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The Asymptotic Behavior of Eisenstein Series
and a Comparison of the Weil-Petersson
and the Zograf-Takhtajan Metrics

By

Kunio OBITSU*

Abstract

The asymptotic behavior of Eisenstein series for degenerating hyperbolic surfaces
with cusps is of interest to us. In order to investigate it we use integral representations
of eigenfunctions for the Laplacian, the collar lemma, the interior Schauder estimates,
the maximum principles for subharmonic functions and the Harnack Inequalities. As
an application, we will compare the Weil-Petersson and the Zograf-Takhtajan metrics
near the boundary of moduli spaces.

80. Introduction

The Quillen metric defined for the determinant line bundle of the Laplacian
over the Teichmiiller space T}, of compact hyperbolic surfaces with genus g has
played an important role in the moduli theory ([14]). The metric is described
as the product of a special value of the Selberg zeta function and the usual
L?-fibre metric with respect to the Poincaré metric. The first Chern form of
the metric is represented by the Weil-Petersson two-form for T}, whose formula
has been shown by various methods.

Zograf and Takhtajan proved the formula by quasiconformal deformation
theory. Moreover they defined the regularized metric for the determinant bun-
dle of the Laplacian for the Teichmiiller space T} ,, of hyperbolic surfaces with
cusps of type (g,n) and calculated its first Chern form, which is described in
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terms of the Weil-Petersson metric and a new Kéahler metric as called Zograf-
Takhtajan metric. They showed in [16] that the Zograf-Takhtajan metric is
Kahlerian and invariant under the action of the mapping class group as the
Weil-Petersson metric is. It has been recently shown that the Zograf-Takhtajan
metric is incomplete for Ty, ,, as the Weil-Petersson metric is ([13]). The proof
has been accomplished by showing that the length of a curve approaching the
boundary of T}, with respect to the Zograf-Takhtajan metric is finite. The
construction of the curve is due to Wolpert ([25] II).

On the other hand, recently Fujiki and Weng shed new light on the ge-
ometry of the moduli spaces of punctured Riemann surfaces and the Zograf-
Takhtajan metric ([4], [19]). From Arakelov geometric points of view, Weng
found an arithmetic Riemann-Roch theorem for singular metrics, and estab-
lished a generalization of Mumford type isometries. Fujiki and Weng have
observed that the Zograf-Takhtajan metric is algebraic, and Weng proposed a
general arithmetic factorization in terms of the Weil-Petersson metric and the
Zograf-Takhtajan metric and Selberg zeta functions.

Therefore the asymptotic behavior of the Zograf-Takhtajan metric near
the boundary of moduli space is of importance and of interest for studying
compactifications of moduli spaces of punctured Riemann surfaces. In the
previous paper ([13]), we observed that the metric is incomplete. In that proof
we obtained an estimate of Eisenstein series of index 2 just around pinching
geodesics, which is regrettably very rough and far from the precise asymptotic
behavior, and a rough estimate of the Zograf-Takhtajan metric ([13]).

In this paper we find the asymptotic behavior of Eisenstein series of index
s with Re s > 1 in Theorem 1 and 2. As a simple application, we improve
an estimate of the Zograf-Takhtajan metric near the boundary of the moduli
space (Theorem 3). As a result it turns out that the magnitude of the Zograf-
Takhtajan norm is less than or equal to that of the Weil-Petersson norm.

We outline the content of this paper. In Section 1, we review elemen-
tary properties of Eisenstein series and definitions of the Weil-Petersson metric
and the Zograf-Takhtajan metric and Wolf’s degenerating family of Riemann
surfaces with cusps by constructing infinite-energy harmonic maps which are
defined to be maps from a hyperbolic surface with nodes into smooth hyperbolic
surfaces (Though he has constructed the harmonic map for the degenerating
family of compact Riemann surfaces in [21], we can use it for punctured Rie-
mann surfaces. cf. [26]). One of the important features of Wolf’s construction
is that the term of the Eisenstein series of index 2 associated to the nodes
appears in the asymptotic behavior of the pull-back of hyperbolic metrics of
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target surfaces by the infinite-energy harmonic maps (1.7). The infinite-energy
harmonic map w' : Sy — S; converges uniformly to id in the C*-norm on
compact subsets of So ([21]). And (w!)*A;, the pull-back of the negative hy-
perbolic Laplacian A; on S; by w' converges uniformly to Ag, the Laplacian on
So also in the same sense as above ([24], [25] 11, [26], cf. [9]). We will apply the
nice parametrization of the degenerating family to a search of the asymptotic
behavior of Eisenstein series (Theorems 1 and 2).

In Section 2, we shall prove two fundamental lemmas. In Lemma 1, we
give an estimate of the Eisenstein series for punctured hyperbolic surfaces on
any horocycle around the associated cusp. Amazingly it is independent of the
complex structure and the topological type of the surfaces. To prove this, we
use integral representations of eigenfunctions of the Laplacian that turn out to
be very powerful ([10]). By a similar way we give an estimate of the Eisenstein
series on a collar neighborhood of a separating pinching geodesic, which shows
the order of convergence of the Eisenstein series to 0 on the component of Sy
not containing the associated cusp (cf. Theorems 1 (2)(i3), and 2).

In Section 3, we shall prove one of the main theorems. Now for simplicity,
we assume here that there exists just one pinching geodesic I, separating S’
into two parts. Let Ezl,(z, s) be the Eisenstein series associated to a cusp p for
S!. We consider (w')*E}(z,s), the pull-back of El(z,s) by w' : So — S\ {l}.
So is now divided into two parts; Sp 1 containing p, and the other component
So,2. Then Theorem 1 claims that (w')*EL(z,s) converges on Sp1 to ED, the
FEisenstein series associated to p for Sy, and (wl)*Ell)(z,s) converges to 0 on
So,2-

The outline of the proof is as follows. Denote by C(a) the cusp region
around p with length 1/a horocycle. First of all we can obtain the uniform
boundedness of the sup-norm of (w')*EL(z, s) over a region Sy — C(a) by using
the maximum principles for subharmonic functions. Then using the interior
Schauder estimates, taking an exhausting family of compact sets for Sy and by
the standard diagonal argument, we have obtained a convergent subsequence
to a limit function Fy(z,s). Noticing the zeroth Fourier coefficient of Eisen-
stein series and Fy(z,s) around all cusps of Sy, we can see that Fy(z,s) is
independent of how to choose subsequences. In Theorem 2, we shall show that
a subsequence of (w')*El(z, s) multiplied with some constants K;, which could
go to oo, converges on Sp.2 to the Eisenstein series for Sy o associated to the
new cusp arising from the pinching geodesic [.

In Section 4, we shall apply the asymptotic behavior of the Eisenstein series
and compare the magnitudes of two norms near the boundary of the moduli
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space along the degenerating family constructed by S. Wolpert. It follows that
the magnitude of the Zograf-Takhtajan metric is less than or equal to that
of the Weil-Petersson metric. The author believes that the two metrics are
comparable near the boundary of the moduli space, which has not been proved.
The most difficult point is to analyze the asymptotic behavior of (w')*El(z, s)
near the pinching geodesic [ because Eg (z,s) assumes 0 at the node of Sp. This
theme is what we should investigate in the future.

We close this chapter with surveying and proposing some approaches to
studying the asymptotic behavior of the Eisenstein series. Wolpert has inves-
tigated Eisenstein series E(z,s) with {s € C|Re s = 1/2, s # 1/2}, while we
shall investigate that for Re s > 1 ([25] I). He has shown that a subsequence of
FE (2,5s), the normalized Eisenstein series, the L2-norm of which on a thick part
of S; could be constant, converges to a non-trivial sum of the Eisenstein series
for Sy. The beautiful proof has been accomplished by investigating Legendre
functions and showing his original Schauder-type inequalities. It seems hard to
apply our method directly to the case where Re s < 1. The reason for difficulty
is that we can not use the maximum principles because E(z,s) with Re s <1
is not subharmonic, and we can not extend Lemma 1 to the case of Re s <1,
and F(z,s) has poles on {s € [0,1]} (For example, we have observed that the
constants M;(Re s,a) assumes the infinity at Re s = 1). What we have to
study seems the behavior of the scattering matrix ®(s) in (1.4).

The reader is also referred to the recent manuscript of T. Falliero ([3]).
She has investigated the asymptotic behavior of hyperbolic Eisenstein series,
which is introduced by S. Kudla and J. Millson, for pinching the associated
simple closed geodesic.

The author would like to thank Professors T. Ohsawa and K. Yoshikawa
for their valuable comments that encouraged him to study the topic of this
paper. He would express his gratitude to Professor T. Oda for explaining to
him A. Selberg’s work on Eisenstein series. He is also grateful to Professors
Y. Gotoh, T. Nakanishi and H. Shiga for their interest in his work and some
discussions.

8§1. Preliminaries
§1.1. Eisenstein Series

Let S be a punctured hyperbolic surface of type (g,n) (n > 0). It can be
represented as a quotient H/T' of the upper half plane H = {z € C|Imz > 0}
by the action of a torsion free finitely generated Fuchsian group I' € PSLy(R).
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The group is generated by 2g hyperbolic transformations Ay, By,... , Ay, By
and parabolic transformations P, ... , P, satisfying the relation

A\BiAT' B AB A B P L Py =1

The fixed points of the parabolic elements Py, ... , P, will be denoted by
21,22, ..., 2n € RU{00} respectively and called inequivalent cusps. The projec-
tion of the cusps z1, 22, ... , 2, are the punctures p1,pa, ... ,p, of S. For each
i=1,...,n, denote by I'; the stabilizer of z; in I" that is the cyclic subgroup
of T generated by P;. Pick o; € PSLy(R) such that 0,00 = z; and <0’;1Pi0'i> =
(z — z 4 1). Then, for a > 1, the a-cusp region C;(a) associated to p; is rep-
resented as a quotient (o; ' Pio;)\{z € H|Imz > a} ~ T\{z € H|Imz > a},
equipped with the metric ds? = (dy? + da?) /y?;

Ci(a) ~ [a,00) x S*.

Let A : C®(S) — C*=(S) be the negative hyperbolic Laplacian of S.
Regarded as an operator in L?(S) with domain C§°(S), A is essentially self-
adjoint. Denote by A the unique self-adjoint extension (that is, the Friedrichs
extension). Then the continuous spectrum of A can be described in terms of
the Eisenstein series ([6] Chapter VII, [10] Chapter V, [17] Section 3.2).

The Eisenstein series attached to z; is defined by

Ei(z,s) = Z Im(o; 'yz)*, Re s > 1.
ye(P)N\T

We remark that the sum is independent of how we choose each representative
in the coset decomposition above. The series is absolutely convergent in the
upper half-plane and in the half-plane Re s > 1 and it satisfies

(1.1) AE;(z,8) = s(s — 1)Ei(z, s).

A. Selberg originally showed that the series admits meromorphic continua-
tion to the whole complex s-plane, is continuous on {Re s = 1/2}, and satisfies
a system of functional equations ([15] Section 7). Several mathematicians also
verified this by the various methods ([2], [6] Theorem 11.6, [10] pp.23-46, [12]).
E;(z,s) has Fourier expansions at the punctures p;, ([6] Proposition 8.6, [10]
Section 2.2, [11] Section 8, [17] Section 3.1)

(1.2)

S —S8 1 T —Imx
Ei(052,8) = 09" + 6ij()y' " + D em(s)y? K1 (2m|mly)e®™Tme,
m#0
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K,_1/2(2) the MacDonald-Bessel function ([18], p.78) which has the following
asymptotics ([18], p.202)

(1.3) y%stl(y) ~ \/ge_y, as y(e R) — oo, for any complex s.

2

The scattering matrix ®(s) :( ®ij(s) ) enters in the functional equations
([6] Theorem 11.8, [10] Theorem 4.4.2, [15] (7.36), [17] Theorem 3.5.1),

(1.4) E(z,8) = ®(s)E(z,1 — s), D(s)P(1—s)=1,

where E(z, s) is the vector of the Eisenstein series.
Thanks to Y. C. de Verdiére’s keen observation, the Eisenstein series turns
out to have the following characterization ([2],[12]).

Claim. ForRe s > 1/2,s & (1/2,1] Ei(z,s) is a unique solution of
the equation AE;(z,s) = s(s — 1)E;(2, s) such that E;(z,s) —Im(o; ' 2)*X|cy )
is square integrable on the whole surface, where x|c,1y is the characteristic
function of C;(1).

Remark.  We will use the above Claim just for the case where Re s > 1
(Theorems 1 and 2).

§1.2. The Weil-Petersson and the Zograf-Takhtajan Metrics

Denote by Tj, Teichmiiller space of hyperbolic surfaces of type (g,n).
Now we consider the tangent and cotangent spaces at S of T ,. The cotan-
gent space is Q(S), the integrable holomorphic quadratic differentials on S.
Let B(S) be the L*-closure of I'-invariant, bounded, (-1, 1)-forms, i.e. the
Beltrami differentials for S. For u € B(S), ¢ € Q(S) the integral [ pup defines
a paring, let Q(S)* be the annihilator of Q(S). The tangent space at S to
T,nis B(S)/Q(S)* ~ HB(S), the Serre dual space of Q(S), i.e. the harmonic
Beltrami differentials on S. Then for p,v € HB(S), the Weil-Petersson and
the Zograf-Takhtajan metrics are defined as follows ([16]),

V-1
2

dz Ndz

V-1
2

(15) (s V)p = / / Rezere

dz Ndz

(1.6) Wiy = [ B 200
</J'ﬂ V>ZT = Z <:u7 V>(i) )

i=1
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where p(z)|dz|? denotes the Poincaré metric on S.
Both the Weil-Petersson and the Zograf-Takhtajan metric are K&hlerian
and incomplete ([13], [16]).

81.3. Degenerating Parameters and
Infinite-Energy Harmonic Maps

In this part, we consider degeneration of hyperbolic surfaces. Denote by
(Si(I > 0), pi(w)]dw|?) a degenerating family of hyperbolic surfaces of type
(g,n). We assume that several disjoint simple closed geodesics 1, 1o, ... , I, on
S; will be pinched (We denote their hyperbolic lengths by the same notations).
Let A; be the negative Laplacian of S;. To compare functions on the limit
surface (So, p(2)|dz|?) and (Si, pi(w)|dw|?), we use the infinite-energy harmonic
maps w' : Sg — S\{l1,l2,. .. ,lm} constructed by M. Wolf ([9], [21], [26]). A
node on Sy is a pair of cusps and distinct nodes involve distinct cusps.

We can select simple closed geodesics {lm+1,. .. ,l3g—34n} so that the set
{lti,... Jlm} U{lms1,... ,l3g—34n} is a pair of pants decomposition for S;.
Let {61,...,0m, Omt1,...,039—3+n} be twist angles around the correspond-
ing geodesics. Then {l1,...,l3g—34n,01,... ,035—3+,} represent the Fenchel-

Nielsen coordinates that are global real analytic for Ty ,. Here we set T =
—
(ll, ZQ, ce ,l3g_3+n), and 0 = (91, ce 793g—3+n)~
Then precise real-analytic parameterization is obtained by Wolf ([21], [26])
(1.7) ()" prldu?
=0(T,0)dz®+ (H(T,0)+ LT, 0))pldz|* +w(T, 0 )dz2,

T—> - — —

where U( 1, ) = pwiwg, H(1, 0) = [p(w'(2)/p(2)]lwi]? L(

[ou(w! (2)/p(2)][wk .
Choose a real basis {¥1, ..., ¥, Y1, ..., Pg—6+n—m | Of quadratic dif-

T—)

70):

ferentials on Sy with the property that, for 1 < i < m,¥; has a second order
pole at the i-th node with leading coefficient equal to one and is otherwise
regular or has at worst first order poles at the other nodes and punctures, and
is the only basis that has a second pole at the i-th node; and furthermore, for
i >m, {Umi1,. .., Pg—64n—m} forms a real basis of integrable holomorphic
quadratic differentials on Sjy.

Wolf finds also that W(T
above basis as

,7) in (1.7) can be described in terms of the

m 9 6g—6+n—m
)

(1.8) W(T,?):ZZ%—F S 4T, 0w,

i=1 j=m+1

o~
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where tj(T, 7) is real analytic in (T, 7) ([21], p.535).

The Beltrami differential of w! is y; = wl/w! = ¥/pH. Wolf shows that
when S; degenerates to Sy, the Beltrami differential y; converges uniformly to
zero on compact subsets of Sy, and the harmonic map w! converges uniformly
to id on compact subsets of Sp.

Of interest to us now is the behavior of A;. We review the discussion of
Wolpert ([24], [25], [26]). There exists a basic map o; : L%(S;) — L?(Sp), for
f € L*S), oi(f) = f(w'). Define (w')*A; = 030, " Then (w!)*A; is real-
analytic family ([24], p.450, [25], p.98, [26], pp.254-258). From [24] Lemma
5.3, we easily see that for any k € N in the C*-norm on compact subsets of
components of Sy, (w')*A; converges uniformly to Ag that is defined to be the
formal sum of the hyperbolic Laplacians for components of Sy.

Many mathematicians investigated, by various parametrizations, degenera-
tion of hyperbolic surfaces and the asymptotic behavior of several functions; for
example, Green’s functions ([7], [8], [9], [20]), eigenfunctions of the Laplacian
and its eigenvalues ([7], [8], [9], [25], [26]), the Riemann matrix and Faltings
invariant ([20]).

Remark.  Basically those various parameterizations turn out to be almost
the same powerful tools. But what we should pay attention to is that the
parameters by the infinite-energy harmonic maps are independent of twist-
angles around the pinching geodesics. Nevertheless, the family S; with pairs of
opened collars glued by adequate twist-angles agrees with R; constructed by
Wolpert [25], pp.103-104 ([23], Appendix, [26], pp.251-252).

82. Some Elementary Estimates of Eisenstein Series

We give key lemmas which play important roles in the proof of the main
theorem (cf. [13], Lemma 4).

Lemma 1. We use the same notations as in Section 1. Let the index
of Fisenstein series Res > 1. For anyi=1,2,... ,n and any a > 1,

|Ei(z,s)| < Mi(Re s,a), on 9C;(a).

Here M1(Re s,a) is a constant depending only on Re s, a, independent of com-
plex structure and topological type of the surface.

Proof. We recall a fundamental fact. For e > 0, set a PSLy(R)-invariant

kernel function
1, it d(z,2") <e

ke(z,2') =
0, otherwise.
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Then there exists a constant Ac(s) depending only on e and the index s such
that for any o € PSLy(R),

da'dy’
(2.1)  Ac(s)Im(oz)® // Nm(oz')® Z,Qy , ('=2"+9).

([10], Theorem 1.3.2).
Now without losing generality, we may assume that (P;) = (z — z + 1).
For any zg € 9C;(a) , we get

Ac(8)Ei(20,8) = Ac(s) Z (Imézg)°

Se(PHN\T

Z // (20, 2) (Imdz)* dx;iy
G y
Z // (020,02) (Imdz)* dgcgly
P

Y
dxd
Z // (020, 2) (Imz)* x2y
se(P;) y
Z // v 2dxdy .
se(P)N\T 3(520’5)

Here we set B(0z0,¢) = {z € H | d(0z0,2) < €}.

Due to the Shimizu-Leutbecher lemma, we select ¢y = €g(a) > 0 depending
only on a > 1 so that the injectivity radius at any point on 9C;(a) could be
larger than €q.

Because B(dzp,¢0) (0 € (P)\I') are mutually disjoint and )
se(Pi)\T
B(dz0, €0) C {z € Hl—1 < Rez<2, 0<Imz < 2a} (replacing €y by
a smaller positive number if necessary, and taking appropriate representatives
0 if necessary), we see

A, (Re 3)|Ei(z0, 8)| < Ae, (Re s)Ei(20, Re )

— // yRes—2dxdy
E B(éZo,Eo)

SE(P)HN\T

Res—2
<[ ey

0<y<2a
Res—1
— 3-2 aRes—l
Res—1
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Finally we conclude the proof of this lemma with setting
3. 2RcsflaRc571
(Re s — 1)A.,(Re s)°

O

M;(Re s,a) =

Let l1,... 0, be pinching geodesicson S;. ForO0 < k< landj=1,...,m,
set

I
Ny (k) = {p € Si|d(p,1;) < k sinh™" <l/sinh§]) } ,

the collar neighborhood around [; in S; ([1],4.1). Here we quote an important
claim due to S. Wolpert ([25] II, Lemma 2.1).

Claim. Let p(z) be the injectivity radius of S; at z. There is an absolute
positive constant Co such that for | < 2sinh™11, and any z € Ni(1), then
p(z)ed(z,aN,(l)) > 0.

We improve the estimate of the Eisenstein series in [13], Lemma 4 just for
the case where there exist separating pinching geodesics on S;. Let E!(z,s) be
the Eisenstein series attached to p; for Sj.

Lemma 2. Let the index Res > 1. Assume that there is only one
pinching geodesic | =1y on Sy, separating S| into two parts; S;1 containing the
puncture p; and the other component Sy 5. Then for | < 2sinh™'1,

|Ei(2,8)] < Ma(Re s) 1700720 on 9Ny (k) 1 S

Here M>(Re s) is an absolute constant depending only on Re s.

Proof. Without losing generality, we may assume that (P;) = (z — z+1).
First we fix a constant € = €; < sinh™'1. As in the proof of Lemma, 1, for any
z1 € ON;(k) N Sy 2, we apply (2.1) for ;. We have

Aei(s) Bi(z1,8) = Z //3(6 )yszdxdy.

de(P)\TI"

Next we repeat the same discussion in the proof of [13], Lemma 4. Notice
that if B(z1,€1) N B(dz1,€1) # ¢ then d(z1,021) < 2¢1. And we easily see
that the multiplicity of B(z1,2¢1) — B(z1,2¢1)/I is at most cp~!(z1) (c is an

absolute constant). Here weset B= |J  B(dz1,€1).
]S (Pl>\F
Thus from simple consideration, the multiplicity of the points of B are at

most cp~1(z1). Another important fact is that B is included in the set

R={zeH|dz{Imz=1}) > —(1+k)logl —e } (See [25]II, p.102).
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Combining the above arguments, we have obtained

A, (Re 3)\E§(21, s)| < Ae, (Re S)Eé(zl,Re s)

— Z // yRes—dedy
B(ézl,el)

Se(P)\T

cp(z1)”! / / Y2 dady
B

cp(z1)”! / / Y2 dady
RN{—1<Rez<2}

60(21)_1// Creney YT Pdady

O<y<ecl [tk
) 3. e(Res—l)el

IN

IN

IN

< o pd(21,0N(1)

=ce Res—1

Cllf(lfk) 3. 6(Rc571)61
Res—1

, 3. e(Rcsfl)el

Res—1

[(Res—1)(1+k) (cf. Claim in §2)

IN

[(Res=DA+R) ( By d(z1,ON)(1)) ~ —(1 — k) log )

chs(lJrk) -2 )

We may set

M2(Re S) _ 3. e(Res—1)e . O
(Re s —1) A, (Re s)

Remark.  For any s with Re s > 1, there is 0 < k < 1 such that Re s (1+
k) —2> 0.

83. The Asymptotic Behavior of Eisenstein Series

Our aim is to prove one of the main theorems. From now on, the cusps of
Sy that arise from the cusps of 5; are called the old cusps and the cusps of Sy
that arise from the pinching geodesics of S; are called the new cusps.

Theorem 1. We set the same notations as in Section 1. Let the index
Res > 1.

(1) If {li,..., L} do not separate S;, then for any i = 1,...,n, as
li,-o ylm — 0,

(3.1) (W) El(z,5) —  El(z5)
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uniformly on any compact subset of Sy. Here EY(z,s) is the Eisenstein series
attached to the old puncture p; for Sp.

(2) Assume that {ly,... I} separate S;. Denote by Si, and S§ , respec-
tively the component of Sy containing p; and the union of the components of
So not containing p;. Let q; (7 = 1,...,m) be the new cusp arising from l;.
Denote by C;(b) (b > 1) be the cusp region around q; in Sy, each composed of
usual two b-cusp regions. Then

(i) Foranyi=1,... ,n, asly,... ,l;, — 0,

(3.2) (wl)*Ef(z,s) —  EY(z,5)

uniformly on any compact subset of S&l. Here E9(z, s) is the Eisenstein series
attached to p; for Sé_’l.
(ii) Foranyi=1,... ,nand anyb> 1, asly,... I, — 0,

(3.3) (w)*El(z,s) — 0

uniformly on S§ 5 — U, C;(D).
Furthermore, for b > 1 fized,

(') Ej(z,9)] = O (max 177"72), " for any small § >0
Jj=1,....m

on 56,2 - U;n:1 Cj(b).

Proof. (1) First of all, we estimate |E!(z, s)| on S;—C;(a). It is easily seen
that |El(z,s)| < E!(z,Re s). Since the index Re s > 1, E!(z, Re s) clearly turns
out to be a subharmonic function of z (Cf. (1.1)). Thanks to this property, we
can apply the maximum principle and Lemma 1. Then observing that E!(z, s)
vanishes at all the cusps except for the i-th cusp since Re s > 1, we obtain

(34)  |EHz9)llcows,—cia) < 1Bz Re 8)llcogs,—ci(a))
< sup E!(z,Res) < Mi(Re s,a).
2€0C;(a)

For any region 2 CC Sp, we select a = a(Q2) > 1 such that w!(Q) CC
S; — Ci(a). From (3.4), for sufficiently small Iy, ... , L,

(3.5) [(w")*Ej(2,5) | cogy < Mi(Re s,a).
For z € Q, from the definition of (w')*A; in Section 1, 1.3,

((u}l)*Al —s(s—1)) (wl)*Ef(z, s)=0.
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As stated in Section 1.1.3, (w')*A; converges uniformly to Ag in the C2-
norm on compact subsets of Q as ly,... I, — 0. Then by (3.5) and the interior
Schauder estimates ([5], Theorem 6.2), for any 0 < o < 1 and Q' CC €, there
exists a positive constant L' = L’(Q/7 Q, s, ) such that

H(wl)*Ef(Z»S) ||C2va(g’) <L.

By the standard compactness argument ([5]), and taking an exhausting
family of compact subsets of Sy, the diagonal method and (3.4), there is a
subsequence {l4,... 1.} such that

lim (wlj)*Ef»j(z, s) = Fo(z,8)
j—00

in the C%-norm on compact subsets of Sy for a function Fy(z,s) € C?(Sp),
which satisfies on Sj,

(36) (AO — 3(5 — 1)) Fo(Z7S) = O
1 Fo(2,8) [lco(so—ci(a)) < M1(Re s,a).

By elliptic regularity, it turns out that Fy(z,s) € C*°(Sp). We have to
show just that the limit function Fy(z, s) equals to E?(z,s) and is independent
of how we choose subsequences.

From [10], Theorem 3.2.1, we see that the Fourier expansion of Fy(z, s) at
any cusp of I'g (we set So ~ H/T) is of the form

oy’ + ey T+ 0 (e FVITY), asy — oo

It should be noted that w' converges uniformly to id on compact subsets
of Sy (Section 1, 1.3), and the 0-th Fourier coefficients of E!(c;z, s) at the old
cusps (1.2) are of the form

1
Sisy® + i (s)y' = / El(0;2, s)dz.
0

Thus by the above remarks, Lemma 1, (1.2) and (3.6), we easily see that the
0-th coefficients of Fy(z, s) at the old cusp p; and at the other old and the new
cusps are respectively of the form vy* + cy'~*, ¢/y'~* with constants ¢,c¢’. The
conclusion follows from the above observation, (3.6), Claim in Section 1.
(2) (i) We can show (3.2) in much the same way as in the proof of (3.1).
(2) (ii) First we prove the convergence on compact subsets of Sy as in

(1)
We can obtain the limit function fy(2,s) of a subsequence of { (w')*E!(z,s) },
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satisfying

(3.7) (Ag —s(s—1)) folz,s) =0.
lfo(2, 8)llco(so—cia)) < Mi(Re s,a).

From the inequality in (3.7), we can show that the 0-th Fourier coefficients
of fo(z,s) at all cusps of S , are of the form b”y'~*, which means that fo(z, s)
is square integrable. Thus fy(z, s) is clearly included in the domain of the self-
adjoint extension of the Laplacian Ag. Since —s(s — 1) is not an eigenvalue
of Ag, (Ag — s(s — 1)) has a densely defined bounded inverse. By the above
arguments and the equation in (3.7), we obtain fy(z,s) = 0.

) m
Next we prove the uniform convergence on Sg, — |J Cj(b) for any b > 1.
j=1

We already know

sup (') Ef(z,5)| < sup (w')*Ej(z,Re s)
zesé,’z_ﬁl C;(b) zesé,’z_cjl C;(b)
J= Ji=

< max { sup (wl)*Eé(Z,Re S) } .
J=l.om % Leac; (b)

Because we have observed that the last term in the above inequalities
converges to 0, the conclusion easily follows.

Finally we give another proof of (2) (ii) that gives us the order of conver-
gence. As is stated in the remark following Lemma 2, for any given s = s; with
1 < Re s1, we can find 0 < k = k1 < 1 such that Re s1(1 + k1) —2 > 0. Then
for any b = b; > 1, we easily see that for sufficiently small l1,... ,l,,,

w' | S5 = |J Cibr) | € w'(Sh) — | Ny ().
j=1

j=1
Then

(3.8)
sup [(w')*El(z,81)| < sup El(w,Re s7)
zesgyzgf:jl C;(by) wewl(sgg)g[:"jl N (k)
< max sup El(w,Re s1)

I=he s Ny (k)P (S )

<M(Re s1) max Z?C51(1+k1)72.

j=1,...,m



ASYMPTOTIC BEHAVIOR OF EISENSTEIN SERIES 473

From this we clearly obtain that (w!)*E!(z,s1) converges uniformly to 0

on S5 — UJ Cj(by) for any b= by > 1 with the order of its convergence as in

=1
(3.8). O
Theorem 2. We set the same assumption and notations as in Theo-
rem 1 (2). Pick R one of the components of 5872, which has the new cusps
q1,92,--- ,Gt, arising from the pinching geodesics 1, ... ,l, on S;, and has the

old cusps which may be denoted by p1, ... ,py, differing from p;, replacing the
enumeration if necessary. Denote by E, (z,s) the Eisenstein series attached to
gj forR(j=1,...,1).
Then there exist some constants K; — oo and a subsequence lgh) ==
(h) _ j(n)
Iy’ =1 — 0,
K“h)(wl(h))*Eﬁ(h)(z,s) —  Go(z,s)
on any compact subset of R, where Go(z,s) is a non-trivial smooth function on
R satisfying
(Ag—s(s—1)) Go(z,8) =0 on R.
And lliH(l) Ky 1PRes=1)=0 — o for any § > 0.

Moreover Go(z, s) is of the form,

t
(3.9) Gol(z,s) = ZBquj (z,8),
j=1
where Bj (j =1,...,t) are some constants.

Proof. Let Cy(a), C}(a) (a > 1) be respectively the a-cusp regions around
Pv, ¢ iIn R (v=1,...,u,5 = 1,...,t). For any a > 1, set Q(a) = R —
u t
U1 Cy(a) - _U1 Cj(a).
v= j=
Now we set constants K; > 0 such that

K; sup (w)*E!(z,Re s) = K x sup (w')*El(z,Re 5) = 1.
z€0(1) ze U aca(u U acy(1)
v=1 =1

Then we can show the following.

Lemma 3. For any a > 1 fized,

Li(a) = K, sg%) )(wl)*Ef(z,Re s)
zell(a
=K; x sup (w')*EL(z,Re s)
e Ol 202 (a)u _Ql aCT (a)

v=
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is uniformly bounded asly = -+ - =1, =1— 0.

Proof of Lemma 3. Let a > 1 be fixed. Then taking a region ' DD Q(a)
and applying Cor. 8.21 in [5], we have a constant C = C(Q(a), ') such that
for [ small enough, the Harnack inequalities

sup K;(w')*El(z,Re s) < Cél(lf) K (w)*E! (2, Re s)
Q(a) @

hold. Thus we get
Li(a) = sup Kj(w')*El(z,Re s) < Csizl(lf) K (w)*E! (2, Re s)
Q(a) a
<Cinf Ki(w')*El(z,R;
<Cinf Ki(w) Ei(2 Re 5)
< Csup K;(w')*E!(z,Re s)
Q(l)
=(C < 0.

We have concluded the proof of Lemma 3. O

We continue to the proof of Theorem 3. In the same way in the proof of
Theorem 1, we take an exhausting family of compact subsets of R and apply the
maximum principles, the interior Schauder estimates and the standard diagonal
method to {K; (w')*E!(z,Re s)}. Thus we observe that there is a subsequence
1M = = =1 0 and Ky,

1(R) o

hlim Ko (w )*Ef(h)(z,s) = Go(z,s)

uniformly on any compact subset of R, for a non-trivial function Go(z, s) sat-

isfying
(3.10) (Ag — s(s —1)) Go(z,8) = 0.
Take a region D in R such that for sufficiently small Iy, ... ,l,, w!(D) C

w'(R) — J Ny, (1). By Lemma 2, we see
j=1

sup |(w!)*El(z, )| < max  sup El(w,Res)
z€D J=beman, (1)

<My(1,Re s) max (ZBes),
1 ,m J

By the above inequality, it is necessary that K; > ¢ [—2(Res=1) for a con-
stant ¢.
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All we have to show is just that Go(z, s) is of the form (3.9). From [10],
Theorem 3.2.1, we see that the Fourier expansion of Gy(z, s) at any cusp of T’y
(we set R~ H/T) is of the form

coy + oy’ T+ Y em(s)yP K,y (2m|mly)e™VIme,
m##0

1 is the MacDonald-Bessel function.

ST3

ony > 1. Here K
Because for any v =1, ... ,u,

sup K |(w)*El(z,8)| < sup K (w)*El(z,Re s) < Li(a)
z€C°(a) z€0C3(a)
holds, we see that Gy(z, s) is bounded in C9(a).
Therefore by (3.10), Claim in Section 1, the discussion of the proof of
Theorem 1 (2) (ii) and the above observations, we have seen that Gy(z, s) is

a linear sum of the Eisenstein series attached to the new cusps ¢i,...,q. It
follows that there are constants By,... , B; such that
t
Go(z,8) = ZBquj(z,s). U
j=1

84. A Comparison of the W-P and the Z-T Metrics

We review the construction of the degenerating family of punctured sur-
faces {c(t) = [Siw] € Tyn | — oo <t <0} in [13] (cf. [25] II). For simplicity
assume that there is only one pinching geodesic on Sj;) as denoted by [(t).
The feature of the construction is to initiate with defining the vector field of
the degenerating family that is represented as harmonic Beltrami differential
as follows.

Set I't C PSLa(R) such that Sy ~ H/T';. Let A; be the one of primitive
hyperbolic elements of 'y that cover the pinching geodesic [(¢). Define a relative
Poincaré series associated to [(t),

0, = Z (wa, o B) B?,
Be(A)\Tt

where wa, = 1/2%, if A; is normalized to fix 0, co. We remark that O, is
independent of how we choose each representative in the coset decomposition
above. Then we define a tangent vector 7(t) € HB(T),

d;(tt) ) = pl®) (dp)-1B »//Szu) (10 = Ji(t),
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where dp; is the hyperbolic area element for Sj;). It should be noted here that
p(t) is defined by the integration above. Then as is discussed in [13], Section
2, we have obtained the resulting behavior of p(t) and I(t) as follows,

(4.1) p(t) =14 O(l(t)?)
2 t
=@ = 2] BRGEICIN U

Theorem 3. The Weil-Petersson and the Zograf-Takhtajan metrics
have the following behavior near the boundary of Ty ., along the degenerat-
ing family of hyperbolic surfaces constructed by Wolpert. That is, let T be the
vector field formed by the degenerating family with only one pinching geodesic
for simplicity. Then the norms of T with respect to the Weil-Petersson and
Zograf-Takhtajan metrics satisfy

ITllzr < né|T|lwp asl — 0,

where ¢ 1s an absolute constant.

Proof. Evaluate the norms of the tangent vectors 7(¢) in terms of the
Weil-Petersson and the Zograf-Takhtajan metrics respectively,

(12) | W - /f LG

2
\ =[] EE2 0
(1) Si(e

From ([25] IT Lemma 2.3 and [13] Corollary), we have seen that

2

de
dt

de
dt

dc

as E

~(t), as I(t) — 0.
WP

Therefore we have to just show that the second norm in (4.2) has the same
order as (4.3). Divide the Zograf-Takhtajan’s norm in (4.2) into three parts as
in [13] Theorem,

2
:// +// +// =1 +1I +1II
(i) Ni(3) Ni(1)=Ni(3) Siey—Ni(1)

Since we have already shown in [13] that

de
dt

I =0 ((t)?), 11 =0 (It)?h), as I(t) — 0
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(that is, small enough), we may just concentrate on estimating the main term

I.

(10]
11]
(12]
(13]
14]
(15]

[16]

(17]

(18]

From Lemma 1 and (4.1), it follows that

=[] B2 0P o
Ni(3)
= [ B b S
Ni(3)

<M;(2,1) // 2|(dpy) 1O * = 1(t), as [(t) — 0. O
Sit)
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