Vol. 66, No. 3 DUKE MATHEMATICAL JOURNAL © June 1992

SPECTRAL CONVERGENCE ON DEGENERATING
SURFACES

LIZHEN JI anp RICHARD WENTWORTH

1. Introduction. The study of the spectrum of the Laplace operator has pro-
duced an extensive literature. (See [Cha] and the references therein.) Of special
interest to recent applications has been the behavior of spectra on two-dimensional
surfaces with degenerating metrics; for example, the case of hyperbolic metrics on
Riemann surfaces is already quite complicated. (See [Hj], [Ji], [W1], [W2].) In this
paper we show that, for a wide variety of degenerating metrics which have, however,
quite different behavior from that of the hyperbolic metric, the spectrum converges
to the spectrum of the surface with the degenerate metric.

Specifically, we consider surfaces M,, with a singular metric, where the singularity
in local coordinates is quasi-isometrically a cone. (See Sect. 2 for our model.) Such
singularities were studied first by Cheeger [Chel] and subsequently by various
authors, particularly in the context of d, Dirac, and other first-order operators.
(See [Chou], [BS], [S1], [S2].) It is a fundamental fact about metrics with
cone singularities that the Laplacian A, on M, still has a discrete spectrum
Spec(Ag) = {4,(0)} 24, which we order 0 = 14(0) < 4,(0) < 4,(0) < .... The natural
question which then arises is the following: suppose we are given compact surfaces
M, with degenerating metrics g, converging as t — 0 to a metric on M, which has a
cone singularity p. The singularity is assumed to be a double point; that is, locally
we have two cones joined at their vertices. The noncompact surface M,\{p} may
or may not be connected, and we shall refer to these two possibilities as the
nonseparating and separating cases, respectively. We are interested in when Spec
(A,) = {Ai(t)} 2, converges to Spec(A,). To state the results precisely, we fix some
notation: let {¢,(t)} 2, denote a complete orthonormal basis of eigenfunctions with
eigenvalues A,(t), and for 4 > 0 define the kernel function

Ki(x, y; 4) = “;q o) (X))

By spectral convergence we mean the following:
(%) Spectral convergence
(i) Foralli > 1, lim,_q 4,(t) = 4,(0);
(ii) for anysequence t; — 0 there exists a subsequence t; — Osuch thatforalli > 1
1im oi(t})) = ¢,(0)
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uniformly on compact subsets of M\ {p} for some choice of complete ortho-
normal basis {¢,(0)} of eigenfunctions for My;
(iii) for any A > 0, 4 ¢ Spec(A,),

lim K,(x, y; A) = Ko(x, y; 4)

t—0

uniformly on compact subsets of My\{p} x M\ {p}.
In Section 2 we recall the definition of a cone metric and some basic results. We
shall construct a model for M,, 0 <t < 1, degenerating as t — 0 to a surface with a
cone metric, and in the subsequent two sections we prove the following theorem.

THEOREM A. For M, a family of compact Riemannian surfaces degenerating as
t — 0 to a surface with cone metric, we have spectral convergence ().

Our main tool for the proof of Theorem A is the result of P. Li (Theorem 2.5
below) giving L™ estimates on eigenfunctions in terms of the inverse squared of the
isoperimetric constant. For our degeneration model, the constant, localized to the
degenerating neighborhood, is bounded away from zero (Prop. 2.6), and Li’s esti-
mate may then be used to extract a converging subsequence of eigenfunctions. The
theorem then follows by a min-max argument. All this occupies Sections 3 and 4.

In Section 5 we construct analytic families of compact Riemann surfaces M, of
genus g > 2 (where t is now in the unit disk D = C) degenerating as t — 0 to a surface
M, with a node p. If u, denotes the Bergman metric on M, (see Def. 5.1), then M,
has the metric g;/g p on M,;, i = 1, 2 if p is separating. If p is nonseparating, then M,
has the metric (g — 1)/g u. However, in this case the elliptic tail becomes a “long,
thin cylinder” as t — 0. We prove the following theorem.

THEOREM B. Let M, be a degenerating family of compact Riemann surfaces
endowed with Bergman metrics y,.
(i) If Mo\{p} has two components, then as t — 0, we have spectral convergence (x);
(i) if Mo\{p} is connected, then the set of limit points of Spec(A,) as t — 0 is dense
in [0, +00).

Finally, in Section 6 we study the admissible metrics of Arakelov [A], normalized
to have unit area. (See Def. 6.2.) In Proposition 6.6 we show that these metrics
degenerate to “admissible cone metrics” which are supported on the component of
M,\{p} with the larger genus. In the equal-genus separating case, we again have a
long, thin cylinder.

THEOREM C. Let M, be a degenerating family of compact Riemann surfaces with

normalized admissible metrics.

() If My\{p} has one component or has two components of unequal genus, then
we have spectral convergence (x). (Spec(A,) is the spectrum of the cone metric
on the component of larger genus.)

(i) If M, degenerates to two surfaces of equal genus, joined at a separating node,
then the set of limit points of Spec(A,) as t — 0 is dense in [0, +o0).
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2. Cone metrics and isoperimetric constants. In this section we recall the defini-
tion of a cone metric and its spectrum. We present a model for a surface with smooth
metric degenerating to a cone metric. Finally, we introduce the isoperimetric con-
stant .#(C), and in Proposition 2.6 we show that, for the degeneration model, the
constant is bounded away from zero.

Definition 2.1. Let (N, §) be a closed, smooth (n — 1)-dimensional Riemannian
manifold. The cone C(N) on N is defined as the space (0, 1) x N with metric

dsi(r, x) = dr ® dr + r?§(x).

An n-dimensional manifold M with metric g defined on M\{p} is called a cone
manifold, and g is called a cone metric with conical singularity at p if, for some choice
of N and some neighborhood U of p, U\{p} is isometric to C(N).

Of course, we may generalize this definition to include the case of several conical
singularities. For simplicity, however, we shall always deal with one.

Let g = g;;dx; ® dx; have conical singularity at p. Then

1 n 9 ( ;0
A= e 2| «/det gi‘g”—)
det g” i’jz=1 axi ! ax]

(where g = (g7*)¥) is a second-order differential operator acting on C(M\{p}).
We wish to extend A as an operator acting on the Hilbert space L*(M). For this we
take the domain of A to consist of L functions f such that |Vf|, Af € L?(M). Since
Stokes’s theorem holds for cone manifolds ([Che2], Theorem 2.2), then by a theorem
of Gaffney [G], the L?-closure of A is selfadjoint. We call this closure the Laplacian
of M and continue to denote it by A. Furthermore, we have the following theorem.

THEOREM 2.2 ([Chel], Theorem 3.1).

(@) A acting on L*(M) has discrete spectrum, and each eigenvalue has finite
multiplicity.

(b) An eigenfunction ¢ of A with eigenvalue 1 is characterized by Ap — g = 0,
with @, |Vo| € L>(M). The eigenvalues may be ordered with multiplicity 0 =
AM) <A (M) <.

In this paper we are interested in the case of two-dimensional manifolds and a
slight generalization of the notion of conic singularity—namely, the case where p
is a double point. This may be regarded locally as the union of two cone surfaces
with the singularity identified. It is natural to view such a singularity as arising from
a pinched cylinder or annulus. Consider the following family C, of annuli with a
metric: for0 <t < 1,

C={xyl—-1<x<1,0<y<2n}/{(x 0) ~ (x, 2m)}
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with metric ds? = dx? + (t + (1 — t)x?) dy®. From Definition 2.1 the metric on C,
has a cone singularity with a double point as described above. In the following we
shall refer to a family of compact, connected surfaces M, with Riemannian metrics
g, 0 <t <1, as a conic degenerating family if M, contains a cylinder (henceforth
referred to as the pinching annulus) which is uniformly quasi-isometric to C, and g,
converges on M,\C, to a smooth Riemannian metric. In the limit we have a singular
metric g, on M, quasi-isometric to one with a cone singularity at a double point
p—notice that M,\{p} may or may not be connected. We refer to these two
possibilities as the nonseparating and separating cases, respectively. We now turn
to the isoperimetric constant.

Definition 2.3. For a compact Riemannian manifold M" of dimension n without
boundary, the Sobolev constant & (M) is defined to be supremum over all constants

¢ such that
" n—1
(f |Vf|> = c inf (f lf — aln/(n—n)
M ae R M

for all functions f on M, and the isoperimetric constant is defined as

. Area(S)"
#(M) = inf (min{Vol(N,), Vol(N;)}y "’

where S ranges over all hypersurfaces in M which divide M into two components
N, and N, with 9(N;) = 0(N,) = S.

On the other hand, for a compact Riemannian manifold M" with nonempty
boundary dM, the Sobolev constant & (M) is defined as

M) — ing S VIV

s Julfpe=s
where f # 0 € C§(M\0M), and the isoperimetric constant is defined as

_ . {A@D)}"
F(M) = lgf{—VW

where D = M ranges over all open submanifolds of M having smooth boundary
satisfying D n dM = J, and A and V denote the area and volume, respectively.

THEOREM 2.4. (See [Cha], Theorems 4 and 12 in Chap. IV.) For any compact
Riemannian manifold M with boundary M (0M may be empty),

F(M) < F(M).
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If we treat the cone singularity as an interior point, then the definitions of & (M),
# (M), and Theorem 2.4 easily generalize for surfaces (n = 2) with cone singularities.
For the proof of Theorems A, B, and C, we need the following L® bounds on
eigenfunctions. (For simplicity we only state the case n = 2.)

THEOREM 2.5 (P. Li).
(i) If M is a two-dimensional compact Riemannian manifold without boundary,
then there is a constant c independent of M such that, for any eigenfunction ¢
on M with eigenvalue A # 0,

42 \?
lolee < el Zan] VMol
S (M)

(ii) If M is compact with nonempty boundary, then for any eigenfunction ¢ on M
of eigenvalue 2 with respect to Dirichlet boundary conditions, the same inequal-
ity holds for ¢.

(i) In either of the above cases, if we assume M has a cone singularity, then the
same inequality holds for eigenfunctions on M.

Proof. For parts (i) and (ii), see [Li] and [Cha, Sect. 4 in Chap. IV]. For part
(iii) we note that Stokes’s theorem holds for manifolds with cone singularities. (See
[Che2].) Then the same proof works in this case as well.

We have the following uniform lower bound for #(C,).
PROPOSITION 2.6. There exists a constant ¢ > 0 independent of t such that for
0<tx1

F(C)=c>0.

To estimate isoperimetric constants, we need the following theorem.

THEOREM 2.7 (F. Fiala, see [Fa]). Let M be a Riemannian surface, K its Gaussian
curvature, and K* = max{0, K}. Then for any simply connected domain D in M,

L2(8D) — 4nA(D) + 2n f K*>0
D

where L(0D) is the length of the boundary 0D and A(D) is the area of the domain D.
In particular, if K <0, then

L2(0D) > 4nA(D).

LemMaA 2.8. For 0 <t < 1 the Gaussian curvature of C, is nonpositive.

Proof. This follows by direct computation.
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Proof of Proposition 2.6. For 1/2 <t < 1 the cones C, form a compact family
of compact surfaces. Thus, to bound the isoperimetric constants of C, away from
zero, it suffices to consider the case 0 < t < 1/2. By the definition of isoperimetric
constants, we need to estimate L2(dD)/A(D) for all domains D < C,. According to
a theorem of S.-T. Yau, however, it suffices to consider the situation where the
domain D is connected. (See [Yau].) There are two cases to consider: (a) no
component of 0D is homotopic to a boundary component of C,; (b) at least one
component of dD is homotopic to a boundary component of C,.

Case (a). In this case every component of dD is contractible in C,. Thus, we can
assume that the domain D is simply connected. Otherwise, D may be embedded in
the universal covering space C, of C,, which is homeomorphic to R2. Fill in the
interior holes of D = R? and replace D by the newly filled one. In this way we
increase the area of the domain, while decreasing the length of the boundary. Since
the domain D is simply connected, by Theorem 2.7 and Lemma 2.8

L*(D)
W = 4.

Case (b). Since 0D has at least one component homotopic to one component of
the boundary of C, and since D is connected, then 0D has two components which
are homotopic to the boundaries of C,, and all other components are contractible
in C,. Filling in the holes bounded by the latter boundaries, we increase the area
and decrease the length. Thus, we can assume that D is homeomorphic to a cylinder
and that it has two boundaries, denoted by y,, 7, (y; lies to the left of y,), which are
homotopic to the boundaries of C,.

Step (i). First, we assume that y, and y, are rotationally symmetric, that is, for
some —1 <¢g <g <1,

D={(x,y)eCle; <x <é&,}.

It can be seen easily that it suffices to consider the case ¢; =0,and 0 <e, = e < 1.
Then

L@D) = 2r{(t + (1 — H)e)'2 + £12},

A(D) = fzn dy Je (t+ (1 —t)x?)'2 dx.
0 0

We are now going to estimate A(D, ,) from above and L*(dD, ,)/A(D,,,) from below.
Depending on the relative size of ¢ and ¢, there are two cases to consider.

First, we assume t>¢*> > 0. From the inequality /1 + x <1+ x/2 for
x=0,
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A(D) = 2n j (t + (1 — £)x?)"2 dx
0

<2n\/ij <1+12_tx2>dx
O t
1—té

1 7
S - - < A ]
2n {t + 6(1 t)t} 3 nt

L%(@D) = 4n*{(t + (1 — 1)e*) + t} = 8=’t.
Thus, for t = 2 > 0,

L?3(D) 81t2t_24n
AD) ~ Imt 7

Next, assume 0 < ¢ < &2. Since /1 +x<1+\/;forx>0,

A(D) = 2=n J‘s (t+ (1 —£)x?)¥? dx
0

£ 1—
SZn\/Z (1+ / ; tx)dx
0

1
< 2n{82 + T/l — tsz} < 37me?,
L?*(0D) = 4n*{t + (1 — 1)&*}
> 4n2(1 — t)e? = 2n%e2?,

since 0 < t < 1/2. Thus, for 0 < t < &2, L2(dD)/A(D) > 2=/3, and so for rotationally
symmetric domain D, we certainly have L?(0D)/A(D) = 1/3.

Step (ii). Second, we consider the case where y, and y, may not be rotationally
symmetric but neither of them intersects the pinching geodesic y(t) = {(0, y) € C,}
in C,. Let y’ be the rotationally symmetric closed curve lying between y,, y(t), and
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touching y,. Let D, be the domain bounded by y,, y(¢) and let D’ be the domain
bounded by y’, y(t). Then D,\D’ is a union of several simply connected domains in
C,. By Theorem 2.7 and Lemma 2.8

(L(y,) + L(Y'))* > 4nA(D,\D).

On the other hand, since D’ is rotationally symmetric, by Step (i)
’ 2 2 ’
(LE) + Lo@))° = 37AD).

Since L(vl) = L(y), L(y,) = L(y(2)),

2

8L%(y,) = 4nA(D,\D’) + %nA(D’) = gnA(Dl).

Similarly, let D, be the domain bounded by y,, y(t). Then L?(y,) = nA(D,)/12. Since
A(D) < A(D,) + A(D,) (if y, and y, lie on different sides of y(t), then the equality
holds), and L(0D) = L(y,) + L(y,),

L3@D) > L2(n) + L*(2) > 15(A(Dy) + AD;) > 1 AD).

Step (iii). Third, we assume that only one of y,, y, intersects y(t). Suppose y,
intersects y(t). Then the subdomain D, = D n {(x, y) € C,|x < 0} of D lying to the
left of the pinching geodesic y(t) is a union of simply connected domains. Then by
Theorem 2.7 and Lemma 2.8

(L(y) + LO(®))* = (L(@Dy))* > 4nA(D,).

The right subdomain, D, = D n {(x, y) € C,|x > 0}, is contained in the domain D,
bounded by y,, y(t). Since y, does not intersect y(t), by Step (ii)

(L) + LOO)? > 5 AD) > 1 AD,).

Notice that for i = 1, 2, L(y;) = L(y(t)); so

(L@D)? = (L))* + (L(y,))

> 4L + LOW)? + (Ly) + Low))
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> %{47:,4(»1) +1/1274(D,)}

T
= —A(D).
48 D)

Step (iv). Finally, we assume that both y,, y, intersect y(t). Then D\y(t) is a union
of several simply connected domains. By Theorem 2.7 and Lemma 2.8

(L(y1) + L(y2) + LOr(0)))* = (L@D\y(1)))* = 4nA(D\y(t)) = 4nA(D).

Since L(y,) + L(y,) = 2L(y(¢)),
(L(6D))* > %(L(vl) + L(y;) + L(y(1)))* = nA(D).

Combining cases (a) and (b), we get that, for 0 <t < 1/2, £(C,) = n/48. As stated
at the beginning of the proof, for 1/2 <t < 1 the cone C, forms a compact family
of compact surfaces. Therefore, the proof of Proposition 2.6 is complete.

COROLLARY 2.9. For any conic degenerating family M, of surfaces, if the pinching
geodesic is nonseparating, then there exists a constant ¢ > 0 depending only on the
Sfamily such that, for 0 <t < 1,

JF(M,)=c>0.

Proof. For the family M, the complement of the pinching annulus C, forms a
compact family of compact surfaces. By assumption, the pinching geodesic y(t) is
nonseparating; thus, it suffices to consider the isoperimetric constants for the
pinching annuli C,. Since the metrics on the pinching cones C, are uniformly
quasi-isometric to the standard metrics ds? on the cones C, above and the isoperi-
metric constants are determined up to some multiple by the quasi-isometric class
of the metrics, the corollary follows immediately from Proposition 2.6.

Remark 2.10. For a degenerating family M, of surfaces with hyperbolic metrics,
whether the pinching geodesics in M, are separating or not, the isoperimetric
constant of M, (or of the pinching annulus) converges to zero as ¢t — 0. Because of
this fact, the spectral degeneration for hyperbolic surfaces is more complicated. (See

[Hj], 03], (W11, [W2])

3. Spectral degeneration for cones. The proof of Theorem A is divided into two
steps.

1. For alli > 1, lim,_, ¢ 4;(t) < 4(0).

2. For alli > 1, lim,_ 4 4,(t) = 4,(0).
In this section we are going to prove step (1), that is, the following proposition.
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PRrOPOSITION 3.1.  Given any conic degenerating family M, of surfaces,

fim 4,(f) < A(0), foralli>1.
t—0

Let M be any Riemannian surface with cone singularities. For simplicity we
assume that M has only one cone singular point, and unlike the degeneration model
described in Section 2 we take it to be a “single” point, as opposed to a double point.
Hence, we may write M = K U C, where K is a compact, connected surface with
boundary and C = {(x, y)|0 < x < 1,0 < y < 2xn}/{(x, 0) ~ (x, 2n)} endowed with
a metric quasi-isometric to the standard one ds? = dx? + x2dy?. Forany0 <¢ < 1
let M, = K U {(x, y) € C|x > ¢} be the submanifold of M obtained by cutting off a
subcylinder.

Let {4, .} be all the eigenvalues of M, (counted with multiplicity) with respect
to the Dirichlet boundary condition and let {4;} 7 be all the eigenvalues of M. Then
we have the following proposition.

PROPOSITION 3.2. Foralli> 1,lim,4;, = 4;.

Before proving Proposition 3.2, we establish some lemmas whose statements and
proofs are models for arguments later on. By a proof similar to that of Proposition
2.6, we immediately have the following lemma.

LemMa 3.3.  For a surface M with only cone singularities and subdomains M, as
above, there exists a constant ¢ > 0 such that forall0 <e <1

F(M,)=c>0.

LEMMA 34.  For any sequenceg; —0let @, . ..., @y, ., be orthonormal eigenfunc-
tions on M, with eigenvalues A, .., ..., A, .. Assume that, for 1<i<m,
lim, o4, ., = A, and o, . converges smoothly over compact subsets of M to a
function @, on M. Then the limit functions @, , ..., ¢, are orthonormal eigenfunctions

of M with eigenvalues 4, , ...,

R *

Proof. First of all, it is clear thatfor 1 < i< m
A=24)0n, =0, loll-<1
and Vo, [ <4, <+

since [|@,, . ll.2 =1 and Vo, . ll.> = 4,,., Therefore, it suffices to prove that for
1<i,k<m,

<(Pn,»,(pnk> = 5ik‘

Forany 0 < ¢ < < 1 define a subdomain C, ; = {(x, y))e Cle<x<é}cCc M
and C; = C, ; a subcylinder of C. It is clear that C, ; = C;. Then for any 0 < ¢; <
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d<landanyl <ik<m,

<(pni,(pnk>M = J (pn,-(pnk
M

= f Pn, Pry, + J P, Py >
M\C; Cs

5ik = <(pn,,ej, (pnk,£j>M,j

= f (Pnk,sj(pnk,sj + J ¢nk,sj¢nk,sj‘
M\C; Ce.s

5

Therefore,

J‘ (pn,(pnk - f (pnk,sj(pnk,ej
M\C; M\C;

[ o
Cs

By Theorems 2.4, 2.5, and Lemma 3.3, ¢, ., ..., ¢, ., are bounded from above
independent of {¢;}; ¢,,, ..., ¢, are therefore bounded as well by the assumption
of convergence of {¢,, ,} and the uniform bound on the latter. Furthermore,
lim,_, o A(C;) = lim,_, o lim,_,4 A(C, ;) = 0. Then for any &’ > O there exists , > 0
such that for 0 < § < J,

f P, Op,, f (pni,aj (pnk,ej
Cs Ce.s
o

Notice the uniform convergence of @, . , @y, ¢, 10 @y, @y, respectively, over compact
subsets of M. It follows that

K(on,’ (Pnk>M - 5ik| <

+

+ lj ¢nk,sj¢nk,ej .
€50

50

+ lim

gj=0

<90

[K@uys Puom — Ol < lim + 0

e;—0

J\ (pn,-(Pnk - J (pni,s,¢nk,aj
M\C; M\Cﬁ

=4
Since ¢’ > 0 is arbitrary, for 1 < i, k < n, we have

<(pn,~’ (pnk>M - 6ik =0.
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LEMMA 3.5.  Given any sequence ¢; — 0 and a normalized eigenfunction @, on M,
with eigenvalue 4., assume that hm6 04, < +00. Then there exists a subsequence
& — 0 such that lim,;_,, 4, exists and @,, converges smoothly over compact subsets
of M to a function ¢, which is a normalized eigenfunction on M with eigenvalue
lim;_, o4,

Proof. We have

A-4%)e,=0 and

)

By regularity theory (see Theorems 8.8, 8.10 in [GT]), for any compact subset
D = M and any k € N, there exists a constant ¢ = ¢(D, lim, -0 A ,) such that

IV¢aj|2=ls,f @, = 4.
M‘,

%

I Pe; w2y < €

Then by the Sobolev embedding theorem (see Theorem 5.4 in [Ad]) and a diagonal
argument, there exists a subsequence & — 0 such that lim,;_, 4, exists and ¢,
converges over compact subsets of M to a function ¢. By Lemma 3.4 the limit
function ¢ is a normalized eigenfunction on M with eigenvalue lim,;_,¢ 4.

Proof of Proposition 3.2. By domain monotonicity for Dirichlet eigenvalues,
Aie < Ai12 for 0 <& < 1/2 and i > 1. For any sequence ¢ — 0 let {¢;, }T be a
complete system of orthonormal eigenfunctions with clgenvalues {/1, . 17. By
Lemmas 3.4, 3.5, and a diagonal argument, there exists a subsequence ¢ — 0 such
that, for all i > 1, ¥ = lim,,_ 4; ,; exists, ¢, ,; converges smoothly over compact
subsets of M to an eigenfunction ¢ on M with eigenvalues 1}, and the limit
functions {¢*}7 are orthonormal.

Claim. The limit functions {¢}*}? form a complete system of orthonormal
eigenfunctions with eigenvalues {1¥} 7.

Assuming the claim, it is clear that, for all i > 1, A} = ;. By the arbitrary choice
ofgg—0,foralli>1

lim 4, , =

£=0

i

This completes the proof of Proposition 3.2.

Proof of claim. Assume the contrary. Then there exists a normalized eigenfunc-
tion ¢ on M with eigenvalue A such that, for all i > 1, (¢, ¢¥> = 0. Let 5, = ,(x)
be a cutoff function on M such that n, =1 on M;, = M\C;,, #, =0 on C,,, and
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|Vn,| < 2/¢. Then

limj .| =J lp* =1  and
=0 JM M
j IV(en,)I> < I Vol* + J lol?||Vn,|?
M M M
4
lj lo|* + —ZJ lol?.
M € Jea

By Theorems 2.4, 2.5, and Lemma 3.3, there exists some constant e, > 0 such that
ol < eo < +00. Then

J lol* < e f 1
Ca,Zs Cs,Zs

= e A(C;,2.) = %eogz'
Therefore,
J IV(en,)|* < A + 6e,. (3.6)
M

Expanding the function ¢, in terms of the complete system of orthonormal
eigenfunctions {¢; ,;}{ on M,

Ej’

P = Zi (&) 9, (3.7

where fori > 1
ai(e}) = <(P'1e,', (pi,ej>M,3 and
> 2
3. a2(e)) = llon1”.
=

Similarly, from equation 3.7

IV(@n)I? = ¥ ak(

l£j

-

0
=Y af(E)A
i=1
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where the inequality 4; ,, > 4, follows from the domain monotonicity for Dirichlet
eigenvalues. For any N e N

IV(en )2 = Ay Y, ai(e)).

i>N

Since Ay — +o0 as N — +o0, by equation 3.6, for any 0 < § < 1 there exists N,
independent of ¢; such that

0
a?(g)<dé  and
N,

i>No

No

Y. at(g) = llongl* — 5. (3.8)

i=1

On the other hand, for 1 < i< N,

lim a,(g) = lim PNy Piedm,
&—0 &—0 J

={p, > =0

where in the second equality, we use the fact that ¢, ,, is bounded independent of
¢j; this follows from Theorems 2.4, 2.5, Lemma 3.3, and was used in the proof of
Lemma 3.4. Then letting ¢; — 0 in equation 3.8, we get

M=o

No
0=lim ) af(e) > lim |on,
&0

g—0 i=1
=|pl*?-d=1-0.

Since < 1, this is a contradiction! Thus, we have proven the claim and thence
Proposition 3.2.

Remark 3.9. The basic philosophy here is that, since in the limiting process of
M, > M as ¢ —» 0 no mass of the eigenfunctions of M, is lost (see Lemma 3.4), it is
reasonable that all eigenfunctions on M should come from eigenfunctions on M,.

Remark 3.10. A special case of Proposition 3.2 and its proof is the following
fact. (See [CF1].) Let M" be a compact Riemannian manifold of dimension n > 2,
p be a distinguished point in M, and M, (for ¢ > 0 small) be the complement of the
geodesic ball around p with radius e. Then the Dirichlet eigenvalues of M, converge
to eigenvalues of M as ¢ — 0.

Proof of Proposition 3.1. For1>¢>01let M,, = M)\{(x, y) e C]|x| < ¢} and
let {A,(t, &)}, be all the eigenvalues of M, , with respect to the Dirichlet boundary
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condition. Then by the domain monotonicity for eigenvalues, for all i > 1
(1) < At €).

For any fixed e > 0, M, , (0 <t < 1) forms a compact family of compact surfaces.
Thus, for alli > 1

lim A,(t, &) = 4,0, ¢).
t—0

By Proposition 3.2, for all i > 1, lim, _, 4 4;(0, &) = 4,(0). Therefore, for alli > 1

lim 4,(f) < lim lim A,(¢, €)
t—0 =0 t—=0

= lim 4,(0, &)

e—=0

= A,,(O) .
This completes the proof.

To prepare for the proof of lim, , ; 4,(t) = 4,(0) (i = 1) in the next section, we study
the spectral degeneration for the cone family C, first. With respect to the Dirichlet
boundary condition on dC,, let {1;(t)}:2, be all the eigenvalues of C, counted with
multiplicity.

ProrosITION 3.11

(i) Foralli > 1,1lim,_, ¢ u;(t) = u;(0).

(ii) For any sequence t; — 0 let {(t;)};2, be a complete system of orthonormal
(Dirichlet) eigenfunctions on C, with eigenvalues {u:(t;)}32,. Then there exists
a subsequence t; — 0 such that, for all i > 1, y,(t;) converges smoothly over
compact subsets of C, to an eigenfunction y;(0) with eigenvalue u;(0), and
{¥:(0)}2, is a complete system of orthonormal Dirichlet eigenfunctions on C,,.

Proof. By the same proof as that of Proposition 3.1, for all i > 1
lim () < w(0).
t—0

On the other hand, from Proposition 2.6 there exists a constant ¢ > 0 such that, for
0<t< 1, #(C)=c>0. Then by arguments similar to those in the proofs of
Lemmas 3.3 and 3.4, there exists a subsequence t; — 0 such that, for all i > 1, y,(t/)
converges smoothly over compact subsets of C, to a Dirichlet eigenfunction ;(0)
with eigenvalue p;(0), and {;(0)}2, are orthonormal Dirichlet eigenfunctions on
Co. It is clear then that foralli > 1

}Til% wi(t)) = pi(0).
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By the arbitrary choice of t; » 0

}_i_%% wi(t) = pi(0).
Therefore, for all i > 1

lim p,(2) = pi(0),
10

and {;(0)}2, is a complete system of orthonormal Dirichlet eigenfunctions on C,
with eigenvalues {y;(0)}2,.

Remark 3.12. By Corollary 2.9, if the pinching geodesic y(t) in the conic family
M, is nonseparating, then the isoperimetric constant .#(M,) = ¢ > 0 for some con-
stant ¢ independent of ¢, and the proof above works for Theorem A in this case also.
But for the case of the separating pinching geodesic, we need another argument.
Instead, in Section 4 we prove Theorem A simultaneously for the pinching geodesic
separating or not, thus justifying the philosophy that, to understand general de-
generating families, it suffices to understand the degeneration of the pinched part.

(see [Ji].)

Remark 3.13. The above proof for Proposition 3.11 gives a new, elementary
proof of Theorem B in [CF2].

4. Proof of Theorem A. In this section we prove that forall i > 1

lim A,(¢) > 4,(0),

t—0

and we finish the proof of Theorem A.
By Proposition 3.1, for all i > 1

lim 4,(t) < 4,(0).

t—0

Then by arguments similar to those in the proofs of Lemmas 3.3 and 3.4, for any
sequence t; — 0 there exists a subsequence t; — 0 such that, for all i > 1, ¢y(t))
converges smoothly over compact subsets of M, to a function ¢ on M,, and A} =
lim,, o 4,(t;) exists. The limit function ¢} satisfies

(A—-4i)er =0,lfl2 <1 and
Vol < 4F < +o0.

LEMMA 4.1.  The limit functions {@}}2, are orthonormal eigenfunctions on M,
with eigenvalues {A}}2,; that is, for all i, k > 1

{OF, o> = Oy
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Assume Lemma 4.1 first. Then the limit functions {¢{}2, are, in particular,
linearly independent, and thus by min-max we have for alli > 1

lim 4(t])) = A* > 4,(0).
10

By the arbitrary choice of the sequence t; — 0, for all i > 1

lim 2,(t) > 4,(0).

t—0
Therefore, combined with Proposition 3.1,

lim A(t) = 4,0), foralli> 1.
t—=0

The limit functions {@*}2, are a complete system of orthonormal eigenfunctions
on M, with eigenvalues {1,(0)}2, and thus may be denoted by {¢;(0)}2,. This
proves parts (i) and (ii) of Theorem A. For part (iii), 4,(0) < 4 ¢ Spec(A,) if and only
if 2,(¢) < A for small ¢t; so by parts (i) and (ii)

lim K(x, y; 4) = Ko(x, y; 4).

-0
By the arbitrary choice of the sequence t; — 0,

lim K, (x, y; ) = Ko(x, y; 4).
t—=0

This completes the proof of Theorem A under the assumption of Lemma 4.1.

Proof of Lemma 4.1. Let n = n(x) be a cutoff function on M, such that n =0
on My, 1 = Mo\{(x, y) € Collx| < 1/2}, n = 1 on M\M,, 14 = {(x, y) € Colx| >
1/4}, and [Vn| < 8 on M. For any fixed iy > 1 consider the function ¢, (¢/)n on C,;.
We want to show that ¢; (¢;)n(or ¢; (t/)) does not lose any mass inside the pinching
annulus during degeneration. More precisely, define

my = ﬁfﬁ J |(Pio(t,{)’7|2;

40 JM,

then we have the following claim.

Claim. (i) The mass of the limit function @7 is

j lpiEnl*> = my;
M,
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(ii) The mass lost during degeneration is

i 1 [ o) -
Mt\Mt 3

e-0 10

Proof of claim. Actually, by taking a subsequence, if necessary, we may assume
that llm, _.0th l(p, (& )n|?> = m,. Expanding the function @;,(Ej)n on G in terms of
a complete system of orthonormal Dirichlet elgenfunctlons {\//,(t )}, on C,;, with
eigenvalues {y,(t/)} 2,

0t = i BV

where
Y, b)) =J loi, (t))n1?,
i=1 Ml}
; b2 () ui(t]) = J Vo, (t)nl*.
Now

Y

f IV, (t)nl* < J IV, (t))1> + max |V J |, (1)1
M, M, M,
< A(t) +8<co

for some constant ¢, < +00 independent of ¢}, using lim, Aio(t) < 4;,(0). Thus, for
any Ne N

i) 3 B < 3 Baus)

uMs

b2 (t)) pit))
= j Vo, (t)nl*> < ¢
M,

Since lim, ., o uy(t) = uy(0) and limy_, ,, un(0) = +o00, for any § > O there exists an
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N, € N such that

b2 (t)) <

(4]

Vs

No
Y. b)) = f i, (N> — 6,
i=1 M,

i b () <

i>No

j ot — 3 B <
C, i=1

J

By further taking a subsequence we assume that, for 1 < i < Np, limy,., b;(tj) = b,(0).
Then

No

No
3. 620 > Iim ¥ 52(¢)

> lim I |9, (E)M1> — & = my — 4.
M

-0 JM,
J

Forany 1 >¢>0and 0 <t < 1,let C(e) = {(x, y) € C,||x| > ¢}. We then have

J lp¥n|? = lim f i, ()
Col(e) ;=0 Ct}(a)
= lim I
;=0 C(e)

_ fm j
420JC,

No 2
2 lim J > bt —
40 JCye) | 1=1

N
> lim
-0 C':' i=

No 2
3. BGW(E)

No 2
@i, () — izi bi(tj)yi(t;)

() 2
Zl bi(t))¥i(t;)

No 2
Y bit)| —

— lim J
;=0 C,}\C,;(a) i=1

> lim Z b2(t}) — N, Z b2(0) 11m f Wi(t)1> — 9.
C}\C,}(a)

t,—'O i= =1




488 JI AND WENTWORTH

By Proposition 3.11, [[¢;(t)]|.: = 1¥:(0)]l .- = 1, and y;(t]) converges to ¥,(0) uni-
formly over compact subsets of C,; so

tim fim f eI = lim f WO = 0.
C,}\C,;(e) Co\Co(e)

£~0 ;-0 e—-0

Thus, for any 6 > 0 given above, there exists g, > 0 such that for ¢ < ¢,

No L
N, Y. b?(0) lim J W) < 4.
i=1 C,;\C,}(a)

-0

And forany 6 >0and e <¢gy < 1/4
f loknl* > J lonl> = mo — 26.
Co Co(e)
Since 4 > 0 is arbitrary,
J |(Pi:’7|2 =my.
Co
This completes part (i) of the claim. For part (ii) we have for ¢ < ¢, < 1/4

™
lim J o, (t))|? = Tim los, ()l
50 JM\M, 50 JC\Cylo

»

<lim | g, (¢)n* — lim f i, (¢)mI?
;-0 Cl; ;-0 C‘}(g)

»

=1m | o, (¢)m* — J lofnl?
;-0 JC, Cole)

]

Smo—(m0—25)=25.

Since é > 0 is arbitrary, part (ii) of the claim follows immediately, and the proof of
the claim is complete.

We now use the claim to prove the orthonormality of the limit functions {¢*} ;.
Combining this with the equations preceding Lemma 4.1, we will have shown that
the limit functions {@}*}2, are orthonormal eigenfunctions on M, with eigenvalues
()24
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Foranyi k> 1,

[<of, o> — 6yl = lim

e—0

% %
J‘ D" P — Oy,
Mo,

J 0t o(t]) — Oy
M,

o

= lim lim

e-0 ;20

+ lim lim
e-0 ;>0

< lim lim
£-0 ;=0

j 0;(t}) @i(t]) — O J 0t o(t;)
Ml} Ml)\MI}'B

12 12
< lim lim (J l(pi(t,f)lz) <j IQ’k(f})IZ)
820 =0 \JM,\M, , M \M,, ,

=0

where in the last equality we use part (ii) of the claim. This completes the proof of
Lemma 4.1.

5. Proof of Theorem B. In this section and the next, we present examples of
metrics defined on Riemann surfaces whose spectra converge by the results of the
previous sections. As we have seen, the key estimate needed is a lower bound on
the isoperimetric constant.

We shall consider a specific construction of an analytic family of Riemann
surfaces 7: .# — D, where D is the unit disk in C. This construction is standard, and
we refer to [F'1] for more details. Briefly, there are two cases to consider: (i) we start
with two compact Riemann surfaces M,, M, of genus g, = g — j, g, = j respectively
(we always take j < g/2, g > 2), and local coordinates z,, z, centered at points
p1 € My, p, € M,. For t € D\{0} remove the disks |z;| < |t| and glue together the
remaining surfaces by means of the identification z,z, = t. The resulting surfaces
may be completed to form an analytic family n: # — D, where M, = n~!(f) has
genus g for ¢t # 0 and n7*(0) is stable in the sense of Deligne-Mumford. Alternately,
(ii) we could start with a single surface M of genus g — 1 > 0 and coordinates about
two points a, b € M and a similar construction adds a handle to M. Then the fiber
7~ (t) would have genus g for t # 0.In both cases (i) and (i), we shall use the notation
M, = n'(0) and denote the identified double point (or “node”) by p. The two types
of degeneration are distinguished, as discussed in Section 2, by whether p separates
the degenerate surface M,,.

We also introduce some notation: let U, = {q € M, ||z,(q)| < |t|**} and suppose
R is any region in M. Then there is a natural embedding R\U, » M, under the
identification described above. We shall denote the image R N M,. This works as
well for R « M, or R = M in the nonseparating case. If R is, for example, an open
submanifold of M, and R = M,\{p}, then for small |¢|, R is embedded in M,, and
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a metric ds? on M, may be pulled back via this embedding and compared to a fixed
metric on R = M,. The estimates in the following two sections should be taken in
this sense.

We now proceed to define the Bergman metric: let M be a compact Riemann
surface of genus g > 0. Let w,, ..., , be a basis of abelian differentials, normalized
with respect to the A-cycles of some symplectic homology basis for M, and denote
by Q;; the associated period matrix.

Definition 5.1. The Bergman metric for M is defined by ds*> = u(z)|dz|?, where

LS (im0 0,0
g ij=1

uz) =

Remark 5.2. The Riemann surface M may be embedded into a g-dimensional

complex torus J(M), called the Jacobian variety on M. The metric u is the one

induced by this embedding from the natural Euclidean metric on J(M). Since the

scalar curvature of subvarieties decreases, we know that the scalar curvature of u
is nonpositive. (See [GH], p. 79.)

Now suppose we consider the Bergman metrics y, on the degenerating family .#
described above.

ProposITION 5.3 ([W], Lemmas 6.9 and 7.4).
(i) For the degeneration (i) described above

gi
W= ‘é‘ﬂi

uniformly on compact subsets of M\{p;},i = 1, 2, where p; is the Bergman metric of

M;. Moreover, there is a constant C depending only on the family such that, in local
coordinates about the node,

< Clel/lzf*.

‘mw—@mw
g
(ii) For the degeneration (ii) described above

g—1
o=

uniformly on compact subsets of My\{p}. Moreover, in local coordinates about the

node,
1 1 1
° (—logltl>

<
—log|t| 2ng|z|?

-1
m@—gg u(z) —
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where the estimate is

1
. _ 2 - -
lim sup (—|z| logltl)O(_logltl) 0

1=0 Jrji2 <z

Fix a geodesic disk C about the node p in M,,. Then for t # 0, C, = Cn M, is
topologically a cylinder which contains the pinching region.

COROLLARY 5.4. Let ./ be degenerating to a separating node, where M, is equipped
with the Bergman metric and C, is as above. Then there exists a constant ¢ depending
only on M such that for all t e D\{0}

#(C)=c>0.

Proof. By Remark 5.2 and Theorem 2.7, we may restrict our attention to
homotopically nontrivial curves, rotationally symmetric as in Section 2. By Proposi-
tion 5.3, part (i), the error in estimating the lengths of such curves by the limiting
metrics vanishes as t — 0, and the corresponding subdomains clearly have finite
area. Thus, #(C,) may be bounded below by #(C,) for the limiting metrics, which
is clearly bounded away from zero.

Proof of Theorem B, part (i). The proof proceeds exactly as in Section 4, the
crucial point being the bound of Corollary 5.4 and the discreteness of the spectrum
for the limiting metric, which in this case is obvious. Note that by Remark 3.10 the
limiting spectrum is indeed the spectrum for the closed problem on the disjoint
union of M; and M, with a multiple of the Bergman metric.

As noted in the introduction, the pinching region for the nonseparating case
becomes long and thin. This is easily seen from the result in part (ii) of Proposition
5.3. In order to prove part (ii) of Theorem B, we wish to compare the Bergman
metric to one where the long, thin cylinder is actually flat. Set [ = \/ —log|t| and
construct a family of interpolating metrics fi, satisfying

1. fi, = p, on the complement of the pinching annulus {z||z| < 17'};

2. fi(2) = (—log|t])™! 2|72, for |z] < 3174

3. sup(yjay-1 <z <i-1 (fi(2)) is bounded independently of ¢.

Now choose L > 0, also independent of ¢, such that for ¢ # 0

L7, < p < Lj, (5.5)
on all of M,. This is possible since by Proposition 5.3

0< inf (—lz’logltlu(z)) < sup (—|z|* log|t|p(z)) < +oco.

|12 <|z) <1~ )12 <jz|<1-1

Let {4,()}, be the eigenvalues for u, and {1,(t)}2, those for fi,. Then we have
the following theorem.
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THEOREM 5.6 (E. B. Davies, [D] Theorem 3). Under the assumption equation 5.5
L™47,(0) < A,(t) < L4*2,(0)

holds for alln >0 and t # 0.

Proof of Theorem B, part (ii). By monotonicity it suffices to show that the
Dirichlet and Neumann spectra of a subdomain become continuous as t — 0 while
the spectrum on the complement is controlled. By Theorem 5.6 we may equivalently
consider the eigenvalue problem for fi,. But for fi, the domain |z| < 4I/7! in local
coordinates about the node is isometric to a flat cylinder of length ~ [ and circumfer-
ence 2nl ™. The Dirichlet eigenvalues for the cylinder are

2
Aon _—.<?) +@)?, m=12..n=012...

and the Neumann eigenvalues {u,, ,} are the same, where we allow m = 0. As [ - oo,
{Amn} and {u, ,} clearly become dense on the entire interval [0, +0). On the
complement of the region {z||z| < '}, one can bound the isoperimetric constant
away from zero, as in the proof of part (i), and by the results of Section 3, the Dirichlet
and Neumann spectra converge. Finally, in the region {z|4I™! < |z| <[7!} the
annulus is collapsing to a circle. It is easy to see that Cheeger’s constant diverges,
and since it is a lower bound for the entire Dirichlet spectrum, the latter also
diverges. The circumference of the annulus remains bounded away from zero. By
decomposing into phases, we see that for small / there are only finitely many
Neumann eigenvalues in any interval. This follows from the divergence of the
Dirichlet spectrum, and the fact that, for each phase, Neumann eigenvalues can be
bounded below by Dirichlet eigenvalues after shifting the index by two. (See [We].)
Now the proof of part (ii) follows by monotonicity.

Remark 5.7. Heuristically, the fact that for small |¢| we have an embedded
cylinder which is close to being flat means that in the limit we get the continuous
spectrum of the real line, i.e., [0, +00). This is in contrast to the case of the hyper-
bolic metric where this type of argument can be made rigorous; an embedded
hyperbolic cylinder produces continuous spectrum only in the interval [1/4, +o0).
(See [Ji].)

Remark 5.8. The long, thin cylinder may be understood geometrically—for the
nonseparating case, the Jacobian variety J(M,) becomes a noncompact torus as
t = 0. Furthermore, from the embedding M, — J(M,), it can be seen (see [W]) that
the pinching annulus wraps around that part of the torus which becomes un-
bounded. As ¢t — 0, we therefore produce a long, thin cylinder.

COROLLARY 5.9. Let A,(t) denote the first nonzero eigenvalue for the degenerating
Jamily M with Bergman metrics. Then A, — O for both the separating and nonseparat-
ing cases.
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Proof. For the nonseparating case this follows from monotonicity and the fact
that infinitely many eigenvalues converge to zero for the long, thin cylinder. The
limiting spectrum in the separating case is the union of the two spectra, and hence
contains two zero eigenvalues. Since 4, (t) is the second eigenvalue in Spec(4,), 4,(t)
must go to zero.

Remark 5.10. We may guess at how fast 1, — 0 in the separating case. The
method used suggests that 4,(t) should behave like the Dirichlet eigenvalue 4,(g)
for the complement of the set {q||z(g)| < &} on one of the two surfaces M;. By a
result of Ozawa [O]

2r

Mle) = - Area(M,;)

(log &)t + O((log &)72).

Since we may take & ~ |t|'/2, we expect 4,(t) to be bounded above by a multiple of

(log |t])™!. Note that this is the behavior of 4, for the hyperbolic metric; however,
in the nonseparating case 4, is bounded away from zero for the hyperbolic metric,
in contrast to Corollary 5.9. (See [SWY].)

6. Proof of Theorem C. The Bergman metric of Section 5 degenerates to a
smooth metric. In this section we study the admissible metrics introduced by
Arakelov [A]; these degenerate to cone metrics. It will be convenient however to
have a different description of cone metrics on surfaces. We have the following
simple lemma.

LEMMA 6.1. Let g be a metric on a two-dimensional manifold M\{p} such that,
in local coordinates x centered at p, g = |x||~2°x* ds?, where ds? is the standard
Euclidean metric and o is some number 0 < o < 1. Then g is a cone metric on M.

Proof. Let (r, 8) be polar coordinates associated to X, (t, ¢} coordinates on the
cone C(S}), where S! is the circle of radius 1 — « with the standard metric §(¢) =
(1 — «)? d¢>. Consider the map

rl—a
(r,@).-»(l_a,o).

This defines a smooth difftomorphism from a deleted neighborhood of p to C(S*)
and the standard metric ds2 = dt? + 12§(#) pulls back to g. Hence, by Definition
2.1, g is a cone metric.

As in Section 5, we fix a compact Riemann surface M of genus g > 0 and let u
denote the Bergman metric.

Definition 6.2. The Arakelov-Green’s function on M, denoted G(z, w), is charac-
terized by the following
(i) G(z, w) has a zero of order one on the diagonal in M x M;
(i) G(z, w) = G(w, z2);
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(iii) for z # w, 0,0; log G(z, w) = — Zu(2);
(iv) fslog G(z, wu(z)|dz|*> = 0.

Definition 6.3. A metric ds?> = p(z)|dz|* on M is called admissible if its Ricci form
is proportional to the Kahler form of the Bergman metric; i.e.,

0,0; log p(z) = 2n(g — u(2).

Remark 6.4. The exact multiple follows from Gauss-Bonnet and the fact that
um n(z)dz|* = 1. Note that an admissible metric always has negative curvature for
g > 2 and that any two admissible metrics are proportional. For tori the metric is
flat.

Definition 6.5. (i) Set

. Gz, w)’
=t

Then p is an admissible metric and defines the Arakelov metric (see [A]).
(ii) The normalized admissible metric p is the admissible metric with unit area. By
Remark 6.4, p(z) = p(z)/Area(M, p), where p is the Arakelov metric.

Now let ./ be an analytic family as described in Section 5. The Arakelov metrics
p, form a smooth family for ¢ # 0, and their behavior as ¢ — 0 has been studied in
[W]. We are interested in Spec(A,).

PROPOSITION 6.6.
(i) Let A be degenerating to a separating node with j < g/2. (see the beginning of
Section 5 for notation.) Then

P(2) = p1(2)Gy(z, P1)_4j/g

uniformly on compact subsets of M;\{p}. Here, p, is an admissible metric for M,
and G, is the Arakelov-Green’s function for M,. Moreover, p, vanishes to order
|t|2A =238 yniformly on compact subsets of M,\{p,}.

(ii) Let ./ be degenerating to a nonseparating node. Then

p.(2) = p(2)(G(z, a)G(z, b))~ ¢

uniformly on compact subsets of My\{p}. As above, p is an admissible metric for M,
and a and b are as in Section 5.

Remark 6.7. The form of the limiting metrics (note that they are quasi-isometric
to cone metrics by property (i) in Def. 6.2, Lemma 6.1, and the assumption on j)
follows from the results in [W]. However, the asymptotic behavior for the Arakelov
metric p, studied there only gave pointwise results away from the node. To determine
the limiting behavior of g, = p,/Area(p,), we need estimates on the area as well.
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Remark 6.8. The limiting metrics are “admissible cone metrics”; that is, their
curvature is a multiple of the Bergman metric. In the cases considered above, the
limiting metrics have nonpositive curvature bounded from below. (The curvature
is negative if the limiting surfaces are not tori.)

To obtain the proposition we must control the behavior of the metric in the
pinching region better than in [W]. To do this, we use Fay’s expression for admissi-
ble metrics; let 3[ f] denote the theta function with characteristic f associated to
J(M). Choose f to be an odd, nonsingular element of the theta divisor in J(M).

PROPOSITION 6.9. Let p(z) = |H/(z)|*¥(2), where

Ho) = 3 2 90/1000,),

W(2) = exp {S(g — 1) .il (Im @' Im ( J "o, — k,.> Im (J ) — k,.>

BY Sz }
o B ke L, (&) log = Gy %>

z, is an arbitrary point of M, and k is a point in J(M) depending upon z,. Then
ds? = p(z) |dz|?* is an admissible metric.

Sketch of proof. (See [F2] for details.) The zeros of H,(z), all of multiplicity two,
coincide with the zeros of $[ f] (jg @); so p(z)|dz|? is nonsingular. The factors of
automorphy of 3 cancel those for the first term in the exponential; so ¥(z) is indeed
a single-valued function on M depending, however, on the choice of homology basis.

Now by a simple computation
g z z

Using this expression, we shall prove Proposition 6.6. For brevity we shall only
prove part (i); part (i) follows similarly.

8,3; log p(2) = 8.2; {;—‘(g ~n

= 2n(g — Dpu(2).

LemMMA 6.10. Let . be a degenerating family as in part (i) of Proposition 6.6.
Then we may choose f, analytic in t such that

H; (z) - aH (2)

uniformly on compact subsets of M,\{p,}, where a is some constant and f, is a
nonsingular odd element of the theta divisor in J(M,). Moreover, if G, denotes the



496 JI AND WENTWORTH

Arakelov-Green’s function on M,, then |t| ™ G,(z, p,)*H,, is uniformly bounded for
t e D\{0} and z e M, n M,.

Proof. This is a simple consequence of the degeneration formulas in [F1]. The
Jacobian variety degenerates to a product torus, and the theta divisor over the zero
fiber

@o =®1 X J(MI)UJ(Mz) X @2.

(See [W].) Choose f, such that lim,_, f; is in ®, x J(M,) with f, in the first factor.
Thenfori<g—j

0 0

3z, ) -9, ’a—zigl(fo)

and vanishes otherwise. Since the normalized abelian differentials are chosen such
that w;(z, t) converges uniformly away from the node to the abelian differentials of
the compact surface, and w;(z, t) - 0 for i < g —j and z € M,\{p,}, we have the
first part of the lemma with « = 3, evaluated on the second factor of lim,_, f;. The
second part follows from the fact that H; — 0 to order ¢t on compact subsets of
M,\{p,} and that near the node H;,(z) ~ tdz/z*. (See Appendix A of [W].) Since
G,(z, p;)* ~ |z|? near the node, the result follows.

LeMMA 6.11.  Let R be any region in M,\{p} and y, any smooth family of curves
in My n M,. Then there exists a positive constant C independent of t such that

(@) J |Hy (2) — aHy (2)|? |dz|> < —Clt| log |t],
RNM,

(ii) J |H (z) — aH, (2)||dz| < —C|t|"? log|t|.
Ve

Proof. See [W], Propositions A.1 and A 4.

LEMMA 6.12. Given f, as in Lemma 6.10, there exists a bounded function ¥ on
M,\{p} such that

¥, (2)|t| 279G, (z, p )" > Wo(z)  uniformly forze M; N M,;
W,(2)|t|>7Gy(z, p,) 48 - Wo(z)  uniformly for ze M, N\ M,.

Moreover, ¥ (2)|H, (z)|? is an admissible metric on M.
0 fo 1

Proof. This may be proven by applying the degeneration formulas in [F1] to
the explicit expression. We shall not go through the details since the answer was
essentially obtained in [W]. Let us note only that uniformity on all of M, follows
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from the fact that the z dependence of W, is in terms of abelian integrals, and we
may again apply Proposition A.1 of [W] to see that the limits are uniform.

Proof of Proposition 6.6, part (i). Let C(t) = |t|~%//% and set

p(z) = C()¥,(2)| H,(2)*.

By Proposition 6.9, p, is a smooth family of admissible metrics for ¢t # 0. Further-
more,

Area(M,, p,) = A, = J C®)¥.(2)|H, (2)|* |dz|?

M,

e
M nM, MonM,

Treating first the second term,

J C(t)¥,|Hy |?|dz|* = J [t1*7G, (2, p,)~*"*¥ 1 [1t|"*G,(z, p2)*| Hy,|*]
MM, MM,

X (24720, z, p,) 4110 dz2.

By Lemmas 6.10 and 6.12 the integrand is dominated (in local coordinates) by a
multiple of |t|?1 219G, (z, p,)"*1 79, For z near p,, we estimate

1

J |t|2(1—2j/g)Gz(Z’ pz)—4(1—j/g) < const. lt|2(1—2i/g) ‘[ drr~3+4ils
12 <|zi<1 [e]22

< const, |t|172/9,

Since we assume j/g < 1/2, we conclude from the above that

lim I C(t)¥,|H,,*|dz|* = 0.
M,nM,

t—0

For the first term let ¥, (z) = W,(2)G, (z, p,)"*. Then

J C(O)¥,|Hy,|* |dz|? = «? J ol H,,|? |dz|? (6.13)
M nM,

MnM,

+ J {C)¥,|Hy,|* — a2 |Hy,(2)*}dz]?.
M nM,
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By uniform convergence, for any é > 0 the second term in equation 6.13 may be
bounded by

J (C(H)Y, — q"o)|Hf,|2 + (PoﬂHf,lz - “2|Hjo|2)||d2|2
M nM,
<6 f o?|H, |*|dz|* + & J |H; — aH; |?|dz|?
M nM, M;nM,

+ sup  (¥,(2) |Hy, — oaH, |*|dz|?

zeMnM, MnM,

for sufficiently small |¢|. The last two terms —0 as t - 0 by Lemma 6.11 and the
assumption j < g/2, and since é was arbitrary, we conclude that the second term on
the right-hand side of equation 6.13 vanishes as ¢t — 0. We have shown

fim {A, —a? j @0|H,0|2|dz|2} =0.
=0 MnM,

Hence, the normalized admissible metric g, = p,/A4, converges as in Proposition 6.6,
part (i), completing the proof.

PROPOSITION 6.14. Let . be as in Proposition 6.6. Then there exists a constant
c depending only on M such that for all t € D\{0}

JF(M,)=c>0.

Remark 6.15. Note that we make no assumption on .#. In particular, .#(M,) is
bounded away from zero even in the separating case. (Compare with Remark 3.12.)
The reason for this is that by Proposition 6.6 one entire side of the degenerating
surface is collapsing, and a separating curve in the pinching annulus has squared
length comparable to the area of this collapsing piece. As in Section 5, we also note
that Proposition 6.6 and 6.14, combined with the arguments in Section 4 immedi-
ately prove Theorem C, part (i).

Proof of Proposition 6.14. Again, we only consider the separating case. Let v,
be a smooth family of closed curves in M,. Suppose that y, @ M; n M,. Then we
estimate

1
IL(,, p) — LGy po)l = f dsl53)l| /P — </ Pol

1
= J ds| ||| Hy [(COW)Y? — al Hj |(¥o)™2]

0o
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1
< I ds|y,| {a| Hy, || (C(®) ¥ )2 — (¥0) 2|
0

+ |Hy, — aH, |(C(2)¥,)"?}.

The first term —0 as t — 0 by the uniform convergence of C(t)¥,. The second term
is bounded by a mutiple of —|t|'>7//9 log|t| by Lemmas 6.11 and 6.12. Area esti-
mates follow as in the proof of Proposition 6.6 above. Thus, restriciting y, in M,,
the isoperimetric quotient may be bounded by that of the metric p,, which by the
general arguments of Section 2 is bounded away from zero. Notice that, by Remark
6.4 and Theorem 2.7, we restrict to homotopically nontrivial loops. For y, restricted
to a compact subset of M,\{p,}, the metric g, may be scaled by |t|~2(172/® to
converge to a smooth metric whose isoperimetric constant is bounded away from
zero, and hence the same for g, by the scale invariance of .#(M). The last case to
consider is when v, is in the pinching annulus in M,. Again, by Remark 6.4 and the
arguments of Section 2, we may restrict ourselves to rotationally symmetric curves.
One has from Lemmas 6.10 and 6.12 that, in M, " M,, p, is uniformly quasi-
isometric to |t|2(172i/0)|z|~4(17Jl9) where z is the local coordinate about the node. It
is easy to see that the isoperimetric quotient is bounded away from zero for this
metric as well. This completes the proof of Proposition 6.14.

It remains to prove Theorem C in the case of degeneration to a separating node
where both surfaces have the same genus j = g/2.

LEMMA 6.16. Let ./ be degenerating to a separating node where the surfaces M,
M, both have genus g/2. Let p, denote the Arakelov metric on M,. Then
t172p,(2) = pi(2)(Gi(z, p1)) 2

uniformly on compact subsets of M\{p;}. Here, p; is the Arakelov metric of M;.
Proof. This is just equation 8.1 of [W].
LEMMA 6.17. Let A, = Area(M,, p,). Then

A, = 0(|t|'* log]t]).

Proof. That this naive guess is correct follows from the explicit expression,
Proposition 6.9,and Lemmas 6.10, 6.11 and 6.12. (The proofs of these did not depend
on j < g/2.) Note especially the “extra” factor of |¢|/*? in Lemma 6.11, part (i).

Proof of Theorem C, part (ii). Fix a 6 > 0. Then for small |t| we construct a
family of interpolating metrics i, as in Section 5, satisfying
1. fi, = p, on the complement of the pinching annulus {z||z| < §} in local coordi-
nates about the node;
2. fi(2) = (—log|t)) 72|72 for |z| < §/2;
3. sup;j; <z1<s(—log|t|fi(z)) is bounded independently of t.
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Then by Lemmas 6.16 and 6.17 (and their proofs) we can find an L > 0, independent
of t, such that for t #0

L™, < p< Lj,

on all of M,. By Theorem 5.6, Spec(A;,) is bounded above and below by Spec(A;).
The region {z||z| < §/2} is a flat cylinder with respect to fi,, and its spectrum
becomes densein [0, +o00)ast — 0. (See Section 5.) On the complement of the region,
we can, by assumption 1 above and Lemma 6.16, rescale by a factor of —logit|
to obtain a smoothly converging metric with converging spectrum. Hence, the
Dirichlet and Neumann spectra for fi, diverge on this piece. The proof now follows
from monotonicity.
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