O(k) vanishing at p and q. Consequently

p#a€ M, op)=¢(q) = dimM(x? p) = dim M(x?,p, q)

(G.29) = @n2(D) = P2 (0),

and Proposition G.7 is proven.
Note that
(G.30) g=2=c1(k*) =69 —6=6, and dimO(k*) =59 —5 =75,
and, by Proposition G.4,
(G.31) Qs : M — CP*

is an embedding. A basis is O(k3) is described in §H. This follows a description of
a basis of O(x?), which leads to an alternative proof of Proposition G.7.
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H. The canonical ring of a genus 2 surface

Let M be a compact Riemann surface of genus 2. Thus M is hyperelliptic, and
there exists a 2-to-1 holomorphic branched cover

(H.1) 0: M — 5% =CU{x},

branching over six points a; € S?, 1 < j < 6. We can assume that oo ¢ {a;} and
0¢ {a,}.

Denote by k the canonical bundle over M and by O(k) the space of its holomor-
phic sections, i.e., the holomorphic 1-forms on M. In this case, dim O(k) = 2 and
a basis of O(k) is given by

d

z dp Wy =
Vi Vi@ o

(H.2) w; ="
where

(H.3) q(z) = H(z —aj).

We desire to produce bases of each space O(k"), n = 2,3,.... By the Riemann-
Roch formula,

(H.4) dim O(k") = ¢1 (k") — %cl (k) =2n —1,

when the genus g = 2. Here is a first result.

Lemma H.1. A basis of O(k?) is

(H.5) w2, wiws, w3,

Proof. The form w; has exactly two simple zeros, at ¢~ !(oc0); similarly ws has
exactly two simple zeros, at »~1(0). From this it is clear that the set (H.5) is
linearly independent. Since dim O(x?) = 3, the result follows.

Note that
(H.6) dim O(x%) = 5.
To form a basis of O(k3), we take
(H.7) W wiwg, wiws, ws,
and add a fifth element:
(H.8) W = w?dep.

This is the “Wronskian” of w; and wy. (Cf. (B.9).) The double zeros of w? cancel
the double poles of dy, and W is holomorphic, with zeros at the Weierstrass points
of M.
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Lemma H.2. A basis of O(k®) consists of (H.7)-(H.8).

Proof. Given (H.6), it suffices to show that (H.7)-(H.8) is a linearly independent
set. Suppose

3
(H.9) Z bjwiw! ™! + W =0,
§=0

We use the identities

d
(H.10) Wy =g, W= =, W= wldp = V()W

to deduce from (H.9) that
3 .
(H.11) > bielwd + ev/q(p) i =0,
j=0
hence
3 .
(H.12) > b’ +ev/alp) =0,
§=0

which forces bg =---=b3 =c=0.
The following is a natural extension.

Proposition H.3. Forn > 3, a basis of O(k™) consists of

(H.13) Wl 0<j<n, and WEOPTITRW, 0 <k <n-—3.

Proof. Given (H.4), it remains to show that the holomorphic sections of ™ listed
in (H.13) are linearly independent. Suppose

n n—3
(H.14) Z biwiw! ™ + Z crwswt 3R = 0.
j=0 k=0

Using (H.10) again, we obtain

k n—3
(H.15) Y obidel + > ad"Valp)wt =0,
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hence

n n—3
(H.16) D bt + > et Vale) =0,
j=0 k=0

which forces by =---=b, =cg=---=c¢,_3=0.
Note that
(H'17) W? = q(@)w? = q~(w27w1)7
where
6
(H.18) i(zw) = [[(z = ajw) = q(z/w)u®.
j=1

We deduce that the canonical ring

(H.19) P o)

n>0
is isomorphic to
(HQO) C[wl,wg,W]/(WZ —(7(&@,&)1)),

when M has genus 2.

For results on the canonical ring when M is not hyperelliptic, see [ACGH],
Chapter 3, §3.

We relate basic constructions done above to results on maps of M into complex
projective spaces discussed in §G. We continue to assume M has genus 2. From
(H.2) we see that

(H.21) 0 =@ : M — CP?,

where ¢ is the 2-to-1 branched covering in (H.1). From Lemma H.1 we see that

(H.22) V2 =V 0 g,
where
(H.23) V:CP' — CP?

is the embedding given in homogeneous coordinates by

(H.24) [u,v] = [u?, uv,v?].
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This observation gives another proof of Proposition G.7. From Lemma H.2 we see
that

(H.25) Qs M — CP*
is given by
(H.26) ©nz () = [L o), ()%, ), Vale))],

away from ¢~1(c0), and by

(H2T) ) = [o0) e % ee) ™ L o) Valed)))

near ¢~ 1(c0), extended by continuity to ¢ ~!(co). Two points p; # po with the
same image under ¢ (and hence under ¢, and ¢,2) have different images under
Y3, because

(H.28) q(p(p1)) = =V a(p(p2)),
and q(p(p;)) # 0. If p1 # p2 € =1 (0),
(H.29) {pws(pj) 17 =1,2} ={[0,0,0,1,¢] : ¢ = £1}.

Note also that ¢,.s descends to an embedding

(H.30) Y M — CP?
given by
(H.31) Y(p) = [1,0(p); Vale®))],

away from ¢~1(00), and

(H.32) ) = [p() 7 o) 2 () Vale ).

near o~ !(00), again extended by continuity to ¢ ~!(c0).
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I. Holomorphic vector bundles and Riemann-Roch

Let E — M be a holomorphic vector bundle over a compact Riemann surface
M. The Riemann-Roch formula in this situation is

rank F

(I.1) dim O(E) —dimO(FE' @ k) = ¢1(E) — 5

c1(kK).

Here E’ is the dual bundle to E, rank E is the complex fiber dimension of F, and,
as before, ¢1(k) = —x(M) = 2g — 2. Also,

(1.2) ci(E)=ci(det E), detE =AFE, k=rank E.

This can be deduced from the Atiyah-Singer index theorem in the same way (A.1)
is established in [T1]. To begin, one has

(1.3) 0p : C®(M,E) — C*(M,E ®F),
with adjoint
(I.4) EE:COO(M,E'GQ/@—>C°°(M,E®/1®E);

a Hermitian metric on the complex tangent space of M gives rise to a trivialization
of k@ % and a duality of L? (M, E @ &) with L?(M, E' ® k). Hence the left side of
(I.1) is equal to the index of . As in (9.14)—(9.15) of [T1], we have

(L5) Index 9 = <e—01<'€>/2 Ch(E)A(M), [M]>,

and, as there, A(M) = 1 since M has real dimension 2. Furthermore, as in (6.36)
of [T1],

(1.6) Ch(E) = Tre~ ¥/

where @ is the End(FE)-valued curvature 2-form of a connection on E. Hence

(1.7) e 1 W/2Ch(E) = ¢1(E) — gcl(n),

where k = rank E, and we have (I.1).

In [HSW] there is a different proof of (I.1). This work starts with the Riemann-
Roch theorem for line bundles, proven a la Serre (as presented in [Gun]), and then
proves (I.1) by induction on the rank of E. To do this, the following is brought in.
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Lemma 1.1. If E — M is a holomorphic vector bundle over a compact Riemann
surface, then E has a holomorphic line subbundle L.

From there the work applies homological algebra to the sequence
(1.8) 0— O(L) — O(F) — O(E/L) — 0,
which is exact on the level of sheaves, plus the fact that
(1.9) dim O(E’ ® k) = dim H' (M, O(E)),

which follows from Serre duality.
We sketch a proof of Lemma I.1, similar to that of [HSW], except we take as
already known the identity (I.1), which implies

(L.10) dim O(E) > ¢1(E) — k(g — 1).

For a line bundle . — M to be isomorphic to a subbundle of E, it is necessary and
sufficient for there to be a nowhere vanishing holomorphic section of L’ ® E. Now
(I.10), with E replaced by L’ @ E, implies

(I.11) dimO(L' @ E) > c1(L') + c1(E) — k(g — 1),
(I.12) (LY >1-c(E)+k(g—1) = dmO(L' ® E) > 1.

As noted in (A.3)—(A.6), the bundle Ey of a divisor ¥ satisfies
(I.13) c1(Ey) = —deg?.

Sp we can pick p € M and take

(L14) Lo=Epp, m>1—ci(E)+klg—1),
and then ¢;(Lj) = m, so

(1.15) dimO(Ly, ® E) > 1.

Take a section u € O(Ljy ® E), not identically zero. If u is nowhere vanishing, we
are done, with L = Lg. If not, u has a finite number of zeros, say

(I.16) Y(u) = anpj = Uy

The bundle Ey, has a natural meromorphic section v with divisor —6,,, and then
v ® u is a nowhere vanishing holomorphic section of L’ ® E, where

(1.17) L' =Ey, ® L), ie, L=FE_y ® Lg.

This finishes the proof of Lemma I.1.
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J. Stable vector vector bundles

Let E — M be a holomorphic vector bundle over a compact Riemann surface
M. The identity I is a holomorphic section of End E. For a class of bundles called
stable, the only holomorphic sections of End E' are constant multiples of I, so

(J.1) E stable = dimO(End F) = 1.

We can apply (I.1) with E replaced by

(J.2) EndE=F ®E.

Note that this bundle is isomorphic to its dual, and

(J.3) c1(End E) =0,

so (I.1) gives

(J.4) dim O(End E) — dim O(k ® End E) = k*(1 — g),
with k£ = rank E. Consequently, by (J.1),

(J.5) E stable = dim O(k ® End E) = 1+ k*(g — 1).

Given a holomorphic section A € O(k ® End E), one can form the characteristic
polynomial

(J.6) det(A\T — A) = N + a4 ag, o € O(K).
Thus we can regard
(J.7) det(A\[ — A) € O(k D --- D K").

It follows from (A.2) and (A.10)—(A.13) that

(J.8) dimO(k) =g, (cf. also (D.16))
and
(J.9) g>1,j>1=dimO(k’) = (25 — 1)(g — 1).

Hence, when g > 1,

k
(J.10) dim(k@ - @& ") =g+ (2j—1)(g—1)=1+k*(g—1),
j=2
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which is equal to the dimension in (J.5).
As an alternative to (J.7), one can consider

(J.11) det(al — A) € O(k¥), given a € O(k).

One also looks at the spectral curve of A € O(k ® End F), which consists of points
« in the total space Kk — M on which

(J.12) det(al — A) = 0.

I’'m not sure why, but this seems to connect to the area of integrable systems.
Note that we can take any holomorphic line bundle . — M and consider

(J.13) a€O(L), AcO(L®EndE), det(al —A)ec O(LF).
The special relevance of (J.11) seems to be connected to the fact that O(k®@End E)

is naturally isomorphic to the cotangent space at E of the moduli space M of stable
rank k holomorphic vector bundles over M (assuming F is stable).
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