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Chapter 1

Introduction

This thesis focus on the Bergman kernel, a reproducing kernel (determined by the complex
structure) of the space of L? holomorphic top-degree forms on a complex manifold, and
consists mainly of the following two parts!. Part I is on the relations between Bergman
kernels and potentials (Arakelov-Green function, Evans-Selberg potential, etc.). Part II is
on the variation (in particular its asymptotic behaviors) of Bergman kernels at degeneration.
Asymptotic behaviors of the variation of Bergman kernels at the limiting case can imply
(by plurisubharmonicity and convexity) quantitative relations between Bergman kernels
and potentials, which is a direct link from Part II to Part I.

1.1 Background

On a connected complex manifold X, the Bergman kernel for a line bundle L equipped
with a Hermitian metric h is defined as

B:=Y" s, (1.1)
i

where {s;}; is a complete orthonormal basis of H(X, L). Independent of choices of the
basis, the Bergman kernel plays big roles in the study of several complex variables and
complex geometry. In this thesis, we only consider the canonical bundle K, which is just
the cotangent bundle if X is a Riemann surface.

In 1972, Suita [Su| asked about precise relations between the Bergman kernel B and the
so-called logarithmic capacity ¢, and conjectured that 7B > ¢? for potential-theoretically
hyperbolic Riemann surfaces. This conjecture has a geometric interpretation that the
Gaussian curvature of the metric ¢(z)|dz| (z being the local coordinate) is bounded from
above by —4. The relation between the Suita conjecture and the extension theorem was first

Tt is organized as follows. Among the total five chapters, Chapter 1 and 2 are the introduction and the
preliminaries, respectively. Chapter 3 and Chapters 4 & 5 correspond to Part I and Part II, respectively.



1.2. QUESTION AND ANSWER

observed by Ohsawa [Oh95], who proved that 7507 B > ¢%. Via tools form several complex
variables, many mathematicians contributed to this problem [Siu, B96, Ch, B107, GZZ].
The optimal constant version of the Ohsawa-Takegoshi L? extension theorem was obtained
in [BH3], which implies that the Suita conjecture holds for all bounded planar domains in C.
Moreover, this conjecture was shown to be true in [GZ15] for the Riemann surface setting,
i.e., open ones admitting Green functions. Thus, it might be interesting to generalize similar
results to potential-theoretically non-hyperbolic cases.

As the complex structure deforms, for pseudoconvex domains the variation of Bergman
kernels was initially studied by Maitani-Yamaguchi [MY] and generalized to higher di-
mensional cases by Berndtsson [B06]. For general results on arbitrary dimensional Stein
manifolds and complex projective algebraic manifolds, see [B09, T, BP, PT]. These impor-
tant results indicating semi-positivity properties of the relative canonical bundles recently
turn out to have close relations with the L? extension theorem [OT, GZ15, Ca, BL, Oh15],
the space of Kéhler metrics [B09b], etc. For simplicity, let us consider the one-dimensional
case, namely a holomorphic family of Riemann surfaces X, parametrized by one variable
A € C. The Bergman kernel on X can be written as By = kj(z)dz A dZ in some local
coordinate z for some local function ky. Then, the above log-plurisubharmonic variation
results imply that logky(z) is plurisubharmonic in (A, z) and particularly guarantee the
following semi-positivity:

Ly, :=+V—10\0)logky(z) > 0, (1.2)

when the fiber X is smooth (see also [Fu, Gr, LY]). (1.2) is a restricted version in the sense
that we look at the transversal direction. If some X, is singular, a possibly interesting
question is to characterize L) , or logkx(z), as A approaches Ag.

1.2 Question and Answer

My PhD research goal is: on Riemann surfaces,

(A) to find relations between Bergman kernels and potentials (Arakelov-Green function,
Evans-Selberg potential, etc.), and

(B) to describe asymptotic behaviors of Bergman kernels near degenerate boundaries.

States of the art
Hérmander’s L2-estimates/
Kodaira vanishing theorem

can prove |} [Chll, BH3|, difficult!

Ohsawa-Takegoshi L%-extension == (hyperbolic) --»((A) (non-hyperbolic cases)
(with optimal constant) Suita conjecture Suita conjecture
[BL] ft can prove |} [GZ15, Ca]
Berndtsson’s plurisubharmonic --+(B) (at degeneration)
variations of Bergman kernels variations of Bergman kernels

—My project—

Y




CHAPTER 1. INTRODUCTION

(A) Relations with potentials

It is interesting to generalize the Suita type results to compact Riemann surfaces, whose
Green functions in the usual sense do not exist. However, in arithmetic algebraic geometry
it is known that on a compact manifold the Arakelov-Green function and the Arakelov
metric play important roles (with applications to string theory), similarly as the Green
function and logarithmic capacity do for a bounded domain. We first dealt with a complex
torus X; := C/(Z+7Z) (T € C,Im7 > 0), where explicit formulas for the Bergman kernel,
the Arakelov-Green function and the Arakelov metric are given by elliptic functions. In
[D14], we numerically found a universal constant independent of the complex structure.

Theorem 1.2.1. For any complex torus X, defined as above, it follows that
(i) arB > ¢, a ~ 6.2034 (c being the Arakelov metric and B being the Bergman kernel);

(il) “=7 is attainable when Im 7 ~ 1.9192.

On the other hand, we also aim to generalize the Suita type results to the potential-
theoretically parabolic case. In [D], for a once-punctured complex torus X, := X \{u}
and a once-punctured complex plane, we compared the Bergman kernel and the fundamental
metric by constructing explicitly the Evans-Selberg potential, deriving the fundamental
metric and discussing their asymptotic behaviors.

Theorem 1.2.2. Let X, be defined as above. Let B, and c;, be its Bergman kernel and
fundamental metric, respectively. In the local coordinate z induced from C, write B, =
krw(2)dz AdZ and cry = ¢ru(2)dz ANdZ. Then, as z — u, it follows that

2
WiT,u(z) ~ e |Z—’U,‘ —>0+.
cz . (2) 2-Im7

Moreover, as X, degenerates to a singular curve, we obtained the following result.

Theorem 1.2.3. Under the same assumptions as in Theorem 1.2.2, as ImT — +o0, it
follows that
K u(2) o+
— .
Z.u(2)

Either Theorem 1.2.2 or Theorem 1.2.3 implies that the Gaussian curvature the of
fundamental metric on X;, can be arbitrarily close to 07, which is different from the
potential-theoretically hyperbolic case (with an upper bound —4).

Corollary 1.2.1. The Gaussian curvature of the fundamental metric on a once-punctured
complex torus cannot be bounded from above by a negative constant.



1.2. QUESTION AND ANSWER

(B) Variations and degenerations

A possibly more interesting question is to study the variation (in particular its asymp-
totic behaviors) of Bergman kernels at degeneration.? It is known that the curvature’s
semi-positivities characterize a certain kind of convexity and are often associated with L?
estimates and extensions, and our research aims to relate to these abstract objects in a
quantitative way. The strict positivity of L) . relates to the hyperellipticity and Weier-
strass points (cf. [B11]). In general, this study is much related to the variation of Hodge
structures, especially Schmid’s Nilpotent Orbit Theorem (see [De, GrSc, KK, Sc, Zu]), and
at least three approaches work for this problem: elliptic function, Taylor expansion
and pinching coordinate.

(Elliptic curves with nodes or cusps) In the affine coordinate (z,y) € C2?, the so-
called Legendre family of elliptic curves X )(\1) = {y? = z(z—1)(z—\)}U{oo} gives a general
description of genus one compact Riemann surfaces, whose moduli space is C \ {0,1}. As
A tends to the moduli space boundary, i.e., {0,1,00}, X )(\1) degenerates to a singular curve
with a node. By using the Weierstrass-p function’s coordinate parameterization and the
elliptic modular lambda function’s Taylor expansion, we obtained the four-term asymptotic
expansion of Lg\) near 0 in [D15, D2]. We observed that L( ) coincides with the Poincaré
metric of C\ {0, 1} and has hyperbolic growth near 0 (in comparlson to the Poincaré metric
of a punctured disk). The case of other boundary points 1 and oo was studied in [D3].

Theorem 1.2.4. For A € C\ {0,1}, in the local coordinate z induced from C, write
Bg\l) = kf\l)(z)dz Ndz. Then, as X — 0, it follows that

V=1 A\ log 1 log 16 2 log 16> 1
= dMC@Q 1428 6+3<°g 6) +4<°g 6) +O<4> .
Z A2 (—log [A]?) log || log |l log | Al (log [A])

Next, we answer the following question: how about the cases of other families of elliptic
curves (degenerating to a singular one with a node or a cusp at 0) where the special elliptic
function method could not apply? The answer is that we can determine accurately not only
the leading term but also the subleading terms by a method based on the Taylor expansions
of Abelian differentials (cf. [CMSP, D4]). As a conclusion, it seems that various boundary
behaviors of the Bergman kernels on elliptic curves are determined both by the type of
singularities and by the complex structure information.

On the one hand, using the above alternative approach we then dealt with another
nodal family of curves X = {y = )(z? — )\)}, where the leading term asymptotics

of Lg\l turned out to be exactly the same as that of Lg\ll

2From now on for fixed I € Z", we denote Lg\l,)z the curvature form (defined as similarly as in (1.2) for some

local coordinate z) of the relative Bergman kernel BE\Z) = kf\l)(z)dz A dZ on the curve Xil), correspondingly.
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On the other hand, for the cusp degeneration case we further considered such family of
curves X)(\3) = {y2 = z(z? — )\)} with a constant period and thus derived that Lg\si = 0.
Moreover, we found that yet another family of curves X >(\4) = {y? =2z(z - N)(z -}

with a non-constant period is reducible to the X il) case, i.e.,

V—TdA A dX
[Al(=log [A]?)?

becomes the leading term asymptotics of Lg\g (also of LE\ZL). A possible explanation for the
appearance of hyperbolic growth might be that we can change coordinates (from x to A-x)
to make the reduction. This interesting connection between the cusp case and the node

case in some way strengthens the importance of a Legendre family.

(Hyperelliptic and general curves with nodes) For a family of genus two curves
X>(\5) = {y? =z(z — N\)(z — 1)(z — a)(z — b)} degenerating to a singular one with a non-
separating node, where a, b, A are distinct numbers in C\ {0, 1} satisfying 1 < |a| < |b], we
determine the precise coefficient as follows.

Theorem 1.2.5. In the local coordinate z = \/x on X/(\E’), write its Bergman kernel as
BY = £ (2)dz A dz. Then, as A — 0 for 0 # |z| < , /L, it follows that
A A |c2

|2 1 (&)

22

47 - |z
c1](2? = 1)(2% —a)(z* — b)|

log k:E\E’)(z) = log

+

2
C1 1
- ro )
—log [l (log [A[)?

where Co = Im {fb Vabdz }, c1 = 7 Im {7’ <%)} and T() s the inverse func—

@ gy/(z—1)(z—a)(z—b)
tion of the modular lambda function.

For general curves near both separating and nonseparating nodes, Habermann-Jost
obtained the asymptotic results for the Bergman kernel and its induced L? metric on the
Teichmuller space by using the pinching-coordinate method in [HJ] (see also [F, Ma, Y]).
Without caring precise coefficients our results can serve as alternative proofs to these known
works. Nevertheless, our results for hyperelliptic curves are based on a different method
and has an advantage that we can explicitly write down the coefficients (especially if one
wants to know how the given complex structures relate to them), which usually indicate
the geometry of the base varieties and their singularities.

By embedding each X /(\5) to its Jacobian, we observe that the curvature form of the
relative Bergman kernel metric on their Jacobians in the transversal direction has hyperbolic
growth again (see (5.4) in Chapter 5). This can be regarded as a higher dimensional
generalization of the leading term in Theorem 1.2.4.

7



1.2. QUESTION AND ANSWER

(Hyperelliptic curves with cusps, Case I) Let p(x) be a polynomial of degree at
least 2 with roots of distinct absolute values different from |A| and 0. For a family of
hyperelliptic curves X = {y =z(z? - )\)- ($)}, degenerating to a singular one with a

cusp as A — 0, our result on asymptotic behaviors of the Bergman kernel is as follows.

Theorem 1.2.6. In the local coordinate z = \/x on X>(\6), write its Bergman kernel as
B§\6) = k:/(\6)(z)dz Adz. Then, as X — 0 for small |z| # 0, it holds that

110G | O(A1) - Re (Zg:2 22@'—1))
2% - p(22)] 1+ 0(z%) '

log kg\G)(z) = log

We see that both the first two terms are harmonic in A, and the coefficient of the second
(6)

term is not necessarily positive. Also, it turns out that the Jacobian varieties of X, remain
being manifolds (i.e., non-degenerate).

M ._

(Hyperelliptic curves with cusps, Case II) For a family of genus two curves X
{y* = z(z — N)(z — A?)(z — a)(z — b) }, where a, b,  are distinct complex numbers in C\ {0}
satisfying |a| < |b|, we determine precise coefficients as follows.

Theorem 1.2.7. In the local coordinate z = \/x on X>(\7), write its Bergman kernel as
Bg) = kg)(z)dz ANdz. Then, as X — 0 for small |z| # 0, it holds that

Y 4m c b
ot 706) =10 s gy © ()

where ¢ := mwlm {7' (3)} and 7(-) is the inverse function of the modular lambda function.

In particular, we found that the curvature form L( ) - transversally induces an incomplete
metric on the parameter space. Also, both coefﬁments of the above first two terms depend

(5)

only on the information away from the cusp, which is not the case for X,”. For a family

of hyperelliptic curves X = {y* =z(z — A?)(z — X\) - p(z)} (p same as above), the result
is more or less the same. For the Jacobian varieties of these curves, hyperbolic growth
appears again as A — 0 (see the details in Chapter 5).

(Motivation, again) The following question was raised by Tsuji in Hayama Symposium
2016: Can we recover the singularity information (of the base varieties) from the results on
boundary asymptotics (of the Bergman kernels)?

(6)

Notice that in its Bergman kernel asymptotic formula, X, possesses a harmonic second

term, which differs from X §\5) and X )(\7). In order to further distinguish the latter two (with
the same subharmonic growth in their positive second terms), we see that the coefficient of

the leading term in log k§\5)(z) tends to 0, as z — 0, which is not the case for log k/(\7) (2).



Chapter 2

Preliminaries

2.1 Bergman kernel’s variation and the L? extension theorem

Let us first recall some basic notations and facts. The (negative) Green function for a
bounded domain D C C satisfies the following: !

AGp(-,z) =270,
Gp(,2)=0 on dD.

Define the logarithmic capacity of C\ D with respect to z as
cp(z) == exp lim(Gp((,z) — log|¢ — z]).
(—z
The Bergman kernel is

Kp(z) :=sup {|f(2)|* : f holomorphic in D,/ |f]2dN < 1}
D

In 1972, Suita conjectured that: wKp > CQD, for all z € D (more generally, on open
Riemann surfaces admitting Green functions), which is geometrically interpreted as

Curvepldz| < —4,

due to the Bergman-Schiffer formula

1 9
Kp=-— logep).
b=z 8,282( gep)
For some cases, such as a simply connected domain, the “ = ” can be achieved; and

for an annulus, “ > ” always holds. However, for other cases, it seems difficult to give an
answer to this conjecture by direct computations and we may need a tool. In 2013, Blocki
[BH3] obtained the following beautiful result, implying that Suita conjecture holds for any
bounded domain D C C. Guan-Zhou [GZ15] later showed that this conjecture, originally
stated for open Riemann surfaces admitting Green functions, is true.

! As a current, log |2| is related with the dirac function.

9



2.2. ARAKELOV-GREEN FUNCTION AND EVANS-SELBERG POTENTIAL

Theorem 2.1.1 (Ohsawa-Takegoshi L? extension theorem with optimal constant). Let
be a pseudoconvex domain in C*~1 x D, where D is a bounded domain in C containing the
origin. Then for any holomorphic f in Q' = Q{z, = 0} and ¢ plurisubharmonic in 2,
one can find a holomorphic extension F of f to Q0 such that

F2e9d)\ < — / FlPe=%dN.
[ )2 Jo !

As the complex structure changes, the variation of the Bergman kernels was initially
studied by Maitani-Yamaguchi [MY], who started from the Bergman-Schiffer formula and
the Hopf lemma (regarding the Green function as a defining function), and proved the
plurisubharmonicity results concerning the Robin constants and logarithms of the Bergman
kernels by using differential geometrical computations.

Theorem 2.1.2 (Maitani-Yamaguchi). Let Q be a pseudoconver domain in C, x C; with a
smooth boundary. Let By(z) be the Bergman kernel function of Q; := QN (C, x {t}). Then
log By(z) is a plurisubharmonic function on Q.

After that, generalizations of [MY] to higher dimensional cases were made by Berndtsson
[B06] using L? methods.

Theorem 2.1.3 (Berndtsson). Let D be a pseudoconver domain in C? x Cf, and let ® be a
plurisubharmonic function on D. For each t, set D, := DN (C? x {t}) and &, := ®|p,. Let

By(z) be the Bergman kernel of the space A%(Dy, ;) := {f € O(Dy)| th e %t f|? < +oo} .

Then log By(z) is a plurisubharmonic function on D.

Moreover, Guan-Zhou [GZ15] provided an alternative proof of the log-plurisubharmonic
variation of Bergman kernels in a general setting by using the optimal constant version of
the Ohsawa-Takegoshi L? extension theorem, regarded as a sub-mean-value property of
the fiber-wise Bergman kernels. Conversely, Berndtsson-Lempert [BL] showed that the log-
plurisubharmonic variation of Bergman kernels can give a proof of rather general versions
of the Ohsawa-Takegoshi theorem.

2.2  Arakelov-Green function and Evans-Selberg potential

Let Y be a connected compact Riemann surface of genus g > 1, whose Bergman kernel in
the local coordinate z is written as K = k(z)dz A dz. The Green function (in the usual
sense) does not exist on Y. However, the Arakelov-Green function g, (z) on Y with a pole
w does exist and satisfies the equation [Fa]

22 re--22)

10



CHAPTER 2. PRELIMINARIES

Definition 2.2.1. With the above motations, the Arakelov metric on Y wunder the local
coordinate w is defined as

e(w)|du]” := exp lim (g, (2) ~ log |z — w]) |duw.

The Arakelov metric has a characterizing property that its Gaussian curvature form is
proportional to the Bergman kernel [Ar, J]. Most strikingly, the Arakelov-Green function
has a clear meaning in physics, pointed out by Ooguri in his recent famous lecture notes
[Oo]. We remark that the Arakelov-Green function is identical to the usual Green function
for compact Riemannian manifolds in Riemannian geometry.

In the potential-theoretical sense, all open Riemann surfaces can be classified into two
types, namely hyperbolic ones and parabolic ones. The latter case happens if and only if
there exists no Green function, or equivalently there exists no non-constant subharmonic
function bounded from above. On a potentially-parabolic Riemann surface R, there exist
a function ¢ called an Evans-Selberg potential. Also, it is known that the parabolicity
condition is equivalent to the existence of the so-called Evans-Selberg potential, which is a
harmonic function with one negative logarithmic pole such that this function tends to 4o0
near the boundary [Ev, Se, Ku, Na62] and plays similar roles as a Green function does on
a potentially-hyperbolic Riemann surface. Typical examples of parabolic planar domains
are the whole complex plane C, finitely-punctured complex planes, and C\ Z. Let us start
with the definition of an Evans-Selberg potential [SN, p.351], [SNo, p.114].

Definition 2.2.2. On an open Riemann surface ¥, an Evans-Selberg potential E4(p) with
a pole q € 3 is a real-valued function satisfying the following conditions:

(i) For allp € £\ {q}, Eq(p) is harmonic with respect to p,

(i1) Eq(p) —logle(p) — ¢(q)| is bounded near q, with ¢ being the local coordinate,

(13i) Eq(p) — 400, as p — aoo, the Alexandroff ideal boundary point of X.

Moreover, if this potential is symmetric in (p, ¢) and regarded as a function on ¥ x X,
then E(p, q) := E4(p) is called an Evans kernel, whose existence is due to Nakai. Two Evans
kernels with the same prescribed singularities at the boundary are up to an additive constant
by the maximum principle of subharmonic functions. Importance properties of an Evans
kernel are its joint continuity and uniform convergence, implying that it is approximable
by Green kernels [Na67].

Proposition 2.2.1 (Nakai). Let E(p,q) be an Evans kernel on ¥, and G¢(p, q) the negative
Green kernel on ¥y := {p € ¥ |E(p, qo) < log N} with a fized qo € ¥.. Then

E(p,q) = ,m (Gi(p, q) + log Ny) (2.1)

uniformly on each compact subset of ¥ x ¥, where Ny = N (t,qo) is increasing in t > 0 and
N; /400, ast — +oo.

11



2.2. ARAKELOV-GREEN FUNCTION AND EVANS-SELBERG POTENTIAL

This is useful for computing some explicit formulas of Evans-Selberg potentials. Thus,
it seems desirable to determine the Evans kernel by (2.1) as long as explicit formulas
of Green kernels are known. Meanwhile, the above ¥; and IV; are attainable in some
special cases. Next, we recall the definition of the so-called fundamental metric, which is a
non-compact counterpart of the Arakelov metric. For a potential-theoretically hyperbolic
Riemann surface, the fundamental metric is just the Suita metric.

Definition 2.2.3. On a potential-theoretically parabolic Riemann surface X, the funda-
mental metric under the local coordinate z is defined as

c(z)|dz|? :== exp liLn (Eyw(z) — log |z — wl) |dz|?,

where E,,(z) is an Evans-Selberg potential on X with a pole w.

For general potential-theoretically parabolic Riemann surfaces, it is known [McV] that
the Gaussian curvature form of the fundamental metric is

2

_48w8w

logc(z) = —4nk(z)(<L 0), (2.2)

where k(z) is the coefficient of the Bergman kernel (1,1)-form under the local coordinate
z. In the case of C\ {0}, it holds that k(z) = 0 and then the Gaussian curvature of the
fundamental metric is identically equal to 0. Let’s then recall some properties on isolated
singularities (cf. [B, Ro]).

Proposition 2.2.2 (Removable Singularity Theorem for a harmonic function). If u is
harmonic and bounded on the punctured disc {z € C : 0 < |z| < 1}, then it extends to a
harmonic function on the disc.

Proof. Without loss of generality, we may assume that u is harmonic on the closed disc.
According to Poisson Integral Formula, the function defined by

_ 12> d¢
v(2) .—|/ U(OK—ZPZW\/TIC’ |z| < 1
¢l=1

and v(z) := u(z) for |z] =1 is a continuous solution of the Dirichlet Problem

Av=0, |z]<1
v=u, |z|=1L1

Therefore, for any € > 0, we consider a new harmonic function V(z) := v(2) — u(z) +
€ -log |z| defined on 0 < |z| < 1. Obviously V(z) = 0 when |z| = 1. And since u is bounded
near 0, we have V(z) — —oco as |z|] — 0. By Maximum Principle, we know V' < 0 when
0 < |z| < 1, which means v(z) —u(z)+e€-log|z| < 0. Then letting e — 0, we get v(z) < u(z),
when 0 < |z| < 1. By interchanging the roles of u and v, we will get u < v. Therefore,
u(z) = v(z) when 0 < |2z| < 1 and thus v is an extension of u to the disc. O

12



CHAPTER 2. PRELIMINARIES

A generalized version of the above proposition, for a subharmonic function, can be
described as follows (cf. [Ra, thm 3.6.1]).

Proposition 2.2.3 (Removable Singularity Theorem for a subharmonic function). Let U
be an open subset of C, let E be a closed polar set, and let u be a subharmonic function on
U — E. Suppose that each point of UNE has a neighborhood N such that u is bounded from
above on N — E. Then u has a unique subharmonic extension to the whole of U.

Now let’s go back to a harmonic function, and the following proposition (which can
imply Proposition 2.2.2) describes its behavior near each singularity (cf. [ABR, p. 50]).

Proposition 2.2.4 (Béchner’s Theorem). Let D be a domain in C, let w € D, and let h be
a positive harmonic function on D — {w}. Then —h extends to be a subharmonic function
on D, and there exists a harmonic function k on D and a constant b > 0, such that

h(z) = k(z) —blog |z —w|, z€ D — {w}.

2.3 Existence of holomorphic and harmonic objects on Rie-
mann surfaces

It is known that there exists no non-constant subharmonic function which is bounded from
above on C, on a finitely-punctured complex plane, or on C \ Z. For the existence of
nontrivial L? harmonic and holomorphic 1-forms on an open Riemann surface, see [Dod,
Oh87].

Base point freeness

Here we recall a basic and known fact saying that on a compact connected Riemann surface
of genus g > 1 the Bergman kernel never vanishes (for the case of a complex torus X, :=
C/ (Z + TZ), a global coordinate can be induced from the complex plane and the Bergman
kernel can be locally written as ﬁdz/\dé, which is positive since ﬁ > 0.), which is true
because the canonical bundle is base point free (see the following proposition). Without
using the Riemann-Roch theorem, we present a simple proof, since it plays a key role in
the construction of the Jacobian embeddings.

Proposition 2.3.1. Let X be a compact connected Riemann surface of genus g > 1. Then,
for each p € X, there exists a holomorphic 1-form s on X, such that s(p) # 0.

Proof. Let us assume that ¢ > 1. For any p € X, denote m, the sheaf of germs of
holomorphic functions on X vanishing at p. Denote O the sheaf of germs of holomorphic
functions on X. Then it holds that O/m,, = C,, where C,, is the skyscraper sheaf. Taking
the canonical bundle K on X, one can get the following short exact sequence of sheaves,

0-Komy K20 -"5K®C,—0,

13



2.3. EXISTENCE OF HOLOMORPHIC AND HARMONIC OBJECTS ON RIEMANN
SURFACES

where ¢ and r are inclusion and restriction maps, respectively. And a long exact sequence
of cohomology groups can be induced, namely

0— HYX,K®m,) - H(X,K®0) % H(X,K ®C,)

= HYX,K ®@m,) = HY(X,K ® 0) % HY(X,K ® C,) — 0.

Firstly, we know that H'(X, K ® C,) = 0 and H°(X, K ® C,) = C, since C, is the
skyscraper sheaf. Secondly, since every holomorphic function on X is a constant func-
tion, we know that H'(X, K ® 0) = H°(X,0)* = C by Serre Duality theorem (here *
denoting the dual of a given space). Again by the Duality theorem, H'(X, K ® m,) =
HO(X, (mp)*)* = HY(X,O0(—p)*)* = H(X,O(p))*, where O(—p) = (m,) is the sheaf asso-
ciated to the divisor —p (taking value —1 at p and 0 otherwise). Therefore, the long exact
sequence can be re-written as

0— H'(X,K ®@m,) - H(X,K) ™ C = H(X,0(p))* 2 C 2 0.

By definition, all constant functions (having non-negative orders everywhere) are con-
tained in O(p). So it holds that dim H°(X, O(p)) > 1. Next, we claim that dim H°(X, O(p)) >
1 is impossible.? If not, then there exists a meromorphic function f with a simple pole at p
and no other poles. However, a non-constant holomorphic map from X to P! must have de-
gree > 1, since g > 1. This is a contradiction. Finally, we know that dim H°(X, O(p)) = 1
and therefore HY(X, O(p))* = C. Now, the long exact sequence can be re-written as

0— HYX,K®m,) - H'(X,K) "5 C > C -2 C 20

By the exactness, C = ker(ry) = Image(tz), so 1o is surjective. By the fundamental
homomorphism theorem, one gets that ker(.2) = {0}. By the exactness once more, it holds
that Image(s) = {0}. In particular, for 1 € C, ¢ maps 1 to 0. So, 1 € ker(s) = Image(r;).
Therefore, there exists a s € HY(X, K) = QY(X), such that s(p) = r1(s) = 1. O

An even simpler proof by using Riemann-Roch theorem can be found in [Bo]. Sim-
ply by removing finite points from the above compact Riemann surface, we will obtain a
potentially-parabolic (open) Riemann surface, whose Bergman kernel is the same as the
original compact one, since every L?—holomorphic function can be extended over those fi-
nite points. Sometimes, the non-compact version of this classical result is named “Virtanen
theorem” [Alh-Sar]. Therefore, it makes sense to take the logarithm of the Bergman kernel
(since it is positive) and further consider its variations. The Hodge star operator does not
depends on the choice of the basis. Serre duality has a version for non-compact manifolds.
The Hausdorffness and the closed-range properties are in some sense equivalent.

2The author thanks Prof. R. Kobayashi for clarifying this point.
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Parabolicity (potential-theoretical)

Proposition 2.3.2 (Parabolicity of C). There exists no non-constant subharmonic function
which is bounded from above on C.

Proof. Its proof can be more or less similar to that of Proposition 2.2.2. Suppose there
exists a subharmonic function w, which is bounded from above and defined on the whole
complex plane C. We are able to show that it must be a constant function. The idea is

to define a new function v := u — elog |z|, outside the unit disc. Finally, taking a limit
as € tending to 0, one will prove that the maximum is attainable inside C. By maximum
principle, one concludes that w is constant. O

Theorem 2.3.2 and Proposition 2.2.2 naturally yield the following Proposition.

Proposition 2.3.3 (Parabolicity of C \ Z). There exists no non-constant subharmonic
function which is bounded from above on C\ Z.

Proposition 2.3.4. For planar domains D C C, the following conditions are equivalent:
(i) D admits no Green function,
(i) D admits an Evans-Selberg potential,
(i) D = C\ E, for some polar set E,
(iv) The logarithmic capacity of C\ D is 0.

Definition 2.3.1. A once-punctured complex torus X, = X;\{u} is an open Riemann
surface obtained by removing one single point u from a compact complex torus X..

Proposition 2.3.5. There exists no non-constant subharmonic function which is bounded
from above on Xil) \ {o0}, for A € C\ {0,1}.

On the one hand, the above theorem on the parabolicity of an once-punctured torus can
be easily generalized to arbitrary once-punctured compact Riemann surfaces (since certain
harmonic functions can always be constructed), and by Removable Singularity Theorem it
can be even generalized to arbitrary finitely-punctured compact Riemann surfaces. On the
other hand, the parabolicity could follow straightforwardly from the Removable Singularity
Theorem, but the proof (by using Maximum Principle and finding a harmonic function)
works for an open Riemann surface X of infinitely many genus, as we will see below.
Equivalently, we could say that X admits an Evans-Selberg potential.

Proposition 2.3.6. There exists no non-constant subharmonic function which is bounded
from above on the algebraic curve X = {(y,:v) € C? ’yQ =z, (1 — x2/n2) }

Sketch of proof. The idea is by contradiction and suppose there exists a subharmonic func-
tion u which is bounded from above on X. On X, we define a harmonic function

fy,x) = { . = <1

log |x|, |z|>1,
and consider v := u—ef. Taking a limit as € tends to 0, one will prove that the maximum is
attainable at the “lift” of the unit circle (away from the boundary). By Maximum Principle,
one concludes that w is constant, similar as the proof of Proposition 2.3.2. O

15
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2.4 Bergman kernel by Riemann period matrices

It is known that for an elliptic curve E := {y? = px(z)}, pa(x) being a polynomial of x
depending on A of degree 3 or 4, there exists a globally defined basis w := dx/y for the
Hilbert space of L? holomorphic 1-forms. Locally, w (which depends on A,z and %) may
be locally written under some u-coordinate as w = fy(u)du, where f)(u) is a holomorphic
function in w € C. After normalizing by the L? inner product wg := C;O'5w will then
become an orthonormal basis of that Hilbert space, where

v—1
C ::2/(,0/\0.1 >0 (2.3)
E

is a positive real number depending only on A. By definition, the Bergman kernel of the
canonical bundle on F is just

locally

Kyi=wo A =0y - wAw Oyt A (w)Pdu A da,

a (1,1)-form with coefficients depending on both A and the local coordinates. If one makes
a change of holomorphic coordinates for the Bergman kernel, then the determinant of the
Jacobian (a harmonic term) is multiplied but killed by the 950\ operator. In other words,

8,\5,\ log C)Tl = 8)\5)\ log k‘)\(-), (2.4)
for any local coefficient k) (-) of the Bergman kernel. (2.4) shows that only C matters for

the curvature form, and thus from now on we will focus on the asymptotic behaviors of C)
as A — 0. The following figure illustrates the degeneration of an elliptic curve.

2
u'-1
60 I_=z,=%u

Figure 2.1: Degeneration of a torus (figure from [GJKK])

A Legendre family of elliptic curves

Particularly, if py(z) := z(x — 1)(z — X), A € C\ {0, 1}, we get a Legendre family of elliptic
curves X,. For small A — 0, a double covering of the Riemann sphere can be made by
cutting itself from 0 to A, and from 1 to co. Then, we get two cycles § and v forming a
homologous basis of the elliptic curve, and containing {0, A} and {\, 1}, respectively. It is

known that f
ckzlm</7w./5w):1m<f;w). [
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Proof of (2.5). Firstly, consider the path integral p(-) := fZO w defined on a parallelogram
X cut With two sides A and B, which are identified in order to obtain X (regarded as
a complex torus). Notice that p is well-defined (independent of paths) and holomorphic,
since w is a holomorphic 1-form and X ¢yt is simply connected. Also, (by Cauchy Integral
Theorem) p(-+ A) — = [swand p(-+B)—p(-) = fvw, implying p is not doubly periodic
on X ). Moreover, 8— f)\( ), for some local u-coordinate and thus dp = w. Secondly, we
make the following computation
d(p-w) =0pANw+p-0(fa(u)du) =wAw,

and apply the Stokes formula to it on X ¢u. Thirdly, it follows that

/ p‘w:/ d(p'w):/ w/\w:/ w AW,
OX\ cut X, cut X, cut X\

which implies that

0<Cy =

/ p(u) Fr(w)di — / p(u+ B)fa(u + B)du
)

)

+ [ ot G A | plu) G

o

(p(e) o+ B T+ [ (pla-+ 4) = pla) mwdu)

(- fe) e [([«) 5e)
5 ([ fo foe o) ([ fo) @

To get asymptotlc behaviors of the Bergman kernel as A — 0, we may change variables
by setting t = + and let ¢ (the inverse of A) tend to oo. For large ¢, denote § a circle

containing pomts {t,00} (on a Riemann sphere this is equivalent to say that —4 contains
points {0,1}). Similarly, we denote ¥ a circle containing points {1,¢}.

Other families of elliptic curves

Firstly, if p(z) = (z — 1)(2? — )), on the elliptic curve X} (A € C\ {0,1}), é is a big circle
centered at the origin containing —v/A and v/, and ~ contains VA and 1. Secondly, if
p(x) = x(z? — \), on the elliptic curve Yy (A € C\ {0}), § contains —/X and 0, and v
contains 0 and v/\. Thirdly, if p(z) = z(x+\)(z—A2), on the elliptic curve Y} (A € C\{0}),
§ contains —\ and 0, and ~ contains 0 and A\?. Lastly, the Hodge-Riemann bilinear relations
(2.5) hold for all these above cases.

17
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Higher-genus curves

It is known that for the genus g > 2 hyperelliptic curve X, := {y?> = Py(x)}, where
Py (z) has distinct roots A, a;, and A € C\ {0,U;a;}. There exists a globally defined basis
wy = dx/y, we = xdz/y, ... , wy = 29 'dx/y for the Hilbert space of L? holomorphic
1-forms. By definition, the Bergman kernel is the sum of orthogonal base wedging their
conjugates. In this case, one needs to orthonormalize the base w; by L? inner products using
the Gram-Schmidt process. There is an equivalent definition of the Bergman kernel (also
called canonical kernel), which uses the Riemann period matrix. Any hyperelliptic curve
can be obtained as a double covering of the Riemann sphere, cutting itself at the intervals

[0,1], [a,b], ... , [A 00]. We get two types of cycles d; and -y; which forms a homologous
basis of the curve, and their intersection number is d; - v; = 1, for 7« = j. Each ¢; is a circle
containing the interval [0,1], [a,b], ... , and [X, 0o] respectively. Each ~; switches from one
sheet to another. Then there are two g x g matrices defined by
f61w1 f52w1 fagwl
Jsywe2 [s,w2 oo [5 w2
AN~ | " ’ =t {aij}
f51 Wy f52 Wg ... fég Wy
and
n WS W f”/g w1
w3 w2 w2
By~ | " " " =:{bi;}
f% Wy fvz Wy ... fvg Wy
The matrix A is invertible. If one defines a new matrix
Z:=A"'B,

then it can be checked due to the Hodge-Riemann bilinear relation and the Stokes formula
that Z is symmetric and has a positive imaginary part, i.e., Im Z > 0. Thus, the Bergman
kernel is equivalently defined as

g
Ky:i=> ((m2) )ijwi A
i,j=1
For fixed a,b, ..., it is true that w; depends on z,y and A. Under some s—coordinate

we may write w = f)(s)ds, where f)(s) is a holomorphic function in s € C. Also, f(s)
is a holomorphic function in A since {X,}, is a holomorphic family of curves. Thus,
the Bergman kernel is a (1,1)—form with coefficients depending on both A and the local
coordinates. And after changing coordinates, the coefficients of the Bergman kernel are
up to additive harmonic functions with respect to both the parameter A and the local
coordinate. In other words, 0)\0y log kx(-) is well-defined. The following figure illustrates
one possible degeneration (with a non-separating node) of a genus two curve.

18



CHAPTER 2. PRELIMINARIES

u -1

Figure 2.2: Degeneration of a genus two curve (figure from [GJKK])

2.5 General steps and approaches to solve our problems

To solve the problems in Chapter 1, we start from simpler examples such as a family of
complex torus or genus-two compact Riemann surface, and then going to higher genus or
dimensional cases based on previously obtained results.

Step 1. Genus-one (elliptic function)

From [Ah, p.264], we know that the elliptic modular lambda function A = A\(7) gives a
one-to-one conformal mapping of the region

1 1
Q:Z{TGC‘O<RGT<1, ]7—2]>2,Im7>0}

onto the upper half plane H. Also, this mapping extends continuously to the boundary
in such a way that 7 = oo corresponds to A = 0. Let € be the reflection of Q with
respect to the imaginary axis, then Q and € together correspond to C\ {0,1}. In other
words, Im7 — +00 corresponds to A — 0. Since A is conformal, so is its inverse function
7=A"1:C\{0,1} = QU Thus, for any fixed A € C\ {0,1}, there exists a complex
number 7 € QU Q' C H. Using 1 and this 7 (7 € C, Im7 > 0) as a lattice one can get a
complex torus, denoted by 77 := C/ (Z + TZ).
The Weierstrass-p function with respect to the lattice (1, 7) is defined to be

o= 5 ()

w#0

where the sum ranges over all w = nj + na7 except 0, and ny,ng € Z. Letting e; 1= p (%),

ez = (%), es := p (T), then according to [Ah, p.277], we know that the Weierstrass-p

function satisfies
©'(2)? = 4(p(2) — e1) (p(2) — e2) (p(2) — €3)

Now change the variables, by setting

_ pz)—e
e1—es
— L)S
2(e1—e2)2
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We can check that y? = z (v — 1) (:c e 62) Then the elliptic modular lambda func-

e;j—e

tion A(7) := 2:23, which is conformal, can identify X, with a complex torus 7. Since

the area of the parallelogram obtained from the lattice (1,7) is Im 7, the normalized holo-
morphic 1-form is just \/lidz By deﬁnition the Bergman kernel B; on T’ is written as

(z) = r--=. Taking derivatives, one gets that

9*(logkx(z))  0%(—logIm 7)

Iy, := 2 = _
A ONOX NN
CPlog(5E)  0EE KA
ONOX B ) '

Since 7 := A~! is holomorphic, implying that % = 0, it holds that

VEE R ) _ (-7 - 250

l>\ _ T—T OA\2¢/—1 _ _ X N
. o)) 152 (1 —7)2
I o kit e B
(1 —7)2 (tr—7)2 4(ImT7)2’

Notice that (7 — 7)? = 4(Im 7)2 < 0. Next, by the inverse function theorem, it holds
that 7/(b) = (A1) (b) = /\,(a) for any b = A(a) (here X' being the derivative of A\ with
respect to 7). Therefore, we have

72 1
4Im7)?  4(Im7 - [N (7)])?

l Az = > 0. (2.6)

The above inequality holds due to the fact that the derivative of the elliptic modular
la}nbda function is nowhere vanishing in the domain of definition. Thus L) , = /=11y , dAA
d\ is a true metric on the moduli space, i.e., Ly, > 0, for every A € C\ {0, 1}. Moreover,
it holds that

02 |7_/‘ |T/|2
log = — .
8)\8)\ 2-ImT7 (Im )2
Next, we introduce two more parameters « := —% and 8 := 7 — 1, both of which have

positive imaginary parts as long as Im7 > 0. As 7 — 0 or equivalently as A(7) — 1, it
follows that Im o — 400 and A(«) — 0. By the definition of «, it holds that

-1 v—1I —
ImT:Im< ) :Im< ma2 Rea) =Ima-|7]% (2.7)
Rea+v—-1Ima ||

Similarly, as 7 — 1 or equivalently as A(1) — oo, it follows that 8 — 0. Since Im = Im 7,
we know that Im 8 — +oo implies A(7) — 0.

Alternatively, one can also use the Taylor expansion of the Abelian differential dz/y to
study elliptic curves.
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Step 2. Genus-two

Let us consider X, = {y? = z(x — 1)(z — a)(z — b)(z — ¢)}, which usually represents a
genus-two compact Riemann surface (nonsingular), parametrized by three distinct complex
numbers a,b,c € C\ {0,1}. However, as a,b, c tend to 0 or 1 or co, or towards each other,
Xap,e will become singular. dx/y and zdx/y forms an orthogonal basis for the space of
square-integrable holomorphic 1-forms, and after the Gram-Schmidt process we are able to
get the Bergman kernel K, .. For the Arakelov metric, formulas for genus-two compact
Riemann surfaces are known due to Bost, Mestr and Moret-Bailly.

Step 3. Hyperelliptic

As a natural generalization of the genus-two case, a genus g (> 2) hyperelliptic compact
Riemann surface X may be written as {y?> = P(x)}, with P being a polynomial of degree
> 4. The moduli space of X are of dimension 3g — 3. We can use the Taylor expansions of
the Abelian differential for this case.

(Local coordinates near a node) For X&lo) = {y?* =z(z — \)-p(z)}, which is a

family of hyperelliptic curves degenerating to a singular one Xéw) with a non-separating
node, as A — 0, the local coordinate near x = 0 can be given by z = /. Thus, it holds
that « = 22 and dx = 2zdz, which gives that

2220-1(z
wj = .
(22 = A) - p(2?)
Therefore, in coordinate z the Bergman kernel can be written as
9 2(i—1) . z2(j-1)
_ 4z Z _ 10) _
Im 1Zi~ dz/\dz::k'( z)dz N dZ.
2 I DT =y ) A )

,j=1
In particular, any genus two compact Riemann surfaces is hyperelliptic, and its Bergman
kernel near the node (0,0) in coordinate z is written as

(Im™ ' Z)11 + (Im™ 2) 1922 4+ (Im ™" Z)a1 - 22 + (Im ™! Z)go)2[*

v RN CENCEDICEY]

dz N dz. (2.8)

(Local coordinates near a cusp, Case I) For X gﬁ), similarly, it holds that
22201z
wj = .
(24 = A) - p(z?)

Therefore, in the coordinate z near the cusp (0,0) the Bergman kernel is

g 20i-1) . 52(-1)

_ 4z Z _ _

> (Im™" Z);; Ty = K9 (2)dz A dz.
=1
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In the genus two case, the Bergman kernel can be written as

(Il’nfl Z)11 + (Imil Z)12§2 + (Imfl Z)Ql . 22 + (Imil Z)22’2‘4

= 7 — V(2 —a)(2 — )

dz N\ dz. (2.9)

(Local coordinates near a cusp, Case II) For X /(\8), similarly, it holds that

2220~
V(=N (2= 22) - p(22)

Therefore, in the coordinate z near the cusp (0,0) the Bergman kernel is

wj =

g 2(i—1) . 52(j—1)
4z Z
-1 s —. 1.8 =
g (Im™" Z);; R RSy 'p(22)|dz NdZ =: k)" (z)dz N dZ.
1,7=1

In the genus two case, the Bergman kernel can be written as

(Im™' Z2)11 + (Im™! 2) 1222 + (Im ™" Z)9; - 22 + (Im ™" Z)ga]2|*

. (2= N = ) —a)( )]

dz A dz. (2.10)

Let us then recall some Taylor expansions. The Taylor expansion of the function \/11_7

for z near 0 € C says that ﬁ =1+35+ % + O(23). When |a| < |s|, it holds that

1 1 a 3a’® ad
=—R14+—4+—4+0(—=5) ;.
s—a \/5{ +2<<>’+852+ (33)}

As |s| < |al, it holds that

1 1 s 352 83
= N1+ —+— —) . 2.11
Vs—a v/—a < * 2a + 8a? +0( )> (2.11)

Step 4. General curve

For general curves, we could use the pinching coordinates near a node, namely {zy =
A}, as A — 0. The advantage of a pinching coordinate is that it does not prescribe the
complex structure and it works not only for non-separating but also for separating nodes.
A complementary method is that any curve can be embedded into its Jacobian variety,
and the Bergman kernel is just the pull-back of the flat metric there. By Riemann theta
function, the asymptotic behavior is desirable.
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Chapter 3

Bergman kernel and potentials

For any complex torus, we compute via elliptic functions the ratio of the Bergman kernel
and the Arakelov metric, and obtain a sharp positive lower bound. For a once-punctured
complex torus, we compare the Bergman kernel and the fundamental metric, by construct-
ing explicitly the Evans-Selberg potential and discussing its asymptotic behaviors. These
works aim to generalize the Suita type results to potential-theoretically non-hyperbolic
Riemann surfaces.

3.1 Bergman kernel and Arakelov-Green function: compact
Suita conjecture

A complex torus

Since compact Riemann surfaces can be classified by the genus, we will first deal with
a complex torus, which is denoted by X, := C/(Z + 7Z), where 7 € C and Im7 > 0.
Consider the Hilbert space of L2-integrable holomorphic 1-forms on X, and we know that
the Bergman kernel of X by definition is the (1,1)-form

1
Kx.(2) = Im 7

dz N\ dz,
where z is the local coordinate induced from the complex plane C.

The Arakelov-Green function g(z,w) : X; x X; — R with a pole w € X, satisfies that

82g(z,w T
() T = —F e on X\ {ws
(b) g(z,w) =log|z —w|+ O(1), as z = w;
(©) glw,w) = —co.

And it can be expressed as (see [We])
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101](z — w + 575 7)
Inll(7)

Here 0(z;7) := .02 exp(min®T + 2winz) is the theta function and

n=—oo
[e.e]

g(z,w) = log (3.1)

is the Dedekin-n function, where we denote exp(mit) by ¢. Here it holds that
161l + iy; ) = VIm 7 - "™ |G(z + iy; 7],

and

Inll(7) = VIm 7 - |n(7)].

Substituting these into (3.1), we will get

2
4Im7_'e—7r(lm(z—w+%)) /ImT'|0(Z_'UJ+H_TT;7—)|

VIm 7 [n(7)]

9(z,w) = log

e ) gz g 1)
()
exp(—m(Im (z — w+ 3))*/Tm 7) - [9(z — w + 57 7))
g7 - T, (1= ¢2)]

=log

=log

0(z —w+ 1475 7)) T T\ 2 01(z —w;q)|  m- (Im(z — w))?
—1 ~ T (mz—w+ D)) =1 .
©8 In(T)] ImTt ( m(z—w+ 2)) o8 n(T) ImT ’
where 6 is defined in (3.2). From [Mu, p.17], it holds that
lbr o1 L 1y P |
0(z + 5 ;7) = exp( i mi(z + 2)) nz_:ooexp(m(n + 2) T+ 2mi(n + 2)(2’ + 2))

Applying Jacobi triple product (cf. [Ap, Theorem 14.6]), since ¢ = exp(mit), we know

(m-wt ) o0
g(z,w) =log | e T - |2gs sin(m H 1 —2cos(2m(z — w))g*" + ¢*™)

n=1

1 1
. —Zm'T —mi(z —w+ 2))‘
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By definition, it follows that

ex,(2) = exp lim (g-(2,w) — log|z — ul)

—r (Im (szJr%)) :

g O 126 sin(r(z — w) [T, (1~ 2cos(2m(z — w))g*" 4 gm)el i)
w—z |z — w|
)2 = 1 1
—exp (M (3) /i T g g1/6 110 —¢*? exp(—mir — mi(5))]
n=1

ImT | ‘ (1 - q2n)2’ . expglm T

8

_T _T
—exp 4MT .97 .¢7

n=1

T oo
=2 - exp(_gImT) - H(l —¢™M)? =2 - (7))

n=1

To acknowledge the relations between mKx_ and C?XT, we define their ratio as a new
function and get that

1

K -
F(r):=log T QXT = log — ImOOT
X, Ar? o7 5T T (1 — ¢27) Y|

1

Im 747 - €73 1™7| 12, (1 —g?)4

o
= —log(Im 747 -e 3 ™7 JT(1 - ¢>)))

n=1

= log

= —log(Im 7) — log(4m) + gImT - 4Zlog|1 —q*".

n=1

With the help of computers, we obtained that F'(7) > —1.8251 and therefore exp F(7) >
0.1612, V7 € C(Im7 > 0). This means for any complex torus, the following inequality
always holds:

anKx, > ck , a= 6.2034.

Figure 3.1: The 3D-graph of F(7)
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And the “ =7 is attained when Im7 &~ 1.9192 (explicit programs for this numerical
optimization attached below). In the proof, the following property is used.

o0
Proposition 3.1.1. The infinite product H(l + a,) converges absolutely if and only if

n=1

Z an converges absolutely.

n=1

Since the last term of F(7) converges and tends to 0 as Im7 — o0, particularly we
obtain the following corollary.

Corollary 3.1.1. It follows that

K
lim —5 = too.
Im7r—400 C

This result can be read as: For this special torus, the above a can be close to 0.
Remark If we denote

o0
011(z;q) == —2g"/* sin(7mz H (1 —¢*")(1 —2cos(2m2)¢*™ + ¢*"),

then the Jacobi triple product will yield that

147
2

1))19(,27 +

5 ;7).

1
011(z;q) = exp(zmﬁ' + mi(z +
Therefore, we could also rewrite

*“(’T”(Z*w*%))Q 1. ) 1
Tm7 |011(2 — w; q) - exp(—3miT — Ti(z —w + 3))|

1
lqiz - [[h2q (1 —¢*)|

g(z,w) = log ‘

Programs on MATLAB.

To make this paper complete, we attach here the explicit programs, to get the numerical
results concerning F'(7) defined above, running on MATLAB. We first define a function
called test(x,y,N) as below:

function f = test(x,y.N)
for

s{kl log{cbs{l -exp (pi*(-y+x*1i)) A (2%]));
end _

f= —2*Iog|{y] - log(4*pi) + pity/3 - 4*sum{s];
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CHAPTER 3. BERGMAN KERNEL AND POTENTIALS

Then we make the following computations:

function [f.a,b] = myplot{x,y.K.M.N)

if nargin<5, N =100;
if nargin<4, M = 100;
end;

end

X = linspace(-x.x,M);

Y = linspace(0,y,N);
[X1,Y1] = meshgrid(X.Y);
[m.n] =size(X1);

fori=1:m

forj=1:n
F(i.j) = test(X1(i.]).Y (i) K);

end

end

mesh(X1,Y1,F};

[F1.i] = min(F);

[fi] =min(F1);

i=i(j);

a=X] i,i}:

b=Y1(i]

Here [—z, z] x [0,y] forms the region where we plot the 3D-graph of F(7). f represents
the minimal value on it for F(7), achieved when 7 = a + bi. And K, chosen to be large
enough, denotes the total times of summation needed to get the desired precision.

To run this program, we may first choose the appropriate z*, y* and K*. Then it suffices
to type into the command window:

> [f,a,b] = myplot(z*, y*, K*) <K

Method of Mathematica
The Arakelov-Green function on a complex torus X, defined as above with a pole w satisfies
the equation
ok 1
gw(Z):ﬂ-(é(z_w)_ )7

020z 2 Im~
and can be expressed via the theta function as

o 01(z — w;q) s (Im(z — w))?
gu(z) = log n(T) ’ ImT '
Here n(7) = g1 - [Io°_,(1—¢*™) and
01(2;q) := 2¢"/* sin(nz) H(l — ¢*)(1 — 2cos(2m2)¢*™ + ¢*™), (3.2)

n=1
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for ¢ = exp(mit). In this case, it is possible to compare the Bergman kernel and the
Arakelov metric. Instead of using programming to numerically approximate the lower
bound as in [D14]!, the Gaussian curvature of the Arakelov metric can be computed by
Mathematica (Version 10.3). The following figure (plotted by Mathematica) illustrates that
the supremum of an Arakelov-Green function on a torus can be positive.

Plot3D[Log [

Abs [ EllipticTheta[1, x + y I, Exp[-Pi 0.9]]1/

Abs [DedekindEta [0.9 I]]] - Pi/0.9 yA2, {x, -5, 5}, {y, -1, 1},
AspectRatio -> 1, PlotRange -> {0.236, 0.229}]

0.0 -

0.2

Figure 3.2: Figure of an Arakelov-Green function on a torus

In general, the Arakelov-Green function can be positive at some cases (see Figure 3.2).
This is different from the potential-theoretically hyperbolic case where the Green function
is always less than O in the interior. For the same reason, Berndtsson-Lempert’s method
cannot be directly applied to the potential-theoretically parabolic case, since an Evans-
Selberg potential tends to +o0o near the boundary.

3.2 Explicit formulas of the Evans-Selberg potential

Explicit formulas of the Evans-Selberg potentials are not quite understood, except the case
of C where the logarithmic kernel log |p — g| becomes a good candidate. In this section,
we first provide an explicit formula of the Evans-Selberg potential on the once-punctured
complex plane.

!The author apologizes for several mistakes contained in [D14].
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CHAPTER 3. BERGMAN KERNEL AND POTENTIALS

Theorem 3.2.1. There exists an Evans-Selberg potential on C\ {0} with a pole q given by

ff!

Since the right hand side is symmetric in (p, q), it is also called an Evans kernel and we
have the following corollary.

= log

Corollary 3.2.1. Let G¢(p, q) be the negative Green kernel on {z eCle™? < |z] < et > 0}.
Then it follows that

tlz_irfloo (Gt(pa Q) + log (et _ e—t)) = log

uniformly on each compact subset of C\ {0} x C\ {0}.

Proof of Theorem 3.2.1. Without loss of generality assume gg = 1 in Proposition 2.2, since
E(p, q) does not depends on a specific gp. For any ¢ > 0, choose a function r = r(t) > 0 (to be
determined later) such that r N\, 0% as t — 400 and the annulus A, := {p € C |r < |p| < 1}
is equal to ¥ := {p € ¥ |E(p, qo) < log N;}. By [CH, p.386-388], the negative Green kernel
for A, can be expressed as

i/ logr O v—oa;r?
G(p1) = Re o (s7 /=S )

where v : lgif, = lg% and thus G¢(p, q) is symmetric in (p,q). Here
1 . )
91(1,;7,2) _ —lCr 7,5 z7rx - —z7rac H 4] 27,7rx (1 - ,,,,4]6—27,7'(‘5!2)
and

o0
Bz r2) —C,. H (1 _ T4j—2€2i7rz) (1 _ ,r_4j—2e—2i7m)
=1

are theta functions with

C, = ﬁ(l — )

7=1
By Proposition 2.2.1, it follows that

E(p7 Q) = tli)rgo (Gt(pv Q) + lOg Nt)

. _ 01(v — a;7?)
- 2mia/logr V1V — G T )
=t {ne o (s )

' —Z.T% (eiﬂ(ufa) _ efiﬂ'(zzfoz)) H (1 — 4 2m(u a)) (1 _ r4j€72i7r(ufa))
- i {1

[152, (1 - r4j—26227f(v A (1 — rli-2¢—2in(v=a))
-

j=1
. ) 1
in(v—a) _ —ir(v—a) \/5 — \/E’ + lim { logr + log Nt} .
q D t—oo | 2

ipo .

+10gNt}

rs . (ei”(’ka) - efm(”*a))’ + log Nt}

=log |e

1
+ lim {logr—HogNt} = log
t—oco | 2
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3.2. EXPLICIT FORMULAS OF THE EVANS-SELBERG POTENTIAL

If we choose Ny and r such that

1
lim {2 logr + log Nt} =0, (3.3)

t—o00
\/5_\/5‘:1% P4
q p N

which is symmetric in (p,q). If a pole ¢ is fixed, then E,(p) := E(p,q) satisfies all the
conditions in Definition 2.2.2 and is indeed an Evans-Selberg potential. In this case, the
potential tends to +o0o respectively at the two Alexandroff ideal boundary points, namely 0
and oo. Finally, setting Ny := e —e~" and r := =%, we know that they satisfy by definition
the equality (3.3). Moreover, whenever ¢ is sufficiently large it holds that A, = ¥, := {p €

by ’E(p, QO) < log ]Vt}7 ie.
r \/» t )

since Ny is strictly increasing in t. Thus, Theorem 3.2.1 and Corollary 3.2.1 are proved. [

then the Evans kernel becomes

E(p,q) = log

From the result of Theorem 3.2.1, we can construct by hand and obtain the following
result (since it satisfies the definition of an Evans-Selberg potential), although we are not
sure how to approximate C \ {0, 1}.

Theorem 3.2.2. An Evans-Selberg potential on C\ {0,1} with a pole q is given by

(3.4)

Infimum of an Evans-Selberg potential’s growth orders at the boundary

According to Proposition 2.2.4 (set D := C — {q} and w := 0 € D), there exists a constant
bop > 0 such that E,(p) — bplog|p| is bounded from above near 0. Similarly, there exist
a constant bo, > 0 such that Ey(p) + b log|p| is bounded from above near oco. Take
b := max{bg, boo }, and then it holds that

lim E,(p) — blog |p| < oo, lim Ey(p) + blog |p| < oo. (3.5)
p—0 p—r00

Theorem 3.2.3. Let E,(p) be an Evans-Selberg potential on C\ {0} with a pole q. Then,

it follows that

inf {b > 0b satisfies (3.5) for E4(p)} = %
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Proof. Let us prove this by contradiction and denote the left hand side by bc+. From
Theorem 3.2.1 we know that there exists an Evans-Selberg’s potential ¢, (z) = log [/z/z0—
\/zo/z’, which means bc» < 1/2. Suppose bex < 1/2, then there exist another Evans-
Selberg’s potential ¢y, (z) that satisfies % Oy (2) — bexlog |z| < oo and Zliimoo Oy (2) +
bexlog |z| < 00. S0 puy(2) — ¢2,(2) < Ywe(z) — bexlog |z| + 1/21og |z — ¢2,(2) < o0,
as z — 0. Similarly, @y, (2) — ¢2,(2) < 00, as z — oo. Meanwhile since ¢.,(z) — Yuw,(2)
is a subharmonic function which is bounded from above on C\ {0}, then according to
Proposition 2.2.3, ¢.,(2) — pu,(2) is subharmonic on C := C U {oc}, and therefore it is a
constant. This is a contradiction to be» < 1/2, so bex = 1/2. O

For the domain C\ {0, 1} (also parabolic in the potential-theoretical sense), according to
Proposition 2.2.4 there exists a constant by > 0 such that E,(p) — bg log |p| is bounded from
above near 0, for E,(p) given by (3.4). Similarly, there exist non-negative constants b; such
that E4(p) — b1 log [p — 1] is bounded from above near 1, and bs, such that Eq(p)+ b log |p]
is bounded from above near oco. Take b := max{by, b1, boo }, and then it holds that

Tim E,(p) — bl Tim E,(p) — bl im E 1 . .
lim F, (p) — blog |p| < 0o, lim Eq(p) — blog|p| < co, lim Ey(p) +bloglp| < oco.  (3.6)

Theorem 3.2.4. Let E,(p) be an Evans-Selberg potential on C\{0,1} with a pole q. Then,
it follows that

inf {b > 0b satisfies (3.6) for E4(p)} = %

More generally, we should have results for C — {z1,...z,}, (n > 1), and the right hand
side should be % We may ask the following question:

Which Evans-Selberg potential can make the infimum equal to %?

3.3 Suita conjecture for a once-punctured torus

As a typical example of potential-theoretically parabolic Riemann surfaces, X, admits an
Evans-Selberg potential and we have indeed constructed it.

Lemma 3.3.1. There exists an Evans-Selberg potential on X, , = X;\{u} with a pole w
given by

E}“(z) = log

91(2—?1};(1)"
01(2 — u; q)

for z € X;,, \ {w}.

Proof. We see that the two terms on the right hand side of (3.1) are responsible for the two
terms on the right hand side of (a), respectively. Keeping this in mind, we can construct
the Evans-Selberg potential by attaching physics meanings. We regard the potential as an
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electric flux generated at the pole w and ends at the boundary point u (see [Oo] for physics
explanations). Therefore, the Evans-Selberg potential Ey"(z) with a pole w satisfies that

PEL"(2)

i = D6z = w) - 8 — w),

and can be expressed via the theta function as

ET(2) = log 91(2—10;(1)’_10 01(2 — Q)‘zlog 01(z — w;q)
n(T) n(7) 01(z —u;q)
o sin(m(z —w)) - [[oo_; (1 — 2cos(2m(z — w)) - "+ ¢*™) O
~ % Sin(r(e =) TLs (- 2c0s2r(z — w) - ¢ + ™)
Theorem 3.3.1. There exists a fundamental metric c., on Xr, = X \{u} under the
local coordinate w given by
27 - In(7)[? 2
Cru(w)|dw|? = —\d .
|01 (w — u; q)]
Proof. This can be verified by definition, since
. 01(z —w; q) ’ )
Cry(w) =exp lim [ log|————=| —log |z —w
u(w) pr< 810w | 8l
— T Hm 1( m)2
sin(m(w —u)) - [[oo_; (1 = 2cos(2m(w — u)) - ¢>™ + ¢*™)
_ ™ (1)
g - sin(r(w — u)) - [Tz, (1 — 2cos(2m(w — ) - ¢>™ + g*™)
2 . M
e n(r)? - 2q1 - e, (1 - ) m-n(T) 2(14 e o - n(r)3 .
gs - 61 (w — u; q) g6 - 61 (w — 1w q) 01(w — u; )

By the second equality above, c;, has the following asymptotic behavior, which will
yield Theorem 1.2.2 for any fixed 7.

Corollary 3.3.1. Under the same assumptions as in Theorem 3.3.1, as w — u, it follows
that

cru(w) ~ — +00.

jw —ul
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The fundamental metric and its degenerate case

For the complex plane C itself, the logarithmic kernel log |z — w| is an Evans-Selberg poten-
tial and thus the fundamental metric under local coordinate w is written as 1 |dw|?, whose
Gaussian curvature is 0 by (2.2) since the Bergman kernel is 0. For C\ {0}, same argu-
ment holds for the Gaussian curvature of the fundamental metric, since the Bergman kernel
on C\ {0} is the same as on C by the removable singularity theorem for L2-holomorphic
functions. By Theorem 3.2.1, we can compute explicitly the fundamental metric.

Theorem 3.3.2. The fundamental metric on C\ {0} in local coordinate z is given by
|2~ dz .

Without using the formula (2.2), we also reach that the fundamental metric on C\ {0}
has Gaussian curvature 0. Moreover, the following asymptotic behaviors hold

{ 0, as w — 00
c(w) —
400, as w — 0.

By studying the asymptotic behaviors of the fundamental metric under degeneration
with respect to the complex structure, we will prove Theorem 1.2.3. Relating Theorem
1.2.3 with (2.2), we further get Corollary 1.2.1.

Proof of Theorem 1.2.3. As ImT — 400 (¢ = exp(miT) — 0), it holds that

m [l (1 —077) . T
sin(m(w —w)) - [[o_y (1 — 2cos(2m(w — w)) - 02™ 4 04m) |sin(m(w —w))|

cru(w) —

Therefore, it follows that

ﬂ;r,u(w) [sin(m(w —w)[* | o+,
cz ,(w) 2-Im7-7
since the denominator is uniformly bounded by 1 for any fixed w. O

On the one hand, at the degenerate case of potential-theoretically hyperbolic Riemann
surfaces, we are not sure whether Gaussian curvatures of the Suita metrics are still bounded
from above by —4.

On the other hand, for a compact complex torus, the Gaussian curvature of the Arakelov
metric is always 0 by the genus reason, although our earlier result in [D14] shows that as
Im 7 — 400, it holds that

K (w)

— T too.
cZ(w)
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Chapter 4

Bergman kernel on degenerate
elliptic curves

For a Legendre family of elliptic curves, using two methods (depending on elliptic functions’
special properties and Abelian differentials’ Taylor expansions) we show that the curvature
form of the relative Bergman kernel metric is strictly positive inside the moduli space
C\ {0,1} and coincides with the the Poincaré metric there. In particular, the curvature
form blows up and has hyperbolic growth near the node 0. For other boundary points 1
and oo, the asymptotic behaviors are also achieved. For other families of elliptic curves
degenerating to singular ones with a node or a cusp, we observe that it is either trivial with
a constant period or reducible to the Legendre family case.

4.1 Legendre family: a four-term asymptotic expansion at 0

Let us start from the following question.
Question. What is the Gaussian curvature of Lf\%i?

After careful computations, the curvature is observed to be identically equal to “—4”.
Moreover, the result is as follows.

Theorem 4.1.1. Under the same assumptions as in Theorem 1.1, it follows that Lg\ll 18
the Poincaré metric of C\ {0,1}.

On the one hand, this result seems to suggest a connection between the Bergman kernel’s
variation and the moduli space’s Poincaré metric. On the other hand, a four-term expansion
formula of the Poincaré metric of C\ {0, 1} are obtained as a corollary.

Corollary 4.1.1. Let w1 denote the Poincaré metric of C\ {0,1}. Then, as X — 0, it
holds that

V—1dA\ ® d\ log 16 log 16\ 2 log 16\ * 1
= 1+2 3 4|1 —— Ol —— .
“O1 = NEC1og APE T Tlog I 2 \og v} T Negin) T \Tog )
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The leading term of the above expansion formula implies that near the origin wp; is
asymptotically similar to wp+, and the negative second term seems to support that the
latter is bigger. Actually, it always holds that wp; < wp«, wherever inside D* (see [SV]).
Last but not least, define p(\) := —log (Im 7(\)), where 7(-) is the inverse function of the
elliptic modular lambda function and A € C \ {0,1}, we have the following asymptotic
expansion formula near 0.

Theorem 4.1.2. Under the same assumptions as in Corollary 4.1.1, p(\) is a Kdhler
potential of wo1. And as A = 0, it follows that

log 16 1
p(A) = —log (—log|A|) + log m + 108 15 +0 (() .

log Al log |A])?

We remark that the first three terms in the above right hand side (denoted by p(A)) is a
Kaéhler potential that exactly gives rise to the first two terms in the asymptotic expansion
in Corollary 4.1.1. From now on, we use the symbol “~” to denote that the ratio of its
both sides tends to 1, as A — 0.

Proof of 1st & 2nd terms in Theorem 1.2.4

Proof. By definition, the Bergman kernel B; on X, (for its canonical bundle) can be written
as By = ﬁdz/\d? in the local coordinate z, which means that ky(z) = ﬁ Now, we shall
analyze the asymptotic behaviors of B; as Im7 — +oo (or equivalently the asymptotic
behaviors of By as A — 0). Using ¢ := exp(my/—17), rewrite the elliptic modular lambda

function as
A1) = 16¢ — 128¢° + 704¢> — 3072¢* + ... = 16q — 128¢> + O(¢®), (4.1)

where we write O(f(g)) in place of g(q) if there exists a constant C' € R such that
limy—0|g(q)/f(q)] = C. In particular, we have O(¢?) = O(g?) = O(|q|*). Since |q| =
exp(—m - Im(7)), i.e.,

fmr — o8l (4.2)
-7
it holds that ) 1
log kx(z) = log s =~ logIm7 = — log(—oim). (4.3)
Thus, as Im7 — 400 (¢ — 0), we know that
Al = [16¢ — 128¢* + O(¢*)| = |al - [16 — 128¢ + O(¢*)| ~ 16]q| — 0, (4.4)

yielding that log |\| = log|q| +log |16 — 128¢ + O(q?)|. Therefore, as A — 0 (or equivalently
Im7 — +o0 or ¢ — 0), it follows that

log kx(2) ~ —log(—log |A[),
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which implies that
) V=TdANdA A
. 1 = ,V—1d\ANd\,
V=10,0)log ky(z) ~ AN2(log [Ap2 T N v

and gives the leading term in Theorem 1.2.4.

In order to get the second term of [ ., we define a new function

1

Iyi=ly, — 5,
AT T 4P (log [A))2

(4.5)

and analyze its asymptotics as A — 0. Substituting (4.2) and (4.6) into (2.6), we get that

1
4(log|ql)? - 1q|? - 116 — 256q 4+ O(q?)[?

l/\,z =

(4.1) also implies that X' (1) = g;\ g—g = (16 — 256q + O(q?)) - ¢ - vV/—1m and thus

(N (7)| = |16 — 256 + O(¢*)| - |q| - 7 ~ 167q| ~ 7|A|. (4.6)
Therefore, it holds that

4lq* - Iy
B 1 1
~ (log |q])2]16 — 256¢ + O(¢2)[> 16 — 128q + O(q?)[2(log |¢ + log |16 — 128¢ + O(¢2)|)?
116 — 128¢ 4+ O(¢?)|? (2(log |q|) - log |16 — 128¢ + O(¢?)| + (log |16 — 128¢ + O(¢?)|)?)

~ (loglgl)? - [16 — 256¢ + O(¢?)|? - [16 — 128¢ + O(¢?)|? - (log |q| 4 log |16 — 128¢ + O(¢?)])?
116 — 128¢ + O(¢?)|* (2(log |g|) - log 16 + (log 16)?)

" (log [q[)? - [16 — 2564 + O(¢?)[2 - |16 — 128¢ + O(¢2)]2 - (log || + log [16 — 128¢ + O(¢?)])2
2|16 — 128¢ + O(¢?)|? - log 16 2-log 16

" (log q]) - [16 — 256¢ + O(¢?)2 - [16 — 128¢ + O(¢)[? - (log [g[)2 ~ 162 - (log[q[)?"

As ¢ — 0 (implying A — 0), it follows that

log 16

I P log AP

Finally combining (4.5), one obtains the second term in Theorem 1.2.4. O

An alternative proof of the first two terms in Theorem 1.2.4, without using the special
properties of elliptic functions, is given in [D3]. Let us then generalize Theorem 1.3 (i) in
[D15] by proving the following lemma', which will be used later in this section.

'Tf one drops the lower terms, then the following two-term asymptotic formula holds: logkx(z) ~
—log(— log |A| + log 16).
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Lemma 4.1.1. Under the same assumptions as in Theorem 1.2.4, as A — 0, it holds that

kx(z)

s
~ —log |\ +log 16 — B2 4+ O(A2)’

(4.7)

Proof of Lemma 4.1.1. The preliminary section says that ﬁ(z) =Im 71 = %g‘q‘. Asq — 0,

it holds that kkl(z) ~ %gw. Considering their difference, from (4.1) one gets that

1 —log[A] 1 ')\

1
Zlog |Z| = Zlog |16 — 128 + O(¢?)|.
() - —log q‘ - og | q+O(q”)|

Furthermore, it holds that |16 — 128¢ + O(¢?)|?> = 16% — 32 - 128 Req + O(¢?), which
implies that

1 —logfAl 1
ka(2) T 27
The Taylor expansion of logt at the point ¢t = 162 says that
log (16* — 32 - 128 Re g + O(¢?)) = log (16*) — 16 Re ¢ + O(¢?),
by which it holds that

log (16% — 32 - 128 Re ¢ + O(¢?)) .

1 —log|A|l+log16 — 8Req + O(g?)
]{)\(Z) N ™ ’
as ¢ — 0. Since Reg ~ Rl‘%’\ and O(¢?) = O()\?), the proof is completed. O

Proof of the third and fourth terms in Theorem 1.2.4

Proof. From Lemma 4.1.1, as A — 0, we know that

—log |\ + log 16 — ReA
0g |A| + log 2 )::RHS.

™

log ky(z) ~ —log (

Therefore, after some elementary calculations one first gets that

0%(RHS) 1+ReX+ [\ ( 82(logk)\(z))>

ONIA 4|A2 (~log || + log 16 — BEA)? OADA

Step 1: estimating the third term. Comparing the difference, one gets

&*(RHS) 1 ~ logl6
NN A[AP(log[A])? 2[Al(log|A])?
~ (ReX+ LIA?) - (log |A])? + 21log [A|(log 16 — BE2) — (log 16 — Bed)2 B log 16
B 4|72 (log |A)? (—log |A| + log 16 — Bed)? 2|A[2(log [A])?
—(log 16 — B€2)210g |\| + 4(log 16)% log [A| — 2(log 16)3 3(log 16)?
- 4|72 (log |A[)? (—log |A| +log 16 — Be2)? T AP (og DT
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which means that

0% (log kx(2)) 1 log 16 log 16\ 1
Z = 1+2 3 o ——— .
Aox  ADPlogAE \ - Clogn T <log|A|> " <<log|A|>3>

Step 2: estimating the fourth term. Similarly as above, we know that

&*(RHS) 1 ~ log16 3(log16)>
oAON  ADP(og[A)?  2AP(log AP 4[AP(log [A])*
3log |\|(log 16)% — 2(log 16)3 3(log 16)?

4|A[2(log |\)? (— log |A| + log 16 — Be2)?  4|A[*(log [A])*
~ —2(log [A])(log 16)* — 3(log 16) (—2(log |A[) (log 16 — 52) + (log 16 — £52)?)

4|72 (log |A[)* (—log |A| +log 16 — Bg2)?
41log |\|(log 16)3 — 3(log 16)* (log 16)3
4|A[2(log [A[)* (= log |A| + log 16 — R%A)Q [AI2(log |A)5’
as A — 0, which finishes the full proof of Theorem 1.2.4.

Remark As A — 0, we do not know why our results on the asymptotic behaviors of
Bergman kernels depend only on |\|. Moreover, we will see in the next section that the
positivity of the above third term contributes to the completeness argument in the proof of
Theorem 4.1.1. It turns out that the subleading terms in the asymptotic expansion contain
more “logarithmic” information, slowing down the growth order at infinity of the left hand
side. As we can see, even though the 2nd and the 4th terms tend to —oo, the left hand side
of the above formula, which is mainly affected by the leading term, still tends to +o0. It is

expected that each term should have certain geometrical interpretations.

Proof of Theorem 4.1.1

Proof of Theorem 4.1.1. We first compute the Gaussian curvature of the Kéhler metric L) ,

on C\ {0, 1}. From the preliminary section, it is known that
/1. | 7_/‘2
Lye=—q—2
4(Im )
Therefore, it follows that

dXA A dX =: V=1(J)\)? d\ A d.

—40%log(Jy)  —40%log(5m ) —492log(|7|) . 40%log(2 - Tm7T)

2-Imt/ _

ONON N ONON ANON ANON

Since 7(-), the inverse function of the elliptic modular function, is also conformal, it

holds that log(|7’|) is harmonic with respect to A. So, we get
—40%log(Jy)  40%log(2-Im7) |7

NN ININ T (Imn)?
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Furthermore, it follows that

—48%log(Jy)  _ %
Curv(Lyz) = 8/\8>‘2 = Tr,nT = —4.
(P (e

To prove that L) . is complete at 0, we use our asymptotic result in Theorem 1.2.4.
Since the subleading terms are all incomplete near 0, the sum of the first and second terms
becomes a complete metric (with a non-constant curvature) on D*, denoted by wpy.. Then,
due to the positivity of the third term we get that Ly, > wp., which guarantees the
completeness of Ly . at 0. For the completeness at other boundary points 1 and oo, we
proceed with the behaviors of the elliptic modular lambda function under the composition
with inverse or translation mappings (cf. [K-R, D3]). O

Corollary 4.1.1 follows from Theorem 4.1.1 and Theorem 1.2.4.

Proof of Theorem 4.1.2

Proof. Previous computations in the preliminary section show that

1 _ 9P(log (kx(2))) _ 9°(p(N))
(Im7 - [N(7))2 ONON 0NN

0
<1

From Theorem 4.1.1, it follows that p(\) is a Ké&hler potential of wg ;. First, let us
consider its leading term of the asymptotic expansion. By (4.1) and (4.2), as A — 0, it can
be seen that

p(A) ~ —log (=log |A]) =: p1(A).

Actually, p1()\) is the potential’s leading term near A = 0 and satisfies

P 1
ONON 42 (log |A|)?

By (4.7) in order to get the second term, we use p(A) to subtract pi(A) and analyze
their difference function, namely

p(A) — p1(A) ~ —log(—log || +1log 16) + log 7 + log (— log |A|)

1

log 16 log 16
=logm —log (1 — ~1 o~ logm = pa(A).
T °g< long) BT gy 108 =22V

The second to last similarity relation holds due to the Taylor expansion of log(1 + ) at
0. Similarly, we see that the third term is just llgg |1/\6‘ =: p3(N). O
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Remark We now verify our claim after Theorem 4.1.2 that p(\) is a Kéhler potential
that exactly gives rise to the first two terms in the asymptotic expansion in Corollary 4.1.1.
To check this, we make the following computations.

o L \___ A 5L \___—dA
ogl\) ~ 2a(og AT © \log[Al) ~ 2X(log A2

~ 1 B —d\ 20 (AMlog [A?) A dA
0 (mw) =0 (mogw) =T X(log A

220 ((log [AD?) Adh  2X2(log [A)33 AdA  dAAdA

4X*(log |A])1 AN(log AT 2[AP(log A

Thus, since p2(A) is a constant, it holds that

P*(p2(\) +p3(\) _ logl6
ONON 2|\2(log | A2

4.2 Legendre family: asymptotic formulas at 1 and oo

In this section, explicit asymptotic formulas of the relative Bergman kernel metric for
a Legendre family of elliptic curves near the moduli space boundary points 1 and oo are
obtained respectively. These asymptotic behaviors also characterize the Poincaré hyperbolic
metric and its Kéahler potential on C\ {0, 1}.

Theorem 4.2.1. Under the same assumptions as in Theorem 1.2.4, it follows that
(i) as A — 1, logkg\l)(z) ~ log(—log |\ — 1]),
(i) and as A — oo, log k(" (2) ~ log(log | A).

In particular, both the right hand sides of (i) and (ii) tend to +o0c0. Rather than taking
immediate second-order partial derivatives, we make more careful computations on the
curvature forms and derive the following theorem.

Theorem 4.2.2. Under the same assumptions as in Theorem 1.2.4, it follows that

(i) as A — 1,
V-1 —
Ly, ~ dA A dA,
AT AN 12 (log [A — 1))
(ii) and as X — oo,
/1 _
L., SAA A dA.

T AP (log A])
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Notice that the right hand sides of (i) and (ii) tend to +00 and 0%, respectively. And this
is different from the potentials in Theorem 4.2.1 which have the same limit. The proofs of
Theorems 4.2.1 and 4.2.2 are mainly due to the elliptic modular lambda function’s special
properties (in particular its behavior under the composition with inverse or translation
mappings). By Theorem 4.1.1, we get the following corollary.

Corollary 4.2.1. Let wo denote the Poincaré hyperbolic metric on A € C\ {0,1} with a
Kahler potential p(A) := —log (Im7()\)), where 7(-) is the inverse of the elliptic modular
lambda function. Then, it follows that
(i) as A — 1,
p(A) ~ log(—log|A — 1),

e

~ d\ @ d\
YL AN 1P(og h— 12 ©
(ii) and as X — oo,
p(A) ~ log(log|A]),
/1 _
wo 1 d\ @ d.

" 42 (log [A])2

We remark that our result agrees in the limiting case A — 1 inside D* with the fact that
wo,1 < wp+ (see e.g. [SV, H]).

Proof of Theorem 4.2.1

Combining our results in [D15] and introducing two new parameters « := —% and §:=71—1,
we will prove new results. We shall use the following well-known properties of the elliptic
modular lambda function (see [Ah, p.279-280]):

(A) As Ima — +o0, it holds that
Aa) ~ 16e™V 1 — 0,
which means that log A(a) ~ v/ —1a.

(B) A(=2) =1-=X\(7).

— A8 _ 1 _ 1
Proof of Theorem 4.2.1. Claim (i). As 7 — 0 (<= Ima — +o0), since logky(;)(z) =
—logIm 7, we know by (2) that logky;)(z) ~ —logIm a + log|a|?. Theorem 1.3 (i) in
[D15] says that as Im o — +o00, one has

—logIm a ~ —log(—log|A(a)]),
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4.2. LEGENDRE FAMILY: ASYMPTOTIC FORMULAS AT 1 AND oo

which yields as 7 — 0 that
log kx(r)(2) ~ —log(—log [M()]) + 2log |a].
On the other hand by Property (A) we know that
mla] ~ [log A(a)| = |log |A(a)] + v =Targ(a)| ~ [log |A(a)|| = —log |\(a)],

as Ima — 400 (<= A(a) — 0), which gives that log |a| ~ log(—log [A(«)|). Therefore, by
Property (B) for the Bergman kernel we have proved that

log kx(7)(2) ~ —log(—log [M(a)]) + 2log(—log |A(a)])
= log(—log |\(a)|) = log(—log |\(T) — 1]) — 400,
as Ma) = 0 (<= A(7) = 1).
Claim (ii). It follows from Claim (i) that as 8 — 0 (<=7 — 1),

—logIm 8 ~ log(—log |A(5) — 1),
which implies by Property (C) that

log ky(ry(2) = —logIm 7 = —logIm S
~ log(—log[A(B) — 1[) = log(log |A(B + 1) — 1])
= log(log [A(7) — 1) ~ log(log [A(7)[) — +o0,

as \(1) — oo. O

Proof of Theorem 4.2.2

Proof. Claim (i). From Property (B), one knows that X' («) - g—f = —\(7), which implies
N (o)

)\/ — ‘

vl =

By equalities (2.6) and (2.7), as Im o — +o0, it holds that

0 (log kary(2)) 1 B 1
ONOX A(ImT - N(T))?2 4(Ima- |72 - |/\"(|g)|)2
_ 1 _ 9*(logkxa)(2))
4(Ima- [(N(a))2 ONON

Theorem 1.3 (ii) in [D15] says that

0 (log kx)(2) 1
ONON 4| A () [2(log [M(@)])?”
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as Ima — 4+o0o(<= 7 — 0), which yields as \(7) — 1 that

P(loghyir)(2) 1
ONOA 4IA(1) — 112(log |\ (T) — 1])2

— +00.

Claim (ii). By Property (B) we get that

N3 L () = 1)+ (AB) 1) - X(r) =0,
This means X (1) = % and therefore
1y~ NB)-IA(T) = 1)
L S T
By (2.6) again, it follows that
9 (log ky(ry(2)) _ 1
DN a(lmr- V(1)
) AB) - 1P _ Plloghyp(2) AB) — 1P
Lmg N M -T2 0ax - 1F
By Claim (i), as A(8) — 1 it holds that
0*(log k) (2)) 1
0% " L(AB) — 1] -log ]AB) — 1)°
which means that
O (logkxn) (=) 1 B -~ 1P
ONON 4(IAB) — 1] -log |A(B) — 1))*  |A(T) —1J?
1 1
 4(log A(B) = 1)2- A7) — 117 4(=log|A(r) — 1])2 - [A(7) — 12
1
~ ot
4(og N AP T
as A(7) — oo. The proof is thus finished. O

At last, the following table indicates how the relative Bergman kernel and its curvature
form change as the parameter varies. Here 7 is the inverse function of the elliptic modular
lambda function. As we can see, all the three cases have different asymptotic behaviors.

As the parameter | As the parameter || relative Bergman kernel | the curvature form
7 tends to A tends to log kx(2) V—10,0) log kx(2)

00 0 — —00 — 400

0 1 — 400 — 400

1 00 — +00 — 0T
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4.3. LEGENDRE FAMILY: THE LEADING ASYMPTOTICS AT 0 BY TAYLOR
EXPANSION

4.3 Legendre family: the leading asymptotics at 0 by Taylor
expansion

For a Legendre family of elliptic curves, the two-term asymptotic expansion of the relative
Bergman kernel metric near the degenerate boundary is shown by an approach based on
Abelian differentials’ Taylor expansions and elliptic curves’ periods. Namely, the horizontal
curvature form has hyperbolic growth with an explicit second term at the node. The proofs
do not depend on special elliptic functions. To re-prove first two terms in Theorem 1.2.4,
the following lemma is needed.

Lemma 4.3.1. Let C) be defined as in (2.3). Then as A — 0, it holds that
log C; ' ~ —log (—log |A[) .

Proof of Lemma 4.3.1. The numerator and the denominator in (2.5) will be estimated re-
spectively (cf. [CMSP]), and we make it precise so as to give the second term asymp-
totic expansion later on. The Taylor expansion of the function (v1—X)~! at 0 says

that (VI—X)"1 = 1+ 3+ 2= + O(\%). For |z| > 1, it holds that (vV1—a2 T)71 =
1+ + % +0(z73), Wthh means that

-1 1 1 3
(Vele=D) =2+ 3m+5s 3+O( )
@ The Numerator. By the construction of 4 we know that

[yw:—Q/ltw:—2/12w—2/2tw
2 t -
:_2/1 w—2/2 \/x(x—dl)(a:—t)

dx

_2/2w_2/t<;5+¢%_;5> x(x—t)
:_2/ /( >m ( -1 13: Va@—t)
:‘2/“‘2/W‘2/ (% Va

=) 7
:‘2/”‘2/.@\/? /( Vi1 vz (1f+¢w—1>¢wéx—t>'

Then it follows that

H&

x—t

Denote I := fz = and J := fz <\/$T1\/E(1\/E+\/wj)> \/a%'

Aw=—2ﬂ2w—2l—2J:—2(/12w+I+J>. (4.8)
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Firstly, let’s look at f12 w. As t — o0, it holds that

/12°” :/12 Vala —dfx:c—t) ”/12 N=? fﬁ

1

\/jtlog <2m+2x—1>‘j

1 log(2v/2 + 3)
:vcgbg@V§+4—1>:4——7f?—<

Secondly, let’s look at I. As t — oo, an elementary computation shows that

2 1

t
I 2acta vt arccos
= —arctany/ ——| = —=ar —
\/i t \/{5 1+L—t
2 t 9

t t

1 2 ¢t

— ——= arccos — ——= arccos —
Vi Vil, Vi z

_;%4m<¢?wﬁ—g

2

t -2 t [t
z—ﬂﬁlog<\/;+ 2—1)
L S R )

—2 1 t logt
~2V/ 1 Zlog = +1log2) ~ —2=.
V7 (g1oe vioe) ~ 5

Thirdly, let’s look at J. On the one hand, z > 2 implies that (1-/z- (V2 + 1))71 >
(Ve -1z (Vo+ V- 1))_1. Substituting it into J, we will get its bound from one

direction, i.e.,

/2t<1.\/5.2\/§+1)> ﬁ_a:(ﬁ—”f%:(ﬁ‘”

On the other hand, x — 1 < x implies that

(Ve—T-va-(Va+va—T1) " > (vVa-va- (VE+va) ™.
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After similar substitutions, we will get the other bound for J, namely

/t<f-\f~(1f+ﬁ))\/a%:;/;xwda%

( ; 13;;752 22 /w\/ﬁ>

1 x—tt+ 1/t de | 1 2—t, I
2\ tw |y 2t )y ar—t) 2 2t 2:t)°

This will imply another bound for I + J which is

1 Nop
<1+>-1— !
1t 4t

\V] \

~TI.

Combining these two sides estimates, we know? that there exists a positive real number
Ce [1, ﬂ], such that
I+J~C-1,

as t — oo. Now by (4.8), the numerator has the following asymptotic behavior.

#;g(/ﬁwzu) ~ 2 (Wfij?’)w.f)

_ <1og(2ﬂ+3) c. logt> _ =2C -logt

V=t V=) T =

Finally, let us change variables by setting s = % and t = % We know dx = —s 2ds.
Then as A — 0, it follows that

2C -log A - VA —s2ds

A
V-1 N_2/ \/xx—l )z —1t) _2/1 \/l<l_1)(%_l)

s\s A
:2/3 NEE —dls)(i—D :/J‘"ﬁ'

This means that as A — 0, it holds that

/w~—2C‘log)\~\/—1. (4.9)
.

2This is not a precise argument, and up to here what we could only know is that the quotient of I + J
and [ is bounded by some constant C. However, in the next section when proving the second term we give
a precise proof which determines this C to be 1.
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® The Denominator. By the construction of —4, which contains points {0, 1}, we know
that when ¢ is large (as t — 0o) compared to the radius R it holds that

/gw:/¢m_df — “/¢di_t>

\ﬁ/ 2%\/7_\/

We then make the same change of variables by setting s = 2

ot= % For small A, —¢
is a circle containing points {1,00} (on a Riemann sphere this is equivalent to say that ¢
contains only points {0, A}). As A — 0, it holds that

2 - VA ~ /\/ ds

which means that

=V 7
~ 1 /5 s(s—1)(s—A)

~ 2m. 4.10
/5\/5(5—1)(5—)\) (4.10)

Combining (4.9) and (4.10) as A — 0, we know that

fvw —2C -logA-v/—=1 C-logA
f(;w 27 om/—1

Moreover, it holds that

C -log A Cyv—-1 C - log ||
Im|{ ——— | =Im(——"log|\ | =—>"—.
my/—1 T us

Therefore, as A — 0 we will get

1
log C;l =lo

g ~ log —— — 2log(27)
Jow 2 (_ C~log)\>
o (42) | I

m/—1

1 1

Thus, Lemma 4.3.1 is proved.
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By using Lemma 4.3.1 and (2.4), we get the following asymptotic behaviors

- a5 B . (9allog |A])
020z log k() 00 log (—log |\]) = —0x <10gW

_ 939a(log |A]) — 9 (log |A) A dx(log |A]) _ da(log |A]) A dx(log |A])

(log |A])2 a (log [A[)?
= AP A (AP =
_(og|A?) Adr(log AP _ TP A TR aA(AP) AP
4(log [\])2 4(log [\])2 4[A[*(log [A])?
XX A AdX d\ A d\

T4\ T(log A2~ 4[A2(log [A])2

as A — 0. In this way, the hyperbolic growth of the leading term in Theorem 1.2.4 can
thus be shown. For the leading term asymptotics of the period, see [CMSP], where it is
remarked that the sub-leading terms of the period is holomorphic with respect to A.

4.4 Legendre family: the two-term asymptotics at 0 by Tay-
lor expansion

Roughly speaking, the proof of Lemma 4.3.1 actually shows that there exists a positive real
number C € [1,/2], such that as A — 0 it holds that

C -log A
A~ 82
(M) -
where 7(A) = % is the period of X;l), A€ C\ {0,1}. In this section, we will show
§

that the above constant C' can actually be chosen as “1”. Moreover, we will use the same
method to determine the precise second term, which requires little tricks.

Two-term asymptotic expansion of the period

In [Ah, p.280], two-term asymptotic expansion of the elliptic modular lambda function is
essentially studied where the Weierstrass-p function is used to investigate the period of
X )(\1). However, we reprove this fact by using the Taylor expansions of Abelian differentials.

Proposition 4.4.1. Let 7(\) denote the period of the elliptic curve Xy, A € C\ {0,1}.

Then as A — 0, it holds that
log A — log 16

T(A

(N —

Proof of Proposition 4.4.1. Let us go back to (4.8) in the proof of Lemma 4.3.1, where we
. 2 . t

separate the numerator into a proper term —2 f1 w and an improper term —2 f2 w. Now,

for any real number € > 1, we re-separate the numerator as —2 fls w and —2 fst w. Similarly,
as t — oo, it holds that
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e dx ¢ dx
/1“_/1 wr(:c—l)(w—t)”/l V=t — 1)
zx/l_itlog(2\/:m+2m—l)‘i

:\/1_710g<2\/m+26—1)

/x\/:ﬁ \[arctan\/m Wlog( L _1>
:?/;/juog<\/2<l+\/q>>:?;ﬁ(;logeﬂog(ur 1-2))
2
t

2 1 4€ e
§ o)

— 1 t 1
=—+v—1=log-+1 2 —
Vi (2 BT Og(
—2 t 1
N%\/ log + log 2 —— (logt +2log2 — loge) .
€

and

2
—t

Also, x > € implies that

(Veml-vz-(VetvVe—1)"' > (Vo—1-va-(Va+Va—1)) >0

Therefore, we will get that

1 1
>7

() Jln?_(m~ﬁ-1ﬁ+\/ﬁ)>+\;52 i1 Vo
Thus, ['w = [’

can be squeezed by two terms A and B, namely
w/z(:): 1 (z—t) ’

1
A= ~ logt+ 2log2 —loge),
/Ex () — (log g ge)

and

Bim () A () o ot + 2log2 — log).

Finally, the numerator can be squeezed by —2(A + [{ w) and —2(B + [

w). On the one
hand, it holds that

€ -2 -2
—2(A ~ —— (logt+2log2 —1 1 2 —1)+2e—-1
( +/1 w> \/jt(og + 2log oge)+\/jt og( Vele—1)+2e )

-2 e—1 1
~— + + \—+2-=1].
= ((logt 2log2) + log <2 c e))
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On the other hand, it holds that

_2<B+/jw) N”((%) - \/1_7(108;15—1—210g2—10g6)+ ij‘%)
=( ve > 2 (logt+2log2 — loge) + 2 10g<2\/m+2€_1>

Ve—=1/) Vi e
:J_%«Je\[—%) (logt—|—2log2—log6)+log<2m+2€_1)>
:\;_it<<\/2[_%> (logt+2log2)+1og(2\/ﬁ+26_1>_\\f%_ogle)

Since € is arbitrary, after taking the limit ¢ — oo we will see that the numerator is
asymptotic to

-9 -2
—— (logt 4+ 2log2 +log(2 + 2)) = —— (logt + log 16) ,
\/—7< g g 8(2+2)) \/_—t( g g16)

as t — oo. Similarly, we change variables again. Taking the inverse of ¢t as A — 0, we get
2v/—1 - (—log A + log 16) - VA ~ —/w VA,
7)/

which implies that the numerator is asymptotic to —2v/—1 (log A —log16), as A — 0.
Comparing it with the denominator, we finally obtain that

w2y =T(log A —log16)  log A —log 16
N féw —27 - T/ —1 ’

as A — 0. This finishes the proof of Proposition 4.4.1. ]

T(A)

Combining Proposition 4.4.1 and (2.5), we can get the following two-term asymptotic
expansion for log C’;l.

Lemma 4.4.1. Let C) be defined as in (2.3). Then as A — 0, it holds that

log C’;l ~ —log (—log |\| + log 16) + C".

An alternative proof of Theorem 4.4.1

A two-term restricted version of Theorem 1.2.4 is stated as follows.

Theorem 4.4.1. Under the same assumptions as in Theorem 1.2.4, as A — 0, it follows

that B
V—=1dA A dX log 16 1
L) = 2 22<1+2Og +O<2>>.
AP (= log [AR) log |\ (log [A])
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An alternative proof of Theorem 4.4.1. By (2.4) and Lemma 4.4.1, we first make the fol-
lowing computations on the horizontal curvature form of the Bergman kernel as A — 0.

O\O log kx(+) = 0x9\log C; ! ~ —0,0) log (— log |A| + log 16)
_ < 9 (log [A]) ) __ —Ox(log|A| —log 16) A 9, (log |A])

log |A| —log 16 (log |\| — log 16)?
_ O(log|A]) Adr(log |A]) dX\ A dA
 (log|A —1og16)2  4|\[2(log || —log16)2

By the leading term asymptotic expansion for the above left hand side, in order to
determine the second term we consider a new difference function h, namely

1 1
h(\) = — .
N = A P(log N —Tog 16) ~ 43 (log [\])?

Making further computations

1 . AdA dA = dA
O(log |A[) = 59(log(M)) = AP~ 2a and J(log|A|) = 3%

we will know that

(log |A])? — (log |A| — log 16)?

") = AP log A — log 167 (log A
_ 2log|A|-1log16 — (log16)>  2log|A|-log 16 — (log 16)?
 4AR(log Al —log 16)2(log [A)2  4[A[2(log|A] — log 16)2(log [A)2
2(log 16) (log 16)

" 4A2(log [A] — log 16)2(log [A) ~ 2[A[2(log [A])?
which implies that

(1) 1 1 (log 16)

L/, ~——————+h(\)~
= AP (log A2 W A2 (log [AD?  2[AP(log [A])?

as A — 0. Thus, the proof is completed. O

We finally remark that the importance of this alternative approach is that it works for
higher genus cases, where properties of special elliptic functions could not be applied to.

4.5 Another nodal family of degenerate elliptic curves

For another nodal-type degenerate family of elliptic curves X §2)7 we study its Bergman

kernel by analyzing the Taylor expansions of Abelian differentials.
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4.6. TWO FAMILIES OF DEGENERATE ELLIPTIC CURVES WITH CUSPS

Theorem 4.5.1. In the local coordinate z on X>(\2), write its Bergman kernel as B§\2) =

K (2)dz A dz, for A € C\{0,1}. Then as A — 0, it holds that

L(Q)N V—=1d\ A d\
A N2 (—log [A2)?

Proof of Theorem 4.5.1. By the construction of v, we know as A\ — 0 that

Jomm2f o= s
o /m\/gf“2 2r1Og<\[ \F)

:4\/jllog <\/ \/ — 1) ~ 4\/jllog <\/g> = —\/—7110g .

Since § is a big circle containing vA and —v/\, on X )(\2) it is equivalent to say that —d
contains only 1 and co. We then make changes of variables by setting s = %, t = % and

denote the corresponding big circle by —6 which contains 1 and 0. Then, it follows that

/5w:/5¢(x—fix2 / \/ %_%)

/\/5_1 ~1) /5\/55\[16220 /_3\5/._1::27@

as A — 0 (¢ — o0). Therefore, we know that

f’yw N —+v/—1log A
fsw 2T '

By (2.4) and (2.5) we have finished the proof of Theorem 4.5.1. O

4.6 Two families of degenerate elliptic curves with cusps

For the cusp degeneration case, it seems that the type of singularities determines various

(1)

boundary behaviors: either trivial with a constant period or reducible to the case of X
Theorem 4.6.1. In the local coordinate z on X>(\3), write its Bergman kernel as Bg\?’) =
k§\3)(z)d2‘ NdzZ, for A € C\ {0}. Then as A — 0, it holds that Lg\gi =0.
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Proof of Theorem 4.6.1. We will show that the period of the elliptic curve X )(\3) is constant,
for all A € C\ {0}. For Y), the two cycles can be chosen such that § is a big circle centered
at the origin which contains —v/X and 0, and ~ satisfies that

e

Since w is holomorphic along §, by Cauchy Integral Theorem, we can choose a path
which is homologous to ¢ and consists of two circles ¢; and ¢ (of radius r, centered at
—v/A and 0, respectively) and two straight lines {1 and /s connecting almost —V X +r and
—r. Near the point —v/\, using polar coordinate we can denote z by —v/\ + re\/jw,
0 € [B,2n — B3], for small 5 > 0. Then,

2m—p reV=10/=1dp
/ ’ _/ \/ VA4 eeV10 — 1) (=X + eeV=10 — /X)rev—10
:/2”‘5 VreV=10/~1dg
\/(—ﬁJr reV=10 — 1)(—V X+ reV=10 — V/X)

as 7 — 0. Similarly, we can get f02 w — 0. Since r is arbitrary and w changes the sign when
switching between [; and lo, we know that

/w:/w—i-/w—i-/w—i-/w
) c1 co l1 lo

/ 0 0 dx
~ o+ fom2[ w-2 S
l Iz -V —Vaa(z? = N)

After making changes of variables by setting s = —z, we know that

/w__2/0 Fds _, [V lds
5 f\/—ssz f\/ s(s? — 0 Vs(s2=))

— 0,

which implies
VA
fw v _ —2 fo
Jsw oy=T A
Although their ratio is constant, we still can determine the asymptotics of the numerator
and the denominator, first up to an multiplier and then with a precise constant. Take fv w

for example, we observe that =+ v/\ is bounded on v by v/A and 2v/X which have the same
order of growth. The antiderivative of the remaining term can be written down, namely

/ \/_7 log<2\/zm—\f)\)+2:ﬁ—\5\>ﬁ

=mv—1.
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4.6. TWO FAMILIES OF DEGENERATE ELLIPTIC CURVES WITH CUSPS

Therefore, we conclude that both the numerator and the denominator have the order
of growth O (/\_%) . Now, we will determine precisely the numerator and the denominator
as below and see their relations with a Legendre family.

/w:_/o dz A VA dq
; A el — VR + V) " Vala—VRa -2V
u_2/1 V- dv
0 o VA- (0 VA= VA) - (v VA—2VN)
-2 1 dv «

\/ 0 Vo —1)(v-2) _\/ﬁ'

We know that this constant « is one period (the denominator part) of a Legendre family

of elliptic curve X5 := {y? = z(z — 1)(z — 2)}. Also, we know that U&w’Z = |a*- N2,
Finally by (2.5) and (2.4), for all A, it follows that

0?(log kx(+)) B 0? {Im (\/—71) . |a|2 . |)\’0.5}
ONON a NN

-1

Il
e

O]

For the elliptic curve X )(\4) with a non-constant period, we estimate the numerator and
the denominator, obtained from two cycle § containing 0 and A2, and ~ containing A\> and
A, respectively.

Theorem 4.6.2. In the local coordinate z on X>(\4), write its Bergman kernel as B§\4) =

k§\4)(z)dz Ndz, for A € C\ {0}. Then, as A — 0, it holds that

@ V=TdAAdX
M AR (= log A]?)?

Proof of Theorem 4.6.2. Firstly, as A — 0, it follows that

/w:—2 A2 dx q=x—\2 /0 —2dq

5 0 V(e —A)(z - A?) 3 /alg + A2 (g + 32 =)
_2/ —\2dv

V=A20(=2A20 + A2)(=A20 + A2 — )

_ / N 1 / dv
—Aﬁ 0 \/v(v—1)(v—1+§) —AV-l Wm

1 2my/—1 2m

g=—X\v
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Secondly, it holds that

_ A dx g=r—\ 0 dq

2/0 V(e =N (z - 2?) 2/—A Valg +X)(g+A =22
g=—Av —Adv
2/1 V=2 (A (v =1)- (—)\)(v —1+2)

_ -2 ! dv / —du
B \/j \/va1 vfl+)\) F \/ —u+1)(—u+ M)
u= % 2 ! _2d5

—\f \/uu—l (u—2A) t:% —\f/ \/S( _1)(1 1

2 [ ds 2 [ ds =
H/l m”x/l =i )\\f (\[ \/_1>
:f(logﬁ_loqmm))ﬁﬁﬁw,

as A — 0, and therefore we know that
A2 dx 2\/—7110g)\‘

5 A dx
/f’_— /o D h Vimneow . A

Finally, \l/o;g—l)‘ﬂ >0 and Im7 ~ %g\)\l. By (2.5) it follows that,

—47
Cy ~ —— -log |\,
Al

as A — 0. By (2.4), we know that hyperbolic growth appears again for LE\4).
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Chapter 5

Bergman kernel on degenerate
hyperelliptic curves

Near degenerate boundaries with nodes or cusps, we estimate asymptotic behaviors of
the relative Bergman kernel metrics for a holomorphic family of hyperelliptic curves, with
applications to their Jacobians. Specifically, the curvature form tends near a node to an
incomplete metric on the parameter space, but tends near a certain cusp to 0. These results
are different from the elliptic curve case and the type of singularities determines various
boundary asymptotics. For the genus-two case particularly, asymptotic formulas with pre-
cise coefficients involving the complex structure information are written down explicitly.

5.1 Non-separating node: genus-two curves with precise co-
efficients

We start with the following two lemmas by analyzing the asymptotics of the matrices A
and B on X >(\5), respectively.

Lemma 5.1.1. Under the same assumptions as in Theorem 1.2.5, as A\ — 0, it holds that
=21
AN ~ [ Vab o ),
0 Cab

where éab = _2f1a \/(x71)(calcmfa)(w*b)'

Proof of Lemma 5.1.1. We estimate all the four elements one by one. Firstly, a;; = f51 w1,

where 1 only contains 0 and A\. Changing variables by setting ¢ = %(—> o0) and s = . As

€T
A — 0, we will get that
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CHAPTER 5. BERGMAN KERNEL ON DEGENERATE HYPERELLIPTIC CURVES

. s=1 / —s2ds __/~ —V/5V/tds
= AE-hd - et -0 - 16— Ds— H(s—t)vab
sas S 82
Lo e e e o)
o) (4 oo (e o) ot
:/big—sjs—ﬂ <1+2St+0(iz)> <1+ (i))

O
v, (o) = (o) -

where 8; contains {t, o0}, —4; contains {0, 1, %, %} and big is a big circle containing {0, 1, é, %}
Here 1 < [s| < [t|. Secondly, we look at ag; = [; wo and similarly it holds that

ds s 52 1 1 1 1
= — 1+ = - 14+ — 14— = 14+ —
et /b;'g _32\/ _ab < + 2t + O(t2 )) ( + 28 + O( )) ( + 2@3 + O( 2)> ( + 2b8 + 0(82)>
ds s 52
= — 1+ = .+ O(= 14+0(=
/b\ig _82 V —ab < ( 2 )> ( (S))
1 1 ds o 1 1.\ im0
= o7 = —+0(5)) —>0.
_\/_T‘b/bz‘g <2t+ t2)> s —Vab <2tJr (t2)>
Thirdly, let 82 contain {0, A, 1,a}. Then, it holds that

dx 1 A A2
) Vale D —a@ -t Ve <1 NETR )>

:/52 N 1)(6?— )z D) ( " i +0(;)> - /5 /(@ — 1)(?— o)z —b)
:&m%imx%@+$+“;0\r(++“ )
= 62302\/%. <1+O(i)>,

where |a| < |z| < |b]. Since d2 doesn’t contain b, \/a% is holomorphic and therefore bounded
on d by C' € C. Then, it holds that

dx
aiz ~C 621,2'( +O(= )) 0.
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5.1. NON-SEPARATING NODE: GENUS-TWO CURVES WITH PRECISE
COEFFICIENTS

Lastly, we deal with ags = [, 5y W2- Similarly, it holds that

ags = v 1 <1+A+O(/\2)>
22 5o \/x(x—l)(az—a)(az—b) VT 2 2
dx A A2 ) dx ~
= + — + O ~ = CaJ)a
5/ (z—1)(@—a)(z—b) < L) 5/ (x —1)(z—a)(z - D)
where d2 contain {1,a}. Thus, we finish the proof of Lemma 5.1.1. O

Lemma 5.1.2. Under the same assumptions as in Theorem 1.2.5, as A\ — 0, it holds that

—2log A\ é/b
B(A)fv( VI e )

1"
—ab Cab

and C"

=, o b dx
where C; - ab " 2fa V(@—1)(z—a)(z—b)

_2faa:\/zlxaxb)

Proof of Lemma 5.1.2 . Again, all the four elements are estimated one by one. Firstly as
t — 0, we make the following computations.

t 2 CyoT
1sm_\/z\/?“°g(\/i+m>1~ Jf logt: (5.1)

Cods  _Weedf 1t ds _oyTDE VAL Vo
L s2/s—t  ts +2t/1 sv/s—t t +2t\f gt~ VA (5.2)

In particular, (5.1) yields the boundedness of

N 1
/1 L 0(2)ds.

Then, for by7 it follows that

”“:/n"“:‘z/l NZICED) <x—df><x—a><w—b>

_ —f\fds
2/ \/5—1 (s—1) %)(s—t)\/%

—2 t\/gjibs\lf<1++0( )><1+2as+0( ))<1+223+O(512)>

[t VsVids 1 IR Vitds 1
2 [ e (1r0) =5 | sﬁs—t(”o(s’>
2 t Vtds N—210g)\

Vab )1 svs—t V—ab ’
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CHAPTER 5. BERGMAN KERNEL ON DEGENERATE HYPERELLIPTIC CURVES

where 1 < |s| < [t|. Secondly, by a similar argument(see also [CMSP, D3]), we can get that

1 xdx

5212[/1“’2:_2/ Vr(z — XN (z —1)(z — a)(x — b)
o _\f\/ds

- 2/ s\ /(s = 1)(s = 1)(s = $)(s — ) Vab

e () o) o)

_ b Vids 1 2/t ds —2
__2/1 $2y/s — tVab <1+O(S)> N_\/% 1 52\/sftN\/—ab.

Thirdly, it follows that

bi2 :[yz w1 = /72 V@ — N (z —df)(:p —a)(z —b)

dx 1 A A2
") Vale-De-a)-b) Ve (1+2+O( ))
N/ dzx _ _2/b dx _en
e T/ (@ — 1) (x — a)(z — b) o 7/ (z—1)(z —a)(z —b)
where |a| < |z| < |b|. Lastly, it holds that,
- :/ oy = xdx
2 v V(e = X)(@ - 1)(z - a)(z )
xdx 1 A A2
Qe MV <1 #500a)
dz dz A
NW\/m—l a:—a)(x—b a /(x—1)( x—a)(x—b) b
and this finishes the proof of Lemma 5.1.2. O

Combining Lemmas 5.1.1 and 5.1.2, we will prove the following lemma, which leads to
the asymptotics for the Bergman kernels by combining (2.8).

Lemma 5.1.3. Let Z§\5) denote the period matrix of X>(\5). Then, as A — 0, it holds that

(ImZ{) "~ s < oo )

—cilog A —c3 \ —c2 —log |l
Proof of Lemma 5.1.3. By Lemma 5.1.1, we know that

=27 -1 —Va
A~ | Vab NO — Q{:b 0 ’
0 Ca 0o C
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5.1. NON-SEPARATING NODE: GENUS-TWO CURVES WITH PRECISE
COEFFICIENTS

as A — 0. Therefore, it follows that

o —2log A A /=1 —C",\ab

7 = Ale _27rab 0 \/—Li CC/Lb _ s : log)\ (éibﬂ'a
B A U o e A (= BT 2 ér,
ab —ab ab éab —ab C~1ab

Since Z is symmetric, this implies that
vV —labéabééb =A4r,

namely

@ dx b dz
v —1lab . = .
/1 V(@ —1)(z—a)(z—b) /a zy/(z — 1)(z — a)(z — b)

Moreover, as A — 0 we know that,

—log I\ 2 1m {1, Vab}
I 7 ~ ™ o ab _:1<—log|)\| (:2>,
T

Am{cvab}  m{gel ¢ a

Q

ab

which proves Lemma 5.1.3. Here

P b Vabda
2= 5 tm {Cp/ab) = Im{/a o/ (o = 1)(561— D = b)} ek

b dx
S fa z—1)(z—a)(z— —
clzwlm{éab}:wlm a\/( 1)(dz J@=h) :ﬂ'Im{T<i b>}>0, (5.3)
—a
ab h V/(@—1)(z—a)(z—b)

and 7(-) is the inverse of the elliptic modular lambda function. We could also derive that
c1 > 0, due to the fact that Im Z positive definite. Also, it holds that —cj log |A\| — 3 =
| —c1log|A| —c3| > 0. O

Proof of Theorem 1.2.5. By (2.8), we know that near the node (0,0), the coefficient of the
Bergman kernel in the local coordinate z = /z is given by

) s
422(2=1) . 52(2-3)
— E : AW
W)= 2 I it e =g - )

(Im~ ' Z)11 4+ (Im™ 2) 1922 4+ (Im ™" Z)91 - 22 + (Im ™" Z)902*
(22 = 1)(2% — a)(22 = b)(2% = N

c1 — 72 —cg - 2% —log |\ - |2|* T

(22 = 1) (22 — a)(22 = b)(22 = N)| —cilog|A| — 3

—4.

2
~d -
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CHAPTER 5. BERGMAN KERNEL ON DEGENERATE HYPERELLIPTIC CURVES

as A — 0. It is not hard to see that the leading term asymptotic expansion of ky(z) is
4r|2|?
(@ -1 —a)(@ b
Subtracting the leading term from k) (z), we determine the two-term asymptotic expansion
as follows. As A — 0, it holds that

ER €2 2 ’
kax(z) ~¢ — + |1 — =2

@] 1

‘ 1 ' 47
“Tog A 2P [ [ - D —a) (2 - )]

Taking the logarithm, as A — 0, we will know that

Ar - |22 1 1 el 1
log kx(2) ~ 1 g =1 Z 7ol Thoav
og kx(2) Og|(22—1)(22—a)(z2—b)|+ og{01+ 22 ¢| —logl|)\|

4 - |2|? I o

2
c1 1
=1lo -+O<>. O
& “log [ (log [\[)2

Notice that the coefficients in front of (—log |A|)~! is strictly positive, for small |z| # 0,

and log kf\5)(z) has Lelong number zero at the origin. Moreover, we further obtain the

(5)

curvature form of the relative Bergman kernel metric on X ;™.

al(Z2-1)(:2—a)(2-b)| |22 «

Theorem 5.1.1. Under the same assumptions as in Theorem 1.2.5, as A — 0, it follows

that
- 1 el c-dAAdA (co—c1272) - z273dA A dz
log kP () ~ | - 2 L
00log (=) ~ |2 = )| AR log AP A~ Tog [A))?
n (c2 —c1272) - 273dz A dA 4derdz N dz
A(—log |A[)2 |2[6(—log [A])”

5.2 Non-separating node: hyperelliptic curves, general curves
and Jacobians

The results in Section 5.1 can be generalized! to a family of hyperelliptic curves X /(\10) =

{y2 =z(r — )\)p(aj)}, with a non-separating nodal degeneration as A — 0, where p(z) is a
polynomial of degree at least 3 with roots a; of distinct absolute values.

Theorem 5.2.1. In the local coordinate z = \/x on X/(\lo), write its Bergman kernel as

BSO) = k/(\lo)(z)dz NdzZ, A € C\{0,Uja;}. Then, as A — 0 for |z| # 0 small, it holds that

(10) C(Z) “dX A dA
M AR (=log AP

where C(z) > 0 is a function of z depending on p(z).

! After a preliminary version of this work was presented as TSIMF in January 2016, the author was kindly
informed by Prof. Z. Huang about the paper [HJ].
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5.2. NON-SEPARATING NODE: HYPERELLIPTIC CURVES, GENERAL CURVES
AND JACOBIANS

After analyzing the asymptotics of the matrices A and B respectively, we can get the
asymptotics of the period matrix.

Lemma 5.2.1. For X;lo), as A\ — 0, it holds that

) —2log A
ﬁnag... 0 e 0 76,15)52” 612 e 5179
0 o e o
AN ~ 22 2.9 and BO\) ~ @21 5'22 ' 52‘,9 ’
0 Qg2 ... Qgg By Bg2 - Bgg

where a;j and Bi; are constants depending on p(z).

Then, this yields the following lemma on the asymptotics of the period matrix.

Lemma 5.2.2. Let ng) denote the period matriz of X/(\lo). Then as A — 0, it holds that

T
C C ... C

Im Z(\) ~ A
Co1 Cha ... C,y

where C; j are real-valued constants depending on p(x).

Proof of Theorem 5.2.1. By Lemma 5.2.1, we know that

vaeZe 0 ... 0
o ! B
A_l N 0 Qg2 ... Q24
0 Qg2 ... Ogg
as A — 0. Therefore, it follows that
—/=IlogA 73 =z
=B B B

Z=A"'B~

I

Ba1 322 oo Pog
Bg,l 59,2 gg,g

where B}J = ,B’/j’i are constants for all (i,5) # (1,1), since Z is symmetric. Also, we have

s Ci2 519*
—log|A] —log|A] 77 —log|Al
Ca1 C C
_ — 22 R 2.9
(Im Z) 1 log || :
5511 ~ ~
Cn Gor o Gy
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CHAPTER 5. BERGMAN KERNEL ON DEGENERATE HYPERELLIPTIC CURVES

where Cj; = Cj; and Ciy = Cgr(2 < 4,5,k < g) are real numbers. We know that the
coefficient of the Bergman kernel in the local coordinate z = \/x is given by

g 2(i—1) . 52(—1)
4z z
kx(z) = Im~! Z);;
¥ Z( =N )
g ~
g~ . . 2 Cli(22(9%)_’_52(&,7]'))_"_7r
4{ JZ_Z Cyge V20T 4 =y } 1
- +0 () _
(22 = A) - p(z?)] (log [A])2

As X\ — 0, it follows that

g - . . ~
4 Z CijZQ(l_l)EQ(J_I) 7+ 2Re { i CliZQ(g_i)}
ij=2 i=2

1
¥ +0 (o)
2 _ . 2 g ~ . 2 /7
|(22 = A) - p(22)] —log|A|- > Cij22(¢_1)§2(3—1) (log |Al)

1,j=2

log ky(z) = log

for 0 # |z| is small, which means that logk)(z) = C' + O(log1|)\| ). O

Remark We remark that the Bergman kernel on the Jacobian of X )(\10) (of genus g) can be
written as (detIm Z(A\))~1dW A dW =: K\(W)dW A dW, in the local coordinate W € C9.
Thus, it holds that log K\ (W) ~ —log(—log|A|), as A — 0, where det Im Z(\) — 400. We
observe that all aj, which determine the complex structure of X )(\10), play no role in the
final result for the Jacobian. Therefore, as A — 0 for |[W| # 0 small, it holds that

d\ A dX
[A[2(=log |A]?)?”

0x0x log K (W) (5.4)

Without caring precise coefficients, the leading term in our Theorem 5.1.1 can be in-
terpreted as special cases of Proposition 3.2 (ii) in [HJ] for m = 1. One can also make
changes of variables from our family to a pinching-coordinate family. Comparing the re-
sults of Habermann- Jost [HJ] and ours, there seems to be no essential difference for the
Bergman kernels near non-separating nodes on general degenerate curves and hyperelliptic
degenerate curves. However, a big difference exists in degeneration between genus-one and
higher-genus curves, probably due to the Uniformization Theorem.

5.3 Cusp I: genus-two curves with precise coefficients

For a family of genus two curves X§8) = {y? = z(2? = X\)(z — a)(z — b)} degenerating to a
singular one Xég) (= Xé7)) with a cusp as A — 0, where a, b, A are distinct complex numbers

in C\ {0} satisfying |a| < |b|, we determine the precise coefficients as follows.
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5.3. CUSP I: GENUS-TWO CURVES WITH PRECISE COEFFICIENTS

Theorem 5.3.1. In the local coordinate z = \/x on X;\S), write its Bergman kernel as
B§\8) = k/(\s)(z)dz ANdz. Then, as X\ — 0 for small |z| # 0, it follows that

1
4 (c+ =) (22423 Im {¢/ - A7 } )
log kx(2) = log c|z4(22 — a) (22 — b)| - c+ |28 —|—O<)\2)7
Vab [0 —dz
where ¢ :=Im {7 (%)} and ¢’ := J o /ez—a)w=b)

7‘1‘1 du
0 Vulu-1)(u-2)
To prove the above theorem, we need to prove the following Lemma 5.3.1 and Lemma
5.3.2, by analyzing asymptotics of two matrices A ( f 5; wl) ~and B/(\S) = ( f%‘ wi> N
ij
(where 0; and w; are as above), respectively.

Lemma 5.3.1. Under the same assumptions as in Theorem 5.53.1, as A — 0, it holds that

_Can
A(S) ~ abv/A
A C(,l Q)M o )
_\/“ a,b
where Cyp 1= [ ——22L = [} —=2du and C 5 = [l Z2luzbdu
ab - 0 \/m . 0 \/m 0 u(u71)(u72).

Proof of Lemma 5.3.1. We estimate all the four elements one by one. Firstly, let §; contain
only —v/X and 0. By Cauchy Integral Theorem, we can get that

dx
61112/61 /\f\/ (@ — VA x+f)(a;—a)(x—b)

where 2 —v/\ is bounded by —v/X and —2v/\. Then, there exists a real number C' € [ L

vo U
such that

-2C 0 dx

RN W A5 Vel + V)@ —a)(@ - b)
WQMﬁfawwmm<+ww

-~ /5 H\F (14 0(a

_L dz 1 (0 VA A .
_ _ab &ﬁﬁ<1+ ~ +0(x2)> (14 0(x))
N 94 o)) = —2TC

— —ab 51 - ab\/X
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CHAPTER 5. BERGMAN KERNEL ON DEGENERATE HYPERELLIPTIC CURVES

where 4] contains only —/X and 0 which satisfies |\| < |#| < |a|. Notice that the Taylor
expansions are different since a and b are not contained in 6;, while —v/\ and 0 are.
Furthermore, we will determine this constant C' precisely by using Taylor expansions and

elliptic functions.

0 dz
a11=—2/_ﬁw1:_2/\f\/ V) (z 4+ V) (z — a)(z —b)

:‘2/¢¢ xd$x+yfw;vﬁ< 2 7 0) (g5 +0)
0

-9 dx
(1+0(x))
—\/7 -V \/ x — x + \f)
5= $+\F _2 (1 + O(S - \/X))
(5 —2v/N\)
s=uvd 2 VA - du (1+ O\ (u—1)))

/¢ f’~ﬁ—ﬁHwﬁeN®

(140 (Au—1)))

::—JMJAA qu—nw—z>
) 1

- / u __Cuy
—VabxJo Vulu—1)(u—-2) —\/ab/\

Secondly, we look at as = f 5, W2 and similarly it holds that

-2 0 zdr

a21__\r \F\/ (z — V) (z+V))

=TV _2 (s — VN - ds <1+O(s—ﬁ))
V) (s =2V

w2 / u—1f VAdu (1+O((u—1)‘ﬁ)>
w- VA= VA) - (u- VA =2V)

—\/7 (u—1)du
-2 [ = @*‘Xw—lfvﬂ)

(1+O(2))

u—l u—2
—2V VA / (u=1)du___ ChaVVA
\/uu—l u—2 B —\/% .
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5.3. CUSP I: GENUS-TWO CURVES WITH PRECISE COEFFICIENTS

Thirdly, let 65 contain only —v/\,0,v/A and a. Then, it follows that

dx
/62\/ V) (x4 V) (z — a)(z — b)
— _ar 1 VA A 1 ERVAN A 1 1
_/52\/m\/§<1+ +O(x2))\/5<1+ 5 +O(m2)>\/§<1+0($)>

d A A —VA A 1
= 1+£+O(—2) 1+i+0(—2) <1+O()),
5o w24/ (x —b) 2z T 2z T x
for |a| < |z| < |b|. Since d2 doesn’t contain b,
on &g by C € C. Then, a2 is bounded by

of & (1 4 ‘2/5 + 0(;)> (1 4 2? 4 0(;2)> (1 + o<i)> 0,

O 1‘2

Lastly, we deal with ags = [, 5, w2. Similarly, it holds that

m_/“W

V) (@ + \f(:c—a)(x—b)
\F 1 —VA A 1 1
e (2 o) (3 +o<x2>>ﬁ<1+o<m>>
+
6 T m(

_cof ™ (1 + =+ O(/\2)> <1 VA + O(/\2)> <1 + 0(1)> = 2mv/~1C.

5233 2

+

Also, we could have

zdx

a22 =
/52¢ VNG + VN (@ - a)(a - b)
= v = (1 A +O(/\)) s (1 F A +O(A)>

5 /x(x —a)(z —b) VT 2z x2
- dx VI dx o
= (m = b) (1 + O()) ~ = Ca,ba

5 /2@ —a) z 5 Va(@ —a) (@ —b)
where o contains 0 and a. Therefore, we could get the asymptotics of the matrix Ag\S) and
finish the proof of Lemma 5.3.1. 0
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Lemma 5.3.2. Under the same assumptions as in Lemma 5.5.1, as A — 0, it holds that

ﬁ

B® 1 CM) Cgb —ab
’ v —ab 12 VVA C{zb —ab |

where CV!, := —Qf and C(,z,b =

o b dx
P T 2l TemtenTy
Proof of Lemma 5.3.2. Again, we estimate all the four elements one by one. Firstly, let v;
contain only 0 and v/A. By Cauchy Integral Theorem, we can get that

dx
b”:_Q/ w__Q/ Ve = VA + V(@ - a)(a - b)

VA T
=2 0 \/m(x—ﬁ)(a%\f/\)\/l—ia\/l—*b(HQaJrO( )>(1_27b+o( ))

_2 du (1+0(x))
—+vab Jo \/x($—\/x)($+\/x)

s=z—vXx —2 0 ds
I AV AR T (140t /3)

s _2/ ~VX-du- (14 0((~u+ V)
\/ —u- VX +VA) - (—u- VA + 2V

i ‘\/;’Tﬁ /1 —¢—u(u_— D(u—2) (1+0((=u+1)- V)
-9 0 du Jldu - 0(172)

Van ) Vouw-Du-2) WM/ Vulu =1)(w—2) " /—ab/x

Secondly, substitute w; with we and similarly it holds that

dx

—\F/ \/ V) (@ + V)

s=z—vXx = —2 0 (s—l—ﬁ)ds 140
—Vab _ﬁ\/ss—i-ﬁ 8+2\/X)< )

s / —u+ DVA- (—VA)du- (14+0((-u+1)- VX))
VA (—u

(1+0O(x))

bo1 =

VAV - (—u VA 2V)
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— \/7 (u—1)du
_ 2 / — 1)d (1+0((~u+1)- V)

(u—1)(u—2)
—2\ﬁ (u—1)d
- / \/ (u—1)( u—2)
B —2\/7/ V-1(u—1du  V— C(1 2)
B \/uu—l u—2) B Vab

Thirdly, let vo contain only a and b. Then, it follows that

dx
/72 \/ (x — —b)

\f )\ 1 VAN A
- 72\/3337—0« r —b) x( 7+ 2)>f<1+2$+0(m2)>
\F dx
= — ::CN.
/7256'\/33;{;—@ ZC—b ( x ) x—a)(x—b) a,b

Lastly, it holds that

/ xdx
2\ Ja(e — V)@ + V) (@ — a) (e —b)

B xdx 1 VA A 1 -V A

s Jx(:c—a)(x—b)ﬁ( ++O($2)>\/§ <1+ 2z +O($2)>

dx o\ dz
= 1+0(—) | ~ =C,.
Vel =) ( o )> Ve

and this finishes the proof of Lemma 5.3.1. 0

The asymptotic results in Theorem 5.3.1 for the Bergman kernels are obtained by com-
bining (2.9) and the following lemma.

Lemma 5.3.3. Let Z§\8) denote the period matriz of X/(\g). Then, as A\ — 0, it holds that

(ImZ)(\g))_l N 1 } ( c 1 —Im{c’ . )\i} ) |

c—ImZ{c’-/\% —Im{c’-)\Z} 1
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Proof of Lemma 5.53.3. By Lemma 5.3.1, we know as A — 0 that

L Chy, 0\ 7
Ail - ab\ﬂ\/LIQ) =V ab V \/X o Ca\,;ﬁ 0
~ ! VA - (1,2) 1
o Cab CarCury Vit a0

Therefore, it follows that

Z=A"'B
Cos 0 Cl1,2) C" /—ab
—VabVVA [ ! BV SR
~N A~ (1,2) 1 f
Ca,bC(LQ) Jab _\/ab\/XC(l’z) m _Cél,Z)\/ﬁ Cé:,,b\/_iab
—VA Ca{b/%m’ CapCopV—ab
TCunCla | XanCen o on S5 CunCiy
b1, Jab (1,2) ¥ ab V=V
[ e v oRE e
LVEVA " - .
CapC1,2) *CanCa CunCap M Ot
Vab -V Ca,b\/@ Cab

Since Z is symmetric, this implies that

ab\/jlctlbca,b = 20(172)06112)’

namely

@ dx b dx ,
2ab\/jl/o Vr(z —a)(z —b) /a zy/x(z — a)(x — b) = CuaCu.

Moreover, as A — 0 we know that,

1 I ngyb\/ abvV'x )
m Cr,2) 1 Im {c//\Z}
ImZ ~ , , = 5
Im 20015V —VA Im { Cab } Im {c’)\i } c
Cos/ab Cas

where

v fb dzx
N e RO
. ___dzx a
b fo Vz(z—a)(z—b)

Since is Im Z positive definite, we get that ¢ > Im? {c’ - A

N
——
U
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Proof of Theorem 5.53.1. By (2.9), we know that the coefficient of the Bergman kernel in
local coordinate z = /x is given by

2
k,\(z) = Z (Im_l Z)ij ’(24

1,j=1

1,201) . 52(2—))
= M)(z% —a)(2? - b)|
4. (Imil Z)11 + (Imfl Z)1252 + (Imil Z)21 . 22 + (Imfl Z)22|Z|4
(24 = N) (22 — a) (2% = b))
cflm{c’-)\i}(§2+22)+|z|4 1
‘(24—)\>(Z2—a)(2:2—b)‘ c—Im2 {c’-)\%}’

~d -

as A — 0. We can see that the leading term asymptotic expansion of ky(z) is

4 c+ |z*

c 2422 —a)(z2 -Db)|

Subtracting the leading term from ky(z), we determine the two-term asymptotic expan-
sion as follows. As A — 0, it holds that

4 c+ |zt
kr(z) — = -
N L A a2 )
4 c—Im{c’-)\i}(zQ—i-EQ)—i-\Z\4 c+ |zt
24(2% — a) (2% — )| ¢ — Im? {c/-/\i} ¢
1
—Im (z +2)c+ {c+ |2[*} - Im? { /\Z}
ElEEpcEy) {C_Ima{c/.m}}c
4Im c )\4 (22 +2%)c+ {c+|2*}- Im{c )\4}
|z4(z2—a b)| c?
4Im c )\4 (22 + 22)
|24(2* — a)(2* — b)

which implies that

B() ~ _i)(zz =l letlelt — (@ +2)m{c At}
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Taking the logarithm, as A — 0, we will get the following two-term asymptotic formula

W=

J)

+ log{(c+ 12[*) — (2* +7%) Im {c’ A

}

S

2, =2
clz4(2%2 — a)(2%2 = b)| c+ |z
_ 1
o 4 (c+ 1z B (22 +z%) Im {c’-/\4} -
& 222 —a) (22 — b)| c+ 2]t '

5.4 Cusp I: hyperelliptic curves and Jacobians

For X /(\6), we will analyze the asymptotics of the matrices A&G) and B/(\ﬁ) respectively. To

make the statements precise, we assume that p(x) is a polynomial of degree at least 2 with
distinct roots a; such that |a1| < |ag| < ... and A € C\ {0,U;a;}.

Lemma 5.4.1. Under the same assumptions as in Theorem 1.2.6, as A\ — 0, it holds that

(1) _1
0(172)-)\ 1 0 0
Clly M axn 0 ... 0
; .
A0
0
. . 0497172 cee e Ozgfl’gfl 0
5+tg—2
C((i)?) VA2 Qg2 oo ... ... Qgg
where C((f’)Q) = =2 fol \;Z(::j;(ﬁ;) . \/fal(fig)(fag)...7 and «;j(i > j > 2) are non-zero

constants depending on p(x).
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Proof. We will estimate all the g x g elements one by one. Firstly, as A — 0, it holds that

O dx 0 dx
e /51 “r=2 /_ﬁy - /_\a V@ N —a)(@ —a2)(@ —a3)...

Taylor 0 dz 1 N
2/—\5 \/fE(CC2 —A) \/—a1(—a2)(—a3)... (1+0())
VA
=l 7 = 1 (1+0(s 4+ VD)
0 \/S(S — \F/\)(s — Qﬁ) \/_al(—GQ)(—ag)...
s=uv / VAdu (1+O((u—1)ﬁ))
\/fou—f)(fu—Qf\/al (—as)...
-~ _2/ Vdu 1
0 VR — VAV — 2y Vi (m ) ().
! Lo, ot

_ /1 du
0 Vau(u—1)(u—2)/—ai(—az)(—as)... \i
For ay1, there is an extra z in the original integrand and thus an extra v/A(u — 1) in the
final numerator. Then, it follows that
—1)du 1
asr ~ —2 (u -)\% = C’((f)g) . )\%.
\/u (u—1)(u—2) /—ai(—az)(—a3)... ’

And similarly, as A — 0, it holds that

2
_2/ L du AT _. ol Lyt
\/u (u— 1 -2) \/—al(—ag)(—ag)... (1,2)
Secondly, §5 contains only —v/X,0,v/A and a1, but not as, as, ....
dx

“e 5 V(22— N)(z — a1)(z — az)...

5Lﬁ¢@g@%w<“ﬁx+mvo<”ﬂdg’

Since 5 doesn’t contain ag,as, ..., ————ow—— is
(z—az2)(z—a3)...

Then, it follows that

for |a1| < |z| < |a2| < Jag| < ...
holomorphic and therefore bounded on d2 by C € C. Then, it holds that

dx A A2 1
=C 1+ —+0(— 1+0(—) | =0.

ajz = 2 < Toz T (:z4)> < + ($)>
However, such a phenomenon will not happen for ajo(j > 2), since there is an extra

2971 in the numerator, which makes aj3(j > 2) asymptotic as A — 0 to non-zero constants
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denoted by ajz. Thirdly, 3 contains only —VX,0,V\, a1,as and ag, but not au, as, ....
Then, it follows that

dx
s = 53 Vr(z2 = N)(z — a1)(z — a2)(x — a3)(z — as)(z — as)...

_ /53 P o Z;(a: —= (1 + % + O(ii)) (1 + O(i)) :

for |as| < |z| < |a4| < |as| < .... Since d3 doesn’t contain ay,as, ..., ————ou— is

(z—a4)(z—as)...
holomorphic and therefore bounded on d3 by C’ € C. Then, it holds that

o[ o L
a13—0/53x3 1+2x2+0($4) 1—1-0(33) =0.

For a3, same argument also gives that ags = 0. However, for a;3(j > 3) this is not the
case, since there is an extra 27~! in the numerator, which makes aj3(j > 3) asymptotic as
A — 0 to non-zero constants denoted by «;3. Lastly, repeating the above process, we will
conclude that all elements above the diagonal in the matrix A vanishes. O

Lemma 5.4.2. Under the same assumptions as Theorem 1.2.6, as A — 0, it holds that

VTt Ba . iy
1
B vl C((i)?) "l Ba2 ... Bayg
A . . .

9

) : e : :
(DT Oy VT Ba o By
where Bi; are constants depending on p(z).

Proof. Firstly, for the first column of B we can make the change of coordinates (similar
to the proof of Lemma 5.2.1) by setting z = (—u + 1) - v\, which yields that by ~
V—=1-a; - (—1)1'*1 for 1 < i < g. Secondly, v contains only a; and as, and we can get
that |22| > || for small A. The Taylor expansion for \/x%/\ will then guarantee that b;o
is asymptotic to a non-zero constants which depends on aq, as, ..., denoted by [;o. Lastly,

similar arguments work for other columns and the proof could be completed. O

Now, we state the results on the asymptotic behaviors of the period matrix of X )(\6).

Lemma 5.4.3. Let Z§\6) denote the period matrix of X/(\G). Then, as A — 0, it holds that

1 O(\1) ... O(A1)

(1 201 O(\1) O(1) ... O(1)
A : : - : ’

O(ﬁ) o(1) ... 0O(1)

where the involved constants depend on p(x).
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Proof of Lemma 5.4.5. We know that

%) Qgg 0 0
O(\1)  O(\"1) 0 0
St \i O(A%)
C((1)2)a22 Qgg 0
O(A1) OA"1) 0
O(\1) O\ 1) ... O(\T1)
C?i) 0 0
O(\2) O(1) 0 0
— | oz
: 0
L 0(1) ... ... 0(1) o0
O(Az) O(1) ... ... ... 01

as A = 0. Therefore, it follows that

V=1 )i 0\

CAAi 0(1 0(1
Z:A—IBN 4 ( ) ( ) :

c@Oxt  0(1) 0(1)

where CU) are constants depending on a;(2 < j < g). Moreover, as A — 0, we know that

1 m{c@i} . m{c@xi}
!
o m{eont ey | 655
- {C.(gb\i } rg.,Q Fag
which yields that
1 O(A1) . O()
2y — o@) 0(1)+.0(A%) 0(1)f0(A%) e, -
00d) 0()+0(d) .. O(1)+0()

Finally, we will prove Theorem 1.2.6 by Lemma 5.4.3.
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Proof of Theorem 1.2.6. The Bergman kernel of X§6) in the local coordinate z = /x is

4520-1) . 52(-1)

g
6)(,) — m! Z);;
B = 2 I D e G a2 — )

4 k 2(i—1)=2(5—1 & 2(5—1
i,j=2 =2

g
= - A 14+ 0(z%) + O(A1) - Re D> 20D R 4+ O

J=2

(NI

),

as A — 0. We further obtain that

4(1+ 024 O(A#) - Re (329, 220-
log k/(\ﬁ) (Z) N log |Z4(22 E (11)(2(2 —))a2)‘ 1 +<O(Z4§ ) )

as A — 0 for small |z| # 0. Note that both the leading and the subleading terms above is
harmonic with respect to A, which vanishes under the 0,9, operator. O

Remark For the Jacobians of X /(\6) (of genus g), the Bergman kernel can be written as

1

7(6)dW ANdAW =: Kx(W)dW A dW,
det Im Z

for W € CY9. Then, as A — 0 for |W| # 0 sufficiently small, it holds by (5.5) that
1 _ (6) 1)2 / 1
og Kx(W) = —logdetTm Z® ~ —log (€ + (0(A4)) ~C'+0(\2),

where C' and C’ depend on p. In particular, if p(x) = (z — a)(x — b), then as A — 0 it
follows that

1
log K\(W) ~ —log ey + — . Im? {02-)\%},
c1

which is the precise result for the genus-two case. So, it seems that the Jacobian of X )(\6)
remains non-degenerate, since det Im Z(\) ~ exp(—C") < +o0.

5.5 Cusp II: genus-two curves with precise coefficients

We first prove the following Lemma 5.5.1 and Lemma 5.5.2, by analyzing asymptotics of

two matrices A(;) = ( J 5; wz) ~and B/(\7) = ( fw wi) _, respectively.
ij ij

75



5.5. CUSP II: GENUS-TWO CURVES WITH PRECISE COEFFICIENTS

Lemma 5.5.1. Under the same assumptions as Theorem 1.2.7, as A — 0, it holds that

21
A0 o Vavx ©
A CMWX Cu )’
where Cgp 1= —2 and C is a constant depending on a and b.
0 \/7

z(x—a)(z—Db)

Proof of Lemma 5.5.1. We estimate all the four elements one by one. Firstly, a;; = f51 w1,
where 6; only contains 0 and A\2. As A — 0, it follows that

A2 A2 dx
a11—2/0 wrs e 0 V(- N(z—A\)(z—a)(z )
_ L[ dz L 1 (14 2= +06) (1- o +0(?)
0 Va(r—N(z—I)V-av-b 2a 2b
-2 A dx
(1+0@))

T Vab o il Nz -2

RS dx =X —2dg
N% 0 Va(z —N)(z—\2) —\F/)ﬁ\/qq—i—)\2 (g+ A=)
=Xv —2 0 —\2dv
—Vab J1 /= X20(=X\20 + A2)(= 20 + A2 — \)

1 -2 / dv 11 / dv
—Vab—=AV=1 Jo \/v(v—l)(v—l—i-%) —Vab—AV/-1 Yoy /=143
1 1 2myv/—1 2m

Vab W [t Va

Secondly, it holds that

a2 »2 xdx
a21:—2/0 o= 0 V(=) foQ)(a:fa)(xfb)
A2 xdx 1
-2 = x—V)\/—TLF( +o< ))(1—%+0( ))
—2 A2 xdz -2 5 xdx
 —VabJo  Jr(z— Nz - N2) (1+0(z)) ~ —VabJo  z(z—N)(z - N2)
o=y =2 [" —N (N (1 — v))dv

g=2-32 —ab J1 /=N20(=\2v + A2)(—\2v + A2 —

N
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Thirdly, let 2 contain only 0, A, A\> and a. Then, it follows that

dx
ajy = 5 V/x(x — N (7 — X2) (2 — a)(z — b)

:/(;Qx%;l;% <1+2’§C+0(22)> <1+;\;+O(§)> <1+O(i))7

for |a| < |z| < |b|. Since d2 doesn’t contain b, ——— is holomorphic and therefore bounded
la| < |z <[] 2 V=] P

on &g by C € C. Then, a2 is asymptotically bounded by

cf & <1+22+0(2z)> <1+;;+0(A4)> <1+0(i)> _o.

- 2
Lastly,
xdx
2 s Vi - N - M) (@ —a)@ )
2 2 4
N 5 Vx(z —dz)(x —b) \/15E <1 " % * O(;)> <1 " %3 " O(;)>
=r e = Cup,

5 Val@ —a)(@ - b)
where d2 contains 0 and a. Therefore, we could get the asymptotics of the matrix A and

finish the proof of Lemma 5.5.1. O

Lemma 5.5.2. Under the same assumptions as Theorem 1.2.7, as A — 0, it holds that

2v/—1log A ol
B ~ < SVab/a b ) ,
JaV T Ca

where C!, and Cl =

=9 fb dx -2 fb dx

a \Jx(z—a)(z—b) @ g\/r(z—a)(z—b)
Proof of Lemma 5.5.2. Again, all the four elements are estimated one by one. Firstly, let
41 contain only A and A%, and we get that

A A dr
S e e e e e

L A dz 1 1 2 9 oz 9

_ 2/0 TSy Y=tV (14 5= +062) (1- 2 +062)
-9 A dx -2 A dx

 —Vab Jo Jr(z =N (z - N2) (Ho(x))wf\/% 0 r(z—N)(z - A2)
1 2y/—1logA\

T Vab  Vx
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as A — 0. Thus, by Cauchy Integral Theorem we know that

“Vab VA VA Vax

Secondly, substitute wy with we and similarly it holds that

A A2 1 2y/—=TlogA o 2v/—1log A
bll =-2 w1 + 2 w1 ~
0 0

A\ A xdx
ba1 = —2 /)\2 wy =2 A2 \/x(m — Nz —N)(z — a)(a: —b)

A xdx 1 1

- a2 x(z —A) x)@)ﬁf( +O( ))(1—27)+O( ))
-2 A xrdx -2 A xrdx

T Jab ) Vr(z — M) (z — A\2) (1+0(z)) ~ _\ﬁ 22Vl — Nz —\2)

w\y

mf

t:

—\ﬁA/18\/m \ﬁ/ 52\/?

() -7

as A — 0. Thirdly, let 2 contain only a and b. Then, it follows that

>/\>~

dx

blz_/w \/gm_x o (1$ 1 A2 \4
/. o x—bﬁ<1++0 )>\/5<”2+0< )
(1+00) ~ |, sy sy =i

)(z —b)

/Wx\/:r: (r —a)(x—0)

Lastly, it holds that

by — xdx
2 ) Vel - N - )@ —a)z - b)
zdx 1 A A2 1 A2 2
-] e <1+ = 1065 )) N <1+2x+0(562>)
dx A dx
= 1+0(=)) ~ =C,.
vs V/x(x — a)(z — b) ( i (37)) s V/x(x — a)(z — b) o0

and this finishes the proof of Lemma 5.5.2. O

The asymptotic results for the Bergman kernels are obtained by combining (2.10) and

the following lemma.
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Lemma 5.5.3. Under the assumptions as in Theorem 1.2.7, let Z§\7) denote the period

matriz of X)(\7). Then, as A\ — 0, it holds that
T c —Im {c”)é }

(Im Z{) ™" ~ ; .
—Clog])\]—Im{c”)\%} —Im{c’/)\2} —log |\

where ¢ = —@ f; Py s ‘fv)( et

Proof of Lemma 5.5.3. By Lemma 5.1.1, we know that
-1
0 1 Capy —CAVA
= o C 0 2 3
Vaby/x % VabvA

s
AL~ [ VabvA
C)\\/X Cab

as A — 0. Therefore, it follows that
2y/—1log A "
1 ( Cap —CAVA ) . < ~an/x. Cab )

Z=A"'B~ —— 9
21 s 2 /
vaV A Ca

\/@ﬁCab abv/A
2¢/=1Cuplog X _ 2¢/—1CN? "o ! “Tlog A Cg, Vabv'A
_VabVA [ T Va0 CuCip = CAVAGy, ) ([ YeLped Sy
27C dnv/—1 2l VA 2v/—1 cry
ab \/%\/X Cab \/E Cab

Since Z is symmetric, this implies that

CapCy pab = 4w/ —1,

@ dz b dx
ab/o \/:E(:B—a)(x—b)/a z\/z(z — a)(x — b) ==L

Moreover, as A — 0 we know that,

namely

_ log || Im{Cy, VabA} 1 —log|\| Im {c”)\% }
ImZ ~ X 27&”1) =: = il . (5.6)
2Re{cabm} Im{c—zb} g Im{c )\2} c

We could also derive that ¢ > 0, due to the fact that Im Z positive definite. Also, it has

2
—clog|\| > Im {c”/\%} . Moreover, we have

1 —1
—log |A| Im{c”Aa}

mZ) ' ~7
( ) Im{c”)\%} c
- c —Im{c”)\%}
- 2 1
—clog |A| — Im {C”}\%} —Im {C//)\Q} —log ||

which proves Lemma 5.1.3.
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Proof of Theorem 1.2.7. By (2.10), we know that near the cusp (0, 0), the coefficient of the
Bergman kernel in local coordinate z = y/x is given by
42(2—1) . 52(2—j)

2
Z::Im_lzw 22 = A)(22 = N)(2% — a)(z* - D)

(Im™! Z)11 + (Im™! 2) 1922 + (Im ™! Z)9y - 2% + (Im_1 AEls
(22 = A) (22 = A?)(2% — a) (22 — D)

¢—1Im {c”)é}? —Im {c”)\%} 22 —log |A| - |2|* T
|(Z2 - )‘)(22 - )‘2)(22 - a)(z2 - b)| . —clog ’)\| — Im {CI/A%}Q

4.

~ - ,
as A — 0. We can see that the leading term asymptotic expansion of k‘f\n (z) is

47
cl(22 —a)(z2 = b)|

Subtracting the leading term from kf\n(z), we determine the two-term asymptotic ex-
pansion as follows. As A — 0, it has

(7) N 1 1 ' 4
A7) {c+—1ogxr-|z|4} (ZZ—a)(> = b)]’

Taking the logarithm, we will know that, as A\ — 0,

a7 ¢ 1
i) =l ST g —1ogAr-|z|4+O(<logw>2> -

We remark that for the Jacobian varieties of X )(\7) (more generally X /(\9)), as A — 0,
hyperbolic growth appears again by (5.6) in the proof of Lemma 5.5.3.

Theorem 5.5.1. Under the same assumptions as Theorem 1.2.7, as A — 0, it holds that

c{ d\ A d\ d\ A dz dz A d\ 4dz N dz }

901log k" (2) ~ — - T
ogky’(2) |24 L 2[A2(—1og |\)3  ZA(—log|\|)2 z)\(—logl)\|)2+|Z\2(—10g|/\|)

Concluding remarks Although Bergman kernels near different types of singularities
behave differently, it might be interesting if there exists some special coordinate working
for the cusp case, in comparison to the pinching coordinate for the node case, so that results
for general curves can be further obtained. Geometric interpretations of the coefficients are

also appreciated.
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