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ABSTRACT. We find bounds for Weil-Petersson holomorphic sectional
curvature, and the Weil-Petersson curvature operator in several regimes,
that do not depend on the topology of the underlying surface. Among
other results, we show that the minimal (most negative) eigenvalue of
the curvature operator at any point in the Teichmiiller space Teich(Sy)
of a closed surface Sy of genus g is uniformly bounded away from zero.
Restricting to a thick part of Teich(Sy), we show that the minimal eigen-
value is uniformly bounded below by an explicit constant which does not
depend on the topology of the surface but only on the given bound on
injectivity radius. We also show that the minimal Weil-Petersson holo-
morphic sectional curvature of a sufficiently thick hyperbolic surface is
comparable to —1.

1. INTRODUCTION

Let Sy be a closed surface of genus g where g > 1, and Teich(Sy) be the
Teichmiiller space of S;. Endowed with the Weil-Petersson metric, the Te-
ichmiiller space Teich(S,) is Kéhler ([1]), incomplete ([7, 33]), geodesically
complete ([35]) and negatively curved ([30, 34]). Tromba [30] and Wolpert
[34] found a formula for the Weil-Petersson curvature tensor, which has been
applied to study a variety of curvature properties of Teich(Sy) over the past
several decades. (See also [13, 16, 28] for alternative proofs of the curva-
ture formula.) In their papers, they deduced from their formula that the
holomorphic sectional curvatures are bounded above by a negative number
which only depends on the genus of the surface, confirming a conjecture of
Royden.

We focus in this paper on bounds for Weil-Petersson curvatures that are
uniform across Teichmiiller spaces, in the sense that the bounds do not
depend on the genus g of the surface S.

Naturally, there are a number of appealing notions of curvature of a Rie-
mannian manifold. In particular, while we focus on the holomorphic sec-
tional curvatures in the second part of the paper, in the first part of this
paper we study the Weil-Petersson curvature operator

Q : A2Tx Teich(S,) — A>T Teich(S,),
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an endomorphism of the (3g—3)(6g — 7)-dimensional exterior wedge product
space A2Tx Teich(S,) of the tangent space Tx Teich(S,) at X € Teich(S,).
Of course, one popular (and important) way to interpret the “curvature” of
a manifold is through its sectional curvatures: while these arise as diagonal
elements of the curvature operator (), our interest in the first part of the
paper is on the full operator @), at least in terms of estimating its spectrum.

In [40], by applying the Tromba-Wolpert Weil-Petersson curvature for-
mula, one of us characterized the zero level set of the curvature operator @
and showed that the Riemannian curvature operator of the Weil-Petersson
metric is non-positive definite; in particular, some of the eigenvalues of () are
zero and some are negative. In the first part of this paper, we develop some
results for the negative eigenvalues, especially as the genus of the surfaces
represented in the moduli space becomes arbitrarily large. We survey these
in the next four subsections.

In the second part of the paper — described in more detail in the fifth
subsection of this introduction — we turn our attention to holomorphic sec-
tional curvatures. We find, for hyperbolic surfaces X, of genus g of suffi-
ciently large injectivity radius, that we may exhibit holomorphic sections
whose curvatures are uniformly bounded away from zero; here the bound
does not depend on the genus of the surface but only on the lower bound
we have chosen for the injectivity radius.

1.1. Uniform lower bounds on the norm of the curvature operator.
There are recent suggestions that as the genus g of S, grows large, some
regions in the Teichmiiller space Teich(Sy) should become increasingly flat.
We show that, from the point of view of the full curvature operator, this is
not true: on any sequence of surfaces with genus tending to infinity, at least
one of the eigenvalues of @) does not tend to zero. In particular, let A\pin(X)
denote the minimal, i.e. the most negative, eigenvalue of QV at X. Our first
result is

Theorem 1.1. For any X € Teich(S,) and let Sca(X) be the scalar curva-

ture at X, then

-1
More precisely,
2Sca(X)

9Gg—1)
Because this eigenvalue is the maximum of values of @ applied to (unit)

elements of AT Teich(S,), it is enough to estimate Q on a carefully chosen
element of A*T'x Teich(S,) which yields the bound.

)\min (X) g

1.2. Uniform upper bounds on the norm of the curvature operator
on the thick locus. It is clear that Apin(X) is less than or equal to the
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sectional curvatures at X along arbitrary planes. However, it is well-known
that the sectional curvatures of Teich(Sy) along certain planes could be
arbitrarily negative. One specific example is the direction along which a
nontrivial simple closed curve of S is pinching to zero. Then that sectional
curvature, along the holomorphic plane defined by the pinching direction,
tends to negative infinity as the curve goes to zero. More precisely, we let «
be a nontrivial simple closed curve on S and l,(X) be the length of the closed
1

geodesic in X representing . Consider the gradient A\, := grad(l2) whose

magnitude approaches \/%7 as o goes to zero. Wolpert in [39] proved that

the sectional curvatures along holomorphic planes spanned by A, behave as
% +0O(l,), which goes to negative infinity as a pinches to zero. This refined
an earlier estimation of Huang [9]. For more details, one can see Corollary
16 in [39]. Thus, in general we do not have any uniform lower bounds for
Amin(X) over Teich(S).

On the other hand, the Mumford compactness theorem [20] implies that
the thick part of the moduli space is compact. Since the mapping class group
acts on Teich(Sy) by isometries, the Weil-Petersson curvature operator @,
restricted to the thick part of Teich(S,), is bounded. In particular the
minimal eigenvalue A\piy (X) has a lower bound when X runs over the thick
part of Teich(S;). Our next result implies that the lower bound may be
taken to be uniform, independent of the topology of the surface.

Theorem 1.2. Given an € > 0, let Teich(Sy)>¢ be the e-thick part of
Teich(Sy). Then, there exists a constant B(e) > 0, depending only on e,
such that

Amin(X) = —B(e), VX € Teich(S,)~".

The argument will present an explicit constant B(e) whose asymptotics
as € — 0,00 we will exploit in later sections of the paper. In addition, a
direct corollary is that the sectional curvature of the Weil-Petersson metric,
restricted on the thick part of the moduli space, is uniformly bounded from
below, a result due originally to Huang [10].

1.3. Uniform pinched bounds on the norm of the curvature oper-
ator on sequences of increasingly thick surfaces. The subject of the
asymptotic geometry of My, the moduli space of Sy, as g tends to infinity, has
recently become quite active: see for example Mirzakhani [21, 22, 23, 24] and
Cavendish-Parlier [6] (results obtained by refining Brock’s [5] quasi-isometry
of Teich(Sy) to the pants graph). In terms of curvature bounds, by com-
bining the results in Wolpert [34] and Teo [29], we may see that, restricted
on the thick part of the moduli space, the scalar curvature is comparable
to —g as g goes to infinity. In the sixth section of this paper, we study
the asymptotic behaviors of certain eigenvalues of ) as the genus goes to
infinity.
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We recall for context that Buser and Sarnak [4] proved that there exists a
family of closed hyperbolic surfaces X of genus g with g — o0 as k — oo
and inj(Xy) > ng’“. Now, we noted above that the constant B(e) in Theo-
rem 1.2 may be explicitly stated. By examining the asymptotic property of
that constant B(e) as € — 0o, we prove that the minimal eigenvalue of the
Weil-Petersson curvature operator on a surface of large injectivity radius is
pinched by two explicit negative numbers. More precisely,

Theorem 1.3. Let {X,} be a sequence of hyperbolic surfaces whose injec-
tivity radii satisfy limg_o inj(Xy) = co. Then, for g large enough,

—25 -1
< in X < P
T Am ( g) 2

1.4. Bounds for small negative eigenvalues in the thick part of M,
for large genus ¢g. Thus far, we have focused exclusively on the minimal
eigenvalue Apmin (Xg). In the latter portion of this part of the paper, we study
some other eigenvalues of the Weil-Petersson curvature operator and their
dependence on the genus g. In section 3, we restate Theorem 1.1 in [40]
in terms of the eigenvalues of the Weil-Petersson curvature operator. More
precisely,

Theorem 1.4. For any X € Teich(S,), the Weil-Petersson curvature op-
erator Q at X has exactly (3g — 3)? negative eigenvalues.

Thus, for any X € Teich(Sy), one may list the set of all non-zero eigen-
values of the Weil-Petersson curvature operator at X as follows

A3g—3)2(X) < Agg—z)2_1(X) <+ A2(X) < M (X) <O.
The minimal eigenvalue Amin(X) = A(39—3)2(X) basically measures the norm

of the curvature operator @ at X.

Fixing i € {1,2,---,(3g — 3)?}, the i-th eigenvalue \;(X) is a continuous
function on Teich(Sy) since the Weil-Petersson metric is smooth. Thus, the
Mumford compactness theorem implies that the function \;(X) achieves its
minima and maxima in the thick part Teich(S,)>¢ for fixed € > 0; we denote
those minima and maxima by A$(g) and X;(g) respectively. In this nota-
tion, focusing our attention now on the index ¢, Theorem 1.1 and Theorem
1.2 state that both Aigg_g)z(g) and XE39_3)2(9) are pinched by two negative
numbers which are independent of the genus of the surface. In section 6
we show that, if that index i is not close to (3g — 3)?, then both \$(g) and
X:- (g) could be arbitrarily close to zero, once we take g large enough. More
precisely,

Theorem 1.5. If the function [ satisfies limsupy_, ., % =a < 1. Then,
for g sufficiently large, we have

—B(a, € -

9 < X500(0) < T o) <0
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where B(a,€) is a constant only depending on o and €. In particular,

lim XS(g) = X;(g) =0, forall 1<i<8g°

g—00 ¢
A direct consequence is
Corollary 1.6. Fix eg > 0, then for any € > 0, the probability
Prob{1 <i < (39 —3)% |A°(g9)| < e} — 1 as g — oo
Proof. Let p(g) := Prob{1 < i < (3g — 3)% |A°(g9)| < €}. Theorem 1.5
then says that, for any 0 < o < 1,

a < liminf p(g) < limsupp(g) < 1.
g—© g—00

Since « is arbitrary in [0,1), limg o p(g) = 1. O

Mirzakhani (Theorem 4.2 in [24]) proved that for a small enough number
€0 > 0, the volume of the €p-thin part of the moduli space M is comparable
to e2Vol(M,) as g — oo. Corollary 1.6 suggests that the moduli space M,
tends to be flat as g goes to infinity in a probabilistic sense.

1.5. Existence of holomorphic lines on sufficiently thick surfaces
with uniformly pinched Weil-Petersson holomorphic sectional cur-
vatures. In [30, 34] it was shown that the sectional curvature of the Weil-
Petersson metric for Teich(S,) is negative and the holomorphic sectional
curvature is bounded above by a negative number comparable to —%. The
dependence of this bound on g begs the question as to whether there are
bounds on the sectional curvature that are independent of the topology of
the surface, even if one allows an additional restriction to a thick part of
moduli space. However, Teo in [29] showed that, restricted to any thick part
of the moduli space, the Ricci curvature is uniformly bounded from below.
As the Ricci curvature is a trace over 6g — 7 curvatures, we then see that
some sectional curvatures go to zero along any sequence of surfaces X, in
the thick part of Teich(S,) as g — oo. This aslo suggests the question?
whether,

Question 1. Restricted to any thick parts of the moduli spaces, do all of
the sectional curvatures tend to zero as the genus goes to infinity?

The goal of the second part of this paper is to show, for the portion of
the Teichmiiller space composed of surfaces which are “sufficiently thick” —a
term we will define precisely in Definition 2.14 — the existence of holomorphic
lines whose holomorphic sectional curvatures are uniformly bounded away
from zero. This gives a negative answer to the question above.

In notational preparation for the more precise version of the result, we re-
call that a holomorphic section of the (complexified) tangent space Ty Teich(.S,)

lWe are told by Zheng Huang that Question 1 is originally raised by Maryam Mirza-
khani. We would like to thank both of them here.
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of X € Teich(Sy) in the Teichmiiller space Teich(Sy) is defined by a harmonic
Beltrami differential p.

Theorem 1.7. There is a constant vy so that if X € Teich(Sy) is suffi-
ciently thick, i.e. inj(X) > 1o, then there exists a px in the tangent space
T'x Teich(Sy) so that the Weil-Petersson holomorphic sectional curvature
K(ux) along pux satisfies

—81C;
K(ux) < >

<5 <0
6400 - 72 <

where Co = 30(1)2~V02lD(B(0;1))‘

The expressions C(1) refers to an explicit function C(inj(X)) of the in-
jectivity radius inj(X') which we shall display in Definition 2.8. In addition,
there is also a uniform lower bound for K (px) which is due to Huang in [10]
(see also Theorem 1.2).

An almost immediate corollary of our method of proof refers to a sequence
of surfaces X, of growing genus whose injectivity radii inj(X,) — oo as
g — oo.

Corollary 1.8. Let {X 4} be a sequence of hyperbolic surfaces whose in-
jectivity radii satisfy limg_,o inj(Xy) = oo. Then, there exists a uniform
constant E2 > 0 such that for g large enough, the Weil-Petersson holomor-
phic sectional curvatures satisfy

2

—=< min K(oy) < —E <0
™ 0gCTx, Teich(Sy)

where the minimum runs over all the holomorphic lines in Tx, Teich(S,).

[We note that the above Theorem 1.7 also proves that the minimal (most
negative) eigenvalue of the Weil-Petersson curvature operator, restricted on
sufficiently thick hyperbolic surface, is uniformly bounded away from zero.
In that sense, this result then makes contact with, and is certainly consistent
with, Theorem 1.1, but the two results are distinct, since our example here is
restricted to hold on this special ‘sufficiently thick’ region (and, furthermore,
the asserted constants are different).]

1.6. A remark on choice of normalizations. Some of the uniformity
of the bounds that are independent of genus of course results from the
conventions of fixing the uniformized metrics on the Riemann surfaces to
all have curvature identically —1 (instead of, say, curvature identically —g),
forcing the areas of the surfaces to grow linearly with ¢ in area. Other
conventions on representatives of the moduli space would translate into other
bounds, but the ones we choose are the ones that seem most prevalent in
the present literature.
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1.7. Discussion of the methods. The methods for the two parts of the
paper are distinct. In the first part, we begin with the formula of the Weil-
Petersson curvature operator @ in [40]: see equation (3.4). That formula ex-
hibits < Q(A), A > as a sum of terms involving the operator —2(A—2)~! and
algebraic expressions in a holomorphic orthonormal basis of T'x Teich(Sy).
By applying some fundamental properties of the operator —2(A —2)~!, we
give lower and upper bounds for < @(A),A > in terms of, for our appli-
cations, quantities that only involve pointwise values of the holomorphic
basis. Here we briefly outline our proofs of Theorem 1.1, Theorem 1.2 and
Theorem 1.7.

For the proof of Theorem 1.1: By applying our upper bound for the cur-
vature operator formula to the most symmetric element A € A2Ty Teich(S,)

we show that (up to a positive constant) < Q(A), A > is bounded above by
the scalar curvature of the Weil-Petersson metric at X, scaled by a factor
of é. Then we apply Wolpert’s upper bound of the scalar curvature which
involves a factor of ¢ to finish the proof.

For the proof of Theorem 1.2: Choose an arbitrary element B of unit
length in A?Ty Teich(S,). Our lower bound of < Q(B), B > involves only
terms that are products of our holomorphic basis, weighted by the coeffi-
cients of the element B in that basis. Well-known bounds on terms like these
then yield a bound in terms of those coefficients and an explicit function of
the injectivity radius. The condition that B is of unit norm then yields an
expression that is independent of genus.

For the proof of Theorem 1.7: We choose a holomorphic line that corre-
sponds to the image of a constant function on the disk under the ©-operator
to the hyperbolic surface X, here thought of as the quotient of H? under
the action of a Fuchsian group I'y. The resulting Poincaré series has a term
corresponding to the identity element of I'; and a series of other ‘error’
terms. We adapt a method of Ahlfors [2] to show that outside a large ball,
the contribution of the error terms is bounded by a subharmonic function.
Taking the ball large enough, we can show that the contribution of the er-
ror terms, now estimated by its value on the boundary of the large ball —
in its role as the boundary of the region of subharmonicity — can be made
arbitrarily small. Thus only the term corresponding to the identity element
of I'y cannot be made arbitrarily small, and estimates of that term yield the
desired bound.

1.8. Plan of the paper. Section 2 provides some necessary background
and the basic properties of the Weil-Petersson geometry of Teichmiiller space
that we will need. After that preparatory section, the paper splits into two
parts, each of which may be read independently of the other. The first
part treats our results on the Weil-Petersson curvature operator, while the
second part discusses the curvature of some holomorphic sections of the
tangent bundle over very thick parts of Teichmiiller space.



8 MICHAEL WOLF & YUNHUI WU

Part I begins with section 3 in which we estimate the formula of the Weil-
Petersson curvature operator and restate the non-positivity of the Weil-
Petersson curvature operator in terms of eigenvalues. Section 4 provides
the upper bound Theorem 1.1 for the minimal eigenvalue. In section 5 we
establish Theorem 1.2, the lower bound for the minimal eigenvalue in the
thick part. We prove Theorem 1.3 and Theorem 1.5 in section 6.

Part II spans two sections. We begin in section 7 with some estimates on
harmonic Beltrami differentials, and then apply those estimates in section 8
to prove Theorem 1.7 and Corollary 1.8.

Acknowledgement. The authors would like to thank Maryam Mirzakhansi,
Hugo Parlier and Kasra Rafi for useful conversations. They also would like
to thank Scott Wolpert for useful conversations and suggestions on part (2)
of this article. They deeply thank Zheng (Zeno) Huang for bringing Question
1 to their attention, his detailed comments for this article, and for his sup-
port over many years. The first author also gratefully acknowledges support
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2. NOTATIONS AND PRELIMINARIES

2.1. Notation and Background on Weil-Petersson curvatures. In
this section, we set our notations and quickly review the relevant back-
ground material on the Weil-Petersson metric and curvatures. We have two
principal goals. For use in Part I, we prove Proposition 2.5, which shows
that the scalar curvatures are comparable to the L? norms of a pointwise
Bergman sum of harmonic Beltrami differentials. For use in Part II, we
prove Proposition 2.11, which shows that the holomorphic sectional curva-
ture along a harmonic Beltrami differential p is estimated in terms of powers
of its normalized L*° norm.

To begin, recall that we denoted by S, a closed oriented surface of genus
g = 2. We may equip S, with a hyperbolic metric o(z)|dz|?, here written
in a local conformal coordinate z induced by the metric. Again, Teich(Sy)
is the Teichmiiller space of surfaces of genus g, which we may construe as
equivalence classes under the action of the group Diffy of diffeomorphisms
isotopic to the identity of the space of hyperbolic surfaces X = (S, o|dz|?).
The tangent space Tx Teich(S,) at a point X = (S,,c|dz|?) is identified
with the space of harmonic Beltram: differentials on X, i.e. forms on X
expressible as p = % where ¢ € H°(X,K?) is a holomorphic quadratic
differential on X. Let z = = + iy and dA = o(z)dzdy be the volume form.
The Weil-Petersson metric is the Hermitian metric on Teich(S,) arising
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from the the Petersson scalar product
s O

via duality. We will concern ourselves primarily with its Riemannian part
gwp. Throughout this paper we denote the Teichmiiller space endowed with
the Weil-Petersson metric by Teich(Sy).

Set D = —2(A — 2)~! where A is the Beltrami-Laplace operator on
X = (S, 0|dz|?). The operator D is positive and self-adjoint. The following
inequality follows from the maximum principle; see Lemma 5.1 in [32] for
details.

Lemma 2.1 ([32]). For any harmonic Beltrami differential i on X, we have

2
D) > -

The following property is well-known to experts — see for example Lemma 4.3
in [16]. For completeness, we include the proof.

Lemma 2.2. Let D be the operator above. Then, for any complex-valued

function f € C*(X),

o</X /\f\dA

Proof. Let g = D(f), so that f = —(A — 2)g. The left inequality follows
directly by integrating by parts.

For the right inequality, begin by assuming that f is real-valued. In that
case decompose f = > ¢; as a linear combination of eigenfunctions of the
Laplacian: here ¢; satisfies [y (¢i¢;)dA = 0 for all i # j and Ad; = pig;,
where p; < 0 is the i-th eigenvalue of the Beltrami-Laplace operator A.
Since [y (¢i¢j)dA =0 for all i # j, we have

[ omnia = [« fj 20: Z@

2_/1’7,
= ——|¢i*dA
/XZ»Z_; Q—Mz‘| |
o
[ loifas
X i=0

= /X f2dA.

If f is complex-valued, one applies the same method to the real and imagi-
nary parts of f separately, along with a standard use of the self-adjointness
of D. (|

N
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We conclude this discussion of the operator D = —2(A—2)~! by recording
some elementary properties of its Green’s function.

Proposition 2.3. Let D be the operator D = —2(A — 2)~1. Then there
exists a Green function G(w, z) for D satisfying:

(1). D()(2) = [y Gl w) [ (w)dA(w) for any [ € C=((X, olds[?),C).
(2). G(w, z) is positive.

(3). G(w,z) is symmetric, i.e, G(w, z) = G(z,w).

Proof. See for example [26] and [34]. O

2.2. The Riemannian tensor of the Weil-Petersson metric. The cur-
vature tensor of the Weil-Petersson metric is given as follows. As described
in the opening paragraph of section 2.1, let u;, u; be two elements in the
tangent space Ty Teich(S,) at X, so that the metric tensor might be written
in local coordinates as

9@:/ i+ i dA.
X

For the inverse of (g,;), we use the convention

9" 97 = Yik-
Then the curvature tensor is given by

0? ; 0 0
Rijki = Wﬂi} - QStﬁgﬁﬁgs}

The following curvature formula was established in [30, 34]. One can
also see [13] for a derivation from a third perspective. It has been applied
to study various curvature properties of the Weil-Petersson metric. In [27]
Schumacher showed that Teich(S,) has strongly negative curvature in the
sense of Siu. Huang in his thesis [9] showed that the sectional curvatures of
Teich(Sy) can not be bounded away from zero. Liu-Sun-Yau in [15] showed
that Teich(Sy) has dual Nakano negative curvature, which says that the
complex curvature operator on the dual tangent bundle is positive in some
sense. Motivated by the method in [15], the second author in [40] showed
that the Teich(S,) has negative semi-definite Riemannian curvature opera-
tor. One can also see [16, 17, 18, 29, 37, 39] for other aspects of the curvature
of Teich(Sy).

Theorem 2.4 (Tromba, Wolpert). The curvature tensor satisfies

R = / D(pipz) - (o) dA + / D(pipig) - (prrepiz)dA.
X X
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2.2.1. Weil-Petersson Scalar Curvature. Let {,ul}?i 13 be a holomorphic or-
thonormal basis representing the tangent space Tx Teich(S,) at X. Then
the Ricci curvature of Teich(S,) at X in the direction p; is given by

39—3
Ric(ui) = = > Rgj;
=1

39—3

- - X [ D) - Griaa+ [ D) ()aA).

Since the scalar curvature Sca(X) at X is the trace of the Ricci tensor,
we find we may express the scalar curvature as

39—33g—3

2:1) SeaX) == 37 3 (| Dl Guy)aa+ [ D) (f)aA).

i=1 j=1

From this expression for the scalar curvature, we may apply our estimates
for the operator D in section 2.1 to obtain estimates for the scalar curvature
from above and below in terms of pointwise-defined quantities.

Proposition 2.5. For any X € Teich(Sy), the scalar curvature Sca(X) at
X satisfies

39—3 39—3

1
2 [ (e < st < = [ (3 o

where {; ?i;g is any holomorphic orthonormal basis of the tangent space
at X.

Proof. We begin with the right-hand-side inequality. By Lemma 2.1, the
first term in the expression (2.1) has a sign, so that we can then apply
Lemma 2.2 to find

39—339—3
—Sca — =) . = AW 12
eal00) = 3 §:j< /X D(jusps) - (1) dA + /X D(pul?) - (15)dA)
39—33g—3
> D(pal?) - (2 dA
3D [ DGl -
39—3

1/ 212
> = i dA.
3 J (2 )

For the left hand side inequality, we use the right side of the estimate in
Lemma 2.2 twice, with the preliminary step of bringing the sum into the



12 MICHAEL WOLF & YUNHUI WU

integrands. We compute

39—33g—3

—Sca(X) = > /Duzuj (1ejiiz dA+/ D(|pl®) - (|5 1*)dA)

=1 j=1
39—33g—3 39—33g—3

= ZZ/DMMJ uguldAvL/ZZD\m (|u;]%)dA
=1 j=1 i=1 j=1
39—33g—3 3g—3 3g—3

< XX [ umgar [ DO ) (3 aa
=1 j=1 7j=1
39—33g—3 3g—3 3g—3

= XX [ PP+ [ DO ) (3 Py
i=1 j=1 i=1 i=1

39—3
<

1272
2 /X (3l
]

Remark 2.6. The Cauchy-Schwarz inequality applied to the right hand side
estimate in Proposition 2.5 leads to a numerical lower bound for —Sca(X)
in the following way:

fX 3g 3|/M‘ )?dA

3
(S (37 mif*)dA)*  3(g—1)
- 3Area(S) dr

—Sca(X) >

Now, without using Lemma 2.1, Wolpert in [34] proved a better lower bound
as —Sca(X) > 2422 by expanding Y077 |uif? (and D(X27° |uf?)) in
the definition (2. 1) in terms of eigenfunctions of A at X. On the other
hand, our goal in Proposition 2.5 is to estimate —Sca(X) is estimated by
the integral [y ( 39 | uil?)2dA, an expression we will apply later, so we
content ourselves Wlth the bound above.

2.2.2. Weil-Petersson holomorphic sectional curvatures. Recall the holomor-
phic sectional curvature is a sectional curvature along a holomorphic line.
Let o € Tx Teich(Sy). Then Theorem 2.4 tells that the holomorphic sec-
tional curvature K (u) along the holomorphic line spanned by p is

2 [ D) - (uf?)dA
Blw) = Tl s

From Lemma 2.1, Lemma 2.2 and the equation above we have
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Proposition 2.7. For any p € Tx Teich(Sy), the holomorphic sectional
curvature K (p) satisfies

_2 Jx |ul*dA
[leelliy p

We will refer several times to the a constant C(inj) depending on the
injectivity radius, which we pause now to define.

2 [ lpl*dA

< K(p) <
3|l 3y p

Definition 2.8. Set C(inj(X)) = (4 (1 — (%)3))*1.

Remark 2.9. We note here that as the injectivity radius inj(X) tends to
zero, the constant C(inj(X)) = ﬂinjl(X)Q + o(inj(IX)Q). And C(inj(X)) tends

to % as inj(X) goes to infinity.

Next we recall the following proposition which is implicitly proved in
[10, 29, 39]. For the sake of keeping the exposition self-contained, we give
the outline of the proof which follows the identical argument as that of
Proposition 3.1 in [29].

Proposition 2.10. Let (X,o|dz|?) be a closed hyperbolic surface and p €
T'x Teich(Sy) be a harmonic Beltrami differential of X. Then, for any q € X
we have

P <06) [ lpe)Paac) V0 <r<inito)

Where inj(q) is the injectivity radius of ¢ in X and the explicit constant C(r)
is given in Definition 2.8.

Proof. Let p € Tx Teich(S,); we denote its lift into the hyperbolic disk by
v. For any point ¢ € X, we may conjugate the lift by a linear fractional
transformation so that

v(0) = p(q)-

For any r € (0,inj(g)], elementary hyperbolic geometry gives that the hy-
perbolic disk of radius r centered at 0 is
e —1

r }
er+1
Since v is a harmonic Beltrami differential on the disk, there exists a holo-
morphic function f such that

B(0;r) ={2 € D;|z| <

G _TE0- 1

v(z) = 1

4
(1-z%)?

Of course, since f is holomorphic, we may expand it as

f(2) =) an"
n=0
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where a,, are complex numbers. In particular we have

Therefore, for any r € (0,inj(g)], we have
[ w@Paae) = [ pe)Pdac)
B(g;r) B(0;r)
2 (1— |Z|2)2 2
= ~ 7 |dz
/ v 7Pt e

eT+1 2r X )
= / / Za u”em0| ~——wududf
-1 oo
e +1
= 72r/ Z lan?u*" (1 — u?)?udu
0 n=0

el —1

> ZlaoP [ (- ) Pudu
2 0

47 4e”
= (1 (—)3 2,
The conclusion follows by dividing the constant on both sides. ([

We combine these last two propositions to obtain the following proposition
which is crucial in the proof of Theorem 1.7 (which produces a holomorphic
section whose curvature is pinched): this proposition traps the holomorphic
sectional curvature between powers of L* bounds on (normalized) holomor-
phic Beltrami differentials.

Proposition 2.11. Let X € Teich(S,) with inj(X) > 1. Then for any
p € Tx Teich(Sy), there exists a constant Cy > 0, independent of the genus,
such that the holomorphic sectional curvature K(u) satisfies

2-sup.ex |p(2)f? Co - sup,ex |u(2)[*
[kl p [kl p

Proof. We begin with the left hand side. By Proposition 2.7 we have

SK(p) < -

2 sup.ex [1(2)]” - [y [pl*dA _ 2-sup.cy |p(2)?
HNHWP HNHIZ/VP

For the right hand side, since X is compact, we let p € X such that
l(p)| = sup,ex |1(2)|. Let B(p; 1) be the closed ball of hyperbolic radius 1
centered at p. Use the Cauchy-Schwarz inequality to obtain

2 2
/ nfdA > / <|u|4>dA>(fB“’;” plaAy.
X B(p;1)

—K(p) <

Vol(B(p; 1))
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Applying Proposition 2.10 to the last term, we find
/ A > ()| __ supex |u(2)
X ~ C(1)2-Vol(B(p; 1))  C(1)2-Vol(B(p; 1))

Finally, by choosing Cy =

| 4

30(1)2,‘/%“3(1);1)) (where C(1) is the explicit
constant from Definition 2.8), the conclusion follows from Proposition 2.7.
O

Remark 2.12. Combining Proposition 2.10 and Proposition 2.11, one may
conclude that the holomorphic sectional curvatures of the ep-thick part of
the moduli space are uniformly bounded below by a constant only depending
on €y, which was proved in [10].

Remark 2.13. If one would like to search for harmonic Beltrami differen-
tials with uniformly negative holomorphic sectional curvatures as the genus
goes to infinity, Proposition 2.11 tells that it suffices to find such differen-
tials with Weil-Petersson L? norms bounded above and Weil-Petersson L>
norms bounded below. We develop this theme in the second part of this
paper.

2.3. Sufficiently thick surfaces. Often in Teichmiiller theory, one studies
problems in the setting where some curve a on the surface S has hyperbolic
X-length x () small, say ¢x(a) < €. Alternatively, also often studies
issues where the surface has injectivity radius inj(X) bounded away from
zero, say inj(X) > €. In this paper, a number of our results are in the
region where the hyperbolic surface X has a large injectivity radius, where
"large’ here means large enough for some a priori bounds to apply.

Definition 2.14. For a given large constant C' > 0, a surface X is C-
sufficiently thick or sufficiently thick (if the constant C' is clear from the
context) if inj(X) > C.

We remark that there often is a non-empty subspace M= of sufficiently
thick surfaces of the moduli space M. It is well-known that there exist se-
quences of hyperbolic surfaces whose injectivity radii grow without bounds.
For example, the fundamental group of a closed hyperbolic surface X is
residually finite (one can see [8] for details). After taking finite normal cov-
ers to remove simple closed curves of bounded lengths in X, we can find a
sequence of hyperbolic surfaces X, with injectivity radii inj(X,, ) — oo as
gr — 00. Moreover, Buser and Sarnak [4] proved that there exists a family of
closed surfaces X} of genus g with g — 0o as k — oo and inj(Xy) > QIHTQ’C.

Part 1. Bounds on the Weil-Petersson curvature operator

3. THE WEIL-PETERSSON CURVATURE OPERATOR AT X AND ITS
EIGENVALUES

In this section, we begin our study of the Weil-Petersson curvature op-
erator (), establishing some preliminary upper and lower bounds for <
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QV(A),A > in Proposition 3.6. Those estimates rely on a formula for <

@(A), A > displayed in Proposition 3.5 which is particularly well-adapted
for estimations. The first subsection provides notation and context.

Before we study the curvature operator on Teich(Sy,), we set some no-
tation. Let U C Teich(Sy) be a neighborhood of X in Teichmiiller space,
and let (t1,t2,--- ,t39—3) be a system of local holomorphic coordinates on
U such that {t;(X) = p;}i1<i<3g—3 is holomorphic orthonormal at X with
ti=x;+iy; (1 <i<3g—3). Then (z1,22, -+ ,235-3,Y1,Y2, - ,Y3g—3) are
real smooth coordinates in U which relate to the complex coordinates as

0 _0 0 0 _ 0 0
a.Ti N ati 657 8yl N 8ti 85 '

Let T Teich(S,) be the real tangent bundle of Teich(S,) and AT Teich(S,)
be the exterior wedge product of T Teich(S,) with itself. For any X € U,
we have

T'x Teich(Sy) = Span{

0 0
oz, (X), 5— (X)) hi<ij<sg—3-

and

0,0 0 0 9 0
dx; Oz Oxy Oy Oym  Oyn”

The space AT Teich(S,) has (real) dimension (3g — 3)(6g — 7). Let <, >
refer to the pairing of vectors with respect to the Weil-Petersson metric. The

natural inner product on A2T Teich(S,), associated to the Weil-Petersson
metric, is given by

(3.1) <ViAVe, VaAVy >epi=< V1, V3 >< Vo, Vi > — < Vi, Vg >< Vo, V3 >

AT Teich(S,) = Span{

and extended linearly, where V; are real vectors. One may refer to ([11], p.
238) for more details.
In terms of these real coordinates, the Weil-Petersson curvature operator

@ may be described in the following way. Let X € Teich(Sy), let R be the
6g—6

Riemannian curvature tensor of the Weil-Petersson metric, and let {e;},;”;

be an orthonormal basis of T'x Teich(S,). Set
Rijii :=< R(es, ej)er, e > .
It is clear that
N Tx Teich(Sy) = Span{e; A €;}1<icj<(69—6)-

Then the operator Q : A2Tx Teich(S,) — A%Tx Teich(S,) may be written
in this notation as

QU Y. ageine) = > > ayRiuer Ne,
1<i<j<(69—6) 1<i<j<(69—6) 1<k<I<(6g—6)

where the coefficients a;; are set to be real.
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From equation (3.1) it is easy to see that {e; A €;}1<i<j<(69—6) 1S an or-
thonormal basis of A?T’x Teich(S,). Then,

< @( Z a;j€; N\ ej), Z bijei Nej >ey

1<i<j<(69—6) 1<i<j<(69—6)

= Z Z ;b1 Rijri s
1<i<j<(6g—6) 1<k<I<(6g—6)
where here again the coefficients b;; are real.

We define the associated (bilinear, symmetric) curvature form to be the bi-
linear form @ on A?T Teich(S,) given by Q(ViAVz, VsAVy) = R(Vi, Va, V3, Vy)
and extended linearly, where the V; are real vectors. It is easy to see that @
is a bilinear symmetric form (one can see more details in [14]).

In this notation, we see that we may write Q(A, A) as Q(A,A) =<
@(A), A >y for all A € A2T Teich(S,). By the symmetry of the Riemannian
curvature tensor and the definition of the scalar curvature, we then find

Lemma 3.1. (1). Q is self-adjoint.
(2). The trace Tr(Q)(X) of Q at X satisfies Tr(Q)(X) = Sca(X).

For more details on the Riemannian curvature operator, one can see sec-
tion 2.2 in [25].

3.1. The eigenvalues of the Weil-Petersson curvature operator. The
action of the almost complex structure J on T'x Teich(S,) extends to a nat-
ural action of J on A?Tx Teich(Sy), defined as follows on a basis
0 o ._ 0 0
Joaxi/\ﬁj‘_ dy; /\Tyj,

9 ~ & . 9 x 8 _ & r.d
Joal‘z/\@_ ayi/\amj_aa}j/\ayi’
o

0 A0 ._ 0 A D
JO@A@_8$ZA8IJ7

and then extended linearly. It is easy to see that, as an operator on A2Tx Teich(Sy),
we have J o J = id.
Part of the second author’s thesis shows that for any X € Teich(Sy), the

curvature operator @ at X is negative semi-definite. More precisely,

Theorem 3.2 ([40]). Let S = Sy be a closed surface of genus g > 1 and
Teich(Sy) be the Teichmiiller space of S endowed with the Weil-Petersson
metric. And let J be the almost complex structure on Teich(Sy) and Q be
the associated curvature form on Teich(Sy). Then, for any X € Teich(Sy),
we have _

(1). Q is negative semi-definite, i.e., < Q(A), A >cu= Q(A4, A) < 0 for all
A € N*Tx Teich(S,).

(2). Q(A, A) = 0 if and only if there exists an element B in N*Tx Teich(S,)
such that A= B — Jo B.

Recall that A is called an eigenvalue of @ if there exists an element A €
A2Tx Teich(S,) such that Q(A) = A- A. In that case, the element A is called
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the eigenvector associated to A. Since @ is self-adjoint, all of the eigenvalues
of @ are real. Since dim(Teich(Sy)) = 6g — 6, we see from Theorem 3.2 that
there exist (3g — 3)(6g — 7) non-positive eigenvalues {v;},” (B9=3)(69=7) ot
where we set 1,41 < v; <0 forall 0 <7 < ((3g —3)(6g —7) — 1). Since the
Weil-Petersson sectional curvature is negative (see [34]), not all {r;} vanish.
Our focus is on the non-zero eigenvalues. Refining the analysis of Theorem
3.2, we prove that the number of non-zero eigenvalues of the Weil-Petersson

curvature operator CNQ on Teichmiiller space Teich(S,) is constant.

Theorem 3.3. For any X € Teich(S,), the Weil-Petersson curvature op-
erator Q at X has exactly (3g — 3)? negative eigenvalues.

To prepare for the proof of Theorem 3.3, we note the following standard
lemma.
Lemma 3.4. For any B € N*Tx Teich(S,), the element A defined by A =
B — Jo B is a 0-eigenvector, i.e. Q(A) =0.
Proof. Of course, by part (2) of Theorem 3.2 we have Q(A, A) = 0. Now let
C € N*Tx Teich(S,). By part (1) of Theorem 3.2, for all ¢ € R, we have

0 > QIC+tAC+1tA) =<Q(CH+1tA),C+tA >y
= <Q(C),C >eu +2t < Q(A),C >ey .

Singe t is arbitrary, we see that we could choose ¢ to make the expression
< Q(C),C >ey +2 < Q(A), C >y t above positive unless < Q(A), C >¢,=

0. The conclusion then follows by choosing C = Q(A) so that we have
0 =< Q(4),C >pu=< Q(A), Q(A) >ey, yielding G(A) = 0. 0

Proof of Theorem 3.3. It suffices to show that the dimension of the space

of zero-eigenvectors of Q is equal to (3g — 3)(3g — 4). First, it is clear

: 0 0 0 0 0 0
that the elements in {671- A 5 ~ B; A Wj}KKK(ngS): {87:“ o @ A

aiyi}lgi<j<(3g_3) are linearly independent in A’Ty Teich(Sy). By Lemma
0 o) 0
3.4, we see that Span{{a—zi A By 6% A ay }1<1<]<(3g 3)5 {8371 A @ ~ 25 A

a%_}lgkjg(gg,g))} is contained in the space of zero-eigenvectors of Q Thus,

dim{A € A’Tx Teich(S,); Q(A) =0} > 2.(39—3)(39—4) /2 = (3g—3)(3g—4).
On the other hand, let A = Zij(aija%i A ax b” 7 A ay +cij 8y A 9y, ) c

A?Tx Teich(S,) with Q(A) = 0. By part (2) of Theorem 3.2, we know
that A = B —J o B for some B € A?*Tx Teich(S,). Then we have, for all

a;j + Cij = aji + Cjg,s bij + bji =0.
We rewrite it as

aij — aji = —(cij — ¢ji), bij = —bji.
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Thus,
0 0 0 0 0 0 0 0
A=) (aij—aj)(=—N———AN=—)+ Y bij(=—AN———A—).
; J J 8$Z aa;j 8yi Byj ; J 83;, 8yj Ba:j 8yz
: 0 0 0 0 0 0 0
In partlcular A S Span{{% A 8730] — dy; A Tyj}igi<j<(3g_3), {Txl A @ — % A

%}1<i<j<(3g_3)}. Since A is arbitrary with Q(A) = 0,
dim{A € A2Tx Teich(S,); Q(A) = 0} < 2:(39—3)(3g—4)/2 = (39—3)(3g—4).
Therefore,
dim{A € A’Tx Teich(S,); Q(A) =0} = (39— 3)(3g — 4).
U

From Theorem 3.2 and Theorem 3.3, we know that for any X € Teich(S,),

the Weil-Petersson curvature operator Q at X has (39 — 3)2 negative eigen-
values. We denote them by

A@g-3)2(X) < Agga)2-1(X) < Agz)2—2(X) <+ A(X) <A (X) <0

We close this subsection by rewriting the smallest eigenvalue A(3,_3)2(X) as
follows

(3.2) Amin(X) = Agg_g)2(X)

T ACA2Ty Teich(Sy),||Alleu=1 QA 4).
3.2. The Weil-Petersson curvature operator formula. In this section,
we recall a formula from [40] for the curvature operator applied to an element
A € A?Tx Teich(S,) of N2Tx Teich(S,). This formula is particularly well-
suited to estimating the associated curvature form Q(A, A), and so from the
formula we derive some estimates that we will need in the later sections.
To begin, we express an arbitrary element A € A?Tx Teich(S,) in coordi-
nates as

0 0 0 0 0 0
3) A= e N — 0 — ANg—+Ci 77— N7— 2T Teich
(3.3) %j (ajé?mi/\(?mj +b38mi/\(9yj +C]3yi/\8yj) € N“Tx Teich(Sy)

where a;j, b;j, ¢;; are real numbers. The following formula is crucial not only
for our analysis in this section, but indeed for much of our work in this part
of the paper.

Proposition 3.5. With A defined as above, we may write Q(A, A) as

(3.4)
QA A) = 74/X D(Im{F(z,z) +iH(z,2)}) - (Im{F(z,2) + tH(z,2)})dA(z)

— 2/ G(z,w)|F(z,w) + iH (z,w))|*dA(w)d A(2)
XxX

+ 2Re{ s G(z,w)(F(z,w) + tH (z,w))(F(w, z) + itH (w, z))dA(w)dA(2)}
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where G(z,w) is the Green’s function for the operator D, the expression F(z,w)

is set to be F(z,w) = Z?g ?i(aw +cij)pi(w) - pj(2) and H(z,w) is defined as

H(z,w) = 327973 bijpi(w) - i (2).

Proof. The conclusion directly follows from Proposition 4.1 and Proposition
4.3 in [40]. O

Using this decomposition of Q(A, A), we estimate its value in the following
proposition. The proof uses a similar idea as in the proof of Theorem 4.4 in
[40].

Proposition 3.6. Under the same conditions as in Proposition 3.5, we have
(1). — >4 [ DIm{F(z,2) + iH (2, 2)}) - (Im{F (2, z) + iH (2, 2) })dA(2)
(2). Q(A A> <16~ ([ [Pz 2)PAAG) + [y H(z2) PAA()).

Proof. We begin with the third term in equation (3.4). By the Cauchy-
Schwarz inequality, we may write

(3.5) | s G(z,w)(F(z,w) +iH (z,w))(F(w, z) + iH (w, 2))dA(w)dA(z)]

s /Xxx Gz, )| (F (2, w) +3H (z,w))(F(w, 2) + 1H (w, 2))|dA(w)dA(2)

< \// Gz, w)|(F(z,w) +iH (z,w))[?dA(w)dA(z)
XxX

y \/ / G w)|(Fw, 2) + iH (w, 2)) 2dA(w)dA(2)
XxX

= /XXX G(z,w)|(F(z,w) +iH(z,w))|*dA(w)dA(2).

The last equality follows from the symmetry G(z,w) = G(w, z).
It directly follows from inequality (3.5) that

(3.6) Re/ G(z,w)(F(z,w) +iH(z,w))(F(w,z) + iH (w, 2))dA(w)dA(z)
XxX
< / G(z,w)|(F(z,w) +iH (z,w))|*dA(w)dA(z).
XxX
Recall that @ is negative semi-definite. Part (1) of the conclusion follows

from the inequality above: the right hand side estimate above for the third
term in equation (3.4) cancels with the second term in equation (3.4).
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For part (2), beginning from the triangle inequality, we find
(3.7)
|Q(A, A)] / D(Im{F(z,z)+iH(z,2)}) - (Im{F(z,2) + iH (z,2)})dA(z)

+2/ G(z,w)|F(z,w) +iH (z,w))[*dA(w)dA(z)
XxX
+2|Re /X . G(z,w)(F(z,w) +iH(z,w))(F(w,z) + iH (w, z))dA(w)dA(z)|
4 /X D(Im{F(z, 2) +iH(z, 2)}) - (m{F(z, 2) +iH (=, 2)})dA(2)
+ 4/ G(z,w)|F(z,w) +iH (z,w))[*dA(w)dA(z) (by applying (3.6))
XxX
< 4/X (Im{F(z,2) +iH(z,2)})*dA(z)
+ 4/ G(z,w)|F(z,w) +iH (z,w))|?dA(w)dA(z) (by Lemma 2.2)
XxX
< 4/X |F(z,2) +iH (2, 2)|*dA(z)
+ 4/X D(|F(z,2) +iH(z,2))[*)dA(z)
where we apply part (1) of Proposition 2.3 for the last step.

Since D is self-adjoint and D(1) = 1, we see that we may rewrite the final
term of (3.7),

/ D(|F(z,2) +iH(z,2))|?)dA(z) / |F(z,2) +iH(z,2))* - D(1)dA(2)
:/ F(2,2) + iH (2, 2))|2dA(2).
X

This last equality allows us to combine the two terms on the right-hand side
of the final inequality of (3.7) to obtain

QA 4)] < / (1F (2, 2) +iH(z, 2) 2dA(2)
/\FzszA /|sz|dA ),

with the last inequality following from the elementary inequality
|21 + 1202 < 2(|21? + |22]?), V21,22 € C.
O

We use the first part of this proposition to prove Theorem 1.1 in the next
section, and the second part of the proposition to prove Theorem 1.2 in
Section 5.
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4. A UNIFORM UPPER BOUND FOR Apin(X)
From the definition of the curvature operator we know that

(3g—3)?

Z Xi(X) = Sca(X).
i=1

Sca(X)
o3 BY

Remark 2.6 in section 2, this upper bound is less than or equal to

Thus a trivial upper bound for A,_3)2(X) is Agg_3)2(X) <
TR (-T)"
which approaches zero as g goes to infinity. The goal of this section is
to prove Theorem 1.1 which estimates A(34_3)2(X) by a negative number
independent of genus.

The proof is actually quite straightforward: because Apin(X) will mea-
sure the L*°-norm of @, we simply exhibit an (unit normed) element Ay
in A?Tx Teich(S,) with L>® norm bounded away from zero. After a few
preparatory remarks on how one estimates the norm of @, we display our
element Ay and verify the claims as to its (J-norm.

There are three terms in the formula of the Weil-Petersson curvature
operator presented in Proposition 3.5. The first term is non-positive, and
the sum of the second and third terms is also non-positive by the argument
in the proof of Proposition 3.6. Of course, since A(34_3)2 (X) is the minimum
eigenvalue, the Rayleigh-Ritz formulation implies that for any element A,
we have that A34_3)2(X) < %. Now we are ready to describe the proof
of Theorem 1.1 in detail.

Proof of Theorem 1.1. Let {,ui}?ifg be a holomorphic orthonormal basis
T'x Teich(Sy) and let {%}?i IS be the vector field on Teich(S,;) near X such

. 39—3
that (’%JX = ;. Let t; = x;+iy; and let Ag = \/%(Zzil %(X)/\%(X))

be our special element of A?Ty Teich(S,).

We begin with some preliminary computations on our special two-form
Ap: we show that || Ag|lex = 1, and find the associated functions F' and H
used in the formula (3.4) for the associated form Q (Ao, Ag) for this element.

Since {uz}?i 13 is a holomorphic orthonormal basis T'x Teich(Sy), we have

0 0 0 . 0 0 . 0
= Re{< i, pj >} = dij.
Similarly, we have
0 0 0 0 0 0
< X),—(X)> = Rel< X)+iJo—(X), —(X)+iJo —(X) >
;) 5, ) (< g, ) i 0 (), 5 () 40 0 5o(X) >)

= Re{< —iﬂi,_iﬂj >} = Re{< His [g >} = 5ij

and
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0 0 0 0 0 0
— = X)+iJo—(X), —(X)+iJ o —
< g (X, () > = Rel< g(X) +id o (X, 5o (X) +id o 5
Re{< pi, —ip; >} = —Im{< p;, pj >}
Thus, equation (3.1) gives that
0 0 0 0
X X), — (X)N —(X) >eu
< 5 N () 5 (X) A 5 () >
0 0 0 0
= X), — (X X)), — (X
0 0 0 0
— X), — (X X)), — (X
< 89@( )’8yj( )>< ayz( )781’j( )>
= 05 —0=45.
Therefore, the norm of Ag satisfies
(4.1)
39—3 39—3
1 0 0 0 0
A2, = —— X X X)A=—(X) >eu=1.
0l = 5 < 22 g 00 A g (0 X2 (0 A 500 >

As we plan to apply Proposition 3.6, we need to compute F(z,z) and
H(z,z) for this element Ag. Of course,

39—3

F(z,2) = Y (aij + cij)pa() - pj(z) = 0

ij=1

as from our definition of Ay and the coefficients a;;, ¢;; in (3.3), we see we
have set all of the a;; = ¢;; = 0 in the definition of F'(z, z) in Proposition 3.5.
Similarly,

39—3 39—3

H(z,w) = ) bigpi(w) - pi(z) = Y

ij=1 i=1

Sgta() - )

by our definition of H in Proposition 3.5.
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From part (1) of Proposition 3.6,

Q0. A)) < —4 [ D(En{if(z,2)}) - (InfiH 2.2 DA()

39—3 39—3

1 1
= _4/ D(——— i) (—— i[2)dA
. (mglul)(mg\u)
39—3
> |uil*)?dA  (by Lemma 2.1)
=1

N

Yy
3 X \/39 -3
39—3

_ 4 1212
- 9(9_1)/)((;%\)6@4

2
< 97g = 1)Sca(X),

with the last inequality follows from Proposition 2.5.

Combining equation (3.2), equation (4.1) and the inequality above, we
have
Q(Ao,Ao) < QSCCL(X)

[ 4oll2,  ~ 9(g—1)°

By Lemma 4.6 in [34], Wolpert’s upper bound for scalar curvature, we
have

)\min (X) <

2Sca(X) 2 -3(3g—2) -1
min X < < : .
Auin(X) S 90T So=1 T A 2

5. A UNIFORM LOWER BOUND FOR Apin(X) IN THE THICK-PART

The goal of this section is to prove Theorem 1.2 that was stated in the
introduction. In contrast to the argument in the last section where we
bounded from above the norm of a particular element Ay € A2Tx Teich(Sy),
here we need to bound from below the norm of an arbitrary element A €
A?Tx Teich(S,). The proof rests on the (other) bound in Proposition 3.5,
where here we inherit uniform bounds on all of the terms in the the norm
Q(A, A) from the uniform thickness of a surface in the thick part of the
surface.

Recall the systole, denoted by systole(X), of a compact hyperbolic surface
X is the length of the shortest nontrivial simple closed curve in X. So
systole(X) = 2inj(X) where inj(X) is the injectivity radius of X. The
e-thick part Teich(Sy)¢ of Teich(S,) is defined by

Teich(S,)”¢ := {Y € Teich(S,);systole(Y) > ¢}.

Let Mod(S) be the mapping class group of S. Then the quotient space
M(S)?¢ := Teich(Sy)>¢/Mod(S) is called the e-thick part of the moduli
space. By Mumford compactness, we have (see e.g. [12]) that M(S)>¢ is
compact for all € > 0. In particular there is a lower bound for A(3,_3)2(X)
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where X runs over the thick part of Teich(S,). A natural question is whether
this lower bound depends on the topology of the surface. Theorem 1.2
answers this question negatively; specifically, we provide a lower bound that
only depends on the thickness € but not on genus of the surface.

We begin the proof of Theorem 1.2 with some preliminary estimates on
norms of sums of harmonic Beltrami differentials. Let {Mi}?if’ be a holo-
morphic orthonormal basis of Ty Teich(S,); thus, in particular, we have that
S iz ,uj( )JdA = §;;. Now, the expression of the Weil-Petersson curvature
operator — presented in Proposition 3.5 —involved expressions F'(z,w) and
H (z,w) both of the same form, say K(z,w) = Z?g ?dz],uz( ) - 1;(2) (where
the coefficients d;; were real). We separate the proof of Theorem 1.2 into
lemmas that estimate norms of such expressions K(z,w). The following
lemma is a direct consequence of Proposition 2.10.

Lemma 5.1. Fix z € X, we have
sup K (z,w)? < Cmj(X)) - (Y diydapy(z)m(2))
wex 1<0,j1<39-3

where C(inj(X)) is the same as in Proposition 2.10.

Proof. Rewrite K(z,w) as
39—3 39g—3

K(z Z Z dz]ﬂ] - pri(w).
=1 =

Thus, if we fix z € X, the form K (z, w) is a harmonic Beltrami differential
on X in the coordinate w. From Proposition 2.10, we have

sup | K (z,w)|? < C(inj(X)) - /XK(Z,w)K(z,w)dA(w)

weX
39—3 39—3
~ C(inj(X / 3 dijpi(w) - 1 ()Y diap(w) - pu(2))dA(w)
,‘] 1 kl 1

= Cj(X)-( > dijdup()u(z ))'/ pi(w) e (w)dA(w))

1<i,j,k,1<3g—3 X

= Cnj(X)- (> dijdup;(2)m(2)),

1<4,5,1<39 -3
where the last equality uses the fact that the basis {y;} is orthonormal. [
Specializing to an L? bound for K(z,z), we find
Lemma 5.2. [y |K(z,2)|?dA(2) < C(inj(X)) - (1< j<(3g-3) 95)-
Proof. First, Lemma 5.1 gives that, for any z € X

K (2, 2) < sup [K (2, 0) P < Ci(x0)) - (Y dydui (=),
weX 1<i,j,1<3¢—3
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Thus, we have
[ i Paac)
X

< Cwice) [ Y dydumGm(AR)

X 1<i,j,1<39—3
= Cj(x)-( >, dj)
1<i,5<(39—3)

where the last equality follows from the assumption that {u;} is orthonormal.
O

Now we are ready to prove Theorem 1.2.
Proof of Theorem 1.2. Let A € A>T Teich(S,) be expressed as
0 0 o 0 o 0
A= o AN—— b — N—— o N——
( . Z YT Ds ox; * , Z Yo" Oy * A Z I dy; 3yj)
1<i<j<(39—3) 1<4,j<(39—-3) 1<i<j<(39—3)

where a;j;, b;j, ¢;; are real. In terms of the coefficients of the basic forms, we
may compute the norm || All¢, of A as

G N 1 N S N - S SORC

1<i<j<(39—-3) 1<i,j<(39-3) 1<i<j<(39—3)

From part (2) of Proposition 3.6, we have

QA A) > 16 - ( /X F (2, 2)2dA(2) + /X |H(z, 2)[2dA(2))

39—3
where F'(2,2) = 371 ¢ jc(ag—s) (@ij + cij)pi(2) - py(2) and H(z, z) = 327977 bijpi(z) - pj(2).-
By Lemma 5.2, we have

/ F(z,2)2dA() < Cmi(X) - (S (ag +ciy)?)

1<i<j<(3g—3)

where we have set {d;; = a;; + ¢;;} for i < j and d;; = 0 otherwise.
Similarly, by Lemma 5.2, we also have

/ H(z,2)PdA(z) < Cni(X) - (3 (b)?)
1<4,5<(39—3)
by setting {dl] = bzg}

Combine these two inequalities above, we find

QA A) > —16C(nj(X)-( > (ay+e)’+ > b))

1<i<j<(39—3) 1<4,5<(39—3)
> -RCEi(X) (> @)+ Y )
1<i<j<(39—3) 1<4,5<(39—3)

— —320(j(X)]| 4], by (5.1) .
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The theorem then follows from the Rayleigh-Ritz characterization of the
lowest eigenvalue and by choosing B(e) = 32C(5). O

Remark 5.3. Theorem 1.2 shows the Weil-Petersson curvature operators,
restricted to the thick part of the moduli space, are uniformly bounded by
a constant that depends only on the bound on prescribed thickness (the
lower bound in injectivity radius) of the surfaces in the given thick part, but
not on the topology of the underlying surface. It is worth noting that the
constant B(e) < 6% tends to infinity as € — 0. Of course, it is known that
sectional curvatures (the diagonal elements for the curvature operator @)
decay at worst with order O(=1). (One can see [9] and [39] for details.) We
do not know if this bound of O(_Tl), sharp in the case of sectional curvatures,
also extends to the broader setting of the curvature operator. On the other
hand, as € — oo, the constant B(e) — % > i, which is consistent with the
bound we found for a special element of A*Tx Teich(S,) in Theorem 1.1.

Let R be the Riemannian curvature tensor of the Weil-Petersson metric.
Let X € Teich(Sy) and {e,}fﬁfﬁ be an orthonormal basis of T'x Teich(S).
Recall that R;ji; :=< R(e;, ej)e, e; >. Define the norm ||R||x of the curva-
ture tensor R on X by

R = su max R;;
|R||x pKi,j,k,K(Gg_G)\ ik

where the supremum runs over all the orthonormal bases of T'x Teich(.S).
A simple application of Theorem 1.2 is

Corollary 5.4. Let X € Teich(Sy) and R be the Riemannian curvature
tensor of the Weil-Petersson metric. Then,

|1Rllx < B(inj(X))
where inj(X) is the injectivity radius of X and é(inj(X)) is a function of
inj(X).

Proof. Set ||Q(X)|| := Supacn2ry Teich(S,), [zt | < @A), A > |. Theo-
rem 1.2 gives that ||Q(X)|| < B(2inj(X)). Let {ei}?iz(i be an orthonormal
basis of T'x Teich(Sy). Then the Cauchy Schwarz inequality leads to

|Rijri| = | < Qes Nej)yen Aep > |
< Qe Aej)l - ek Aer| <IQX)] < B(2inj(X)).

Since the indices {1, j, k,[} are arbitrary, the conclusion follows by choosing

B(inj(X)) = B(2inj(X)). O
Remark 5.5. For the case that {i = k,j = [}, R;;; is the sectional cur-
vature (using the orthonormality of the coordinate system). Huang in [10]
proved the the sectional curvature, restricted on the thick part of the moduli
space, is uniformly bounded from below by using harmonic maps.
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The Weil-Petersson metric is not complete (see [7, 33]). We let Teich(Sy)
be the metric completion of Teich(S,) and O0Teich(S,) be the frontier of
Teich(Sy): this frontier is composed of products of lower dimensional Te-
ichmiiller spaces (one can see [19, 36, 38] for more details). For any X €
Teich(Sy), the following quantitative version of estimation on the distance

between X and 0Teich(Sy) is provided by Wolpert.

Theorem 5.6 ([37]). dist(X, dTeich(S,)) < /4 - inj(X).
The following consequence is motivated by Proposition 4.22 in [3].

Corollary 5.7. There exists a constant C' > 0, which is independent of the
topology of the surface, such that the norm ||R||x of the curvature tensor R
on X satisfies

C
" dist(X, 9Teich(S,))

Proof. We observed after stating Proposition 2.10 that as ¢ — 0, the con-
stant C(e) is asymptotic to —5;. Fix ¢g > 0 such that C(e) < -2 for all
€ € (0,€). Then for any X € Teich(S,), there are two possibilities:

Case 1: If the injectivity radius inj(X) > e€p, the inequality ||R||x <

~

B(eg) = B(2¢p) follows from Corollary 5.4.
Case 2: If the injectivity radius inj(X) < €g, then from Corollary 5.4 we
find,

IR|[x < max{C

4}'

64 _ 10247
m-inj(X)? ~ dist(X, Teich(S,))*’

where we apply Theorem 5.6 for the last inequality. The conclusion follows
by choosing C' = max{B(2¢p), 10247}. O

[1R]|x < 32C(inj(X)) <

Remark 5.8. We emphasize here that the constant C' is independent not
only of the genus g, but also of any choice of neighborhood of 9Teich(S).

6. EIGENVALUES OF THE WEIL-PETERSSON CURVATURE OPERATORS ON
THICK SURFACES

Our goal in this final section of this part of the paper is to prove the
remaining results, Theorem 1.3 and Theorem 1.5, on the Weil-Petersson
curvature operator. The proofs are reasonably straightforward consequences
of the results and tools we have already developed.

We first prove Theorem 1.3 which bounds the smallest eigenvalue Ay, of
the Weil-Petersson curvature operator on surfaces of sufficiently large genus
whose injectivity radii are increasing without bound.

Proof of Theorem 1.3. First, one computes that the constant B(e) in Theo-
rem 1.2 satisfies
24
lim B(e) = —.
im B(e) -

E—0O0
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The conclusion then follows from Theorem 1.1, Theorem 1.2 and the limit
above. O

Next, fix € > 0; then the Mumford compactness theorem implies the e-
thick part M=Z¢ of the moduli space of a closed surface is compact. Thus the
following functions are well-defined:

\(g) := i Ni(X), V1<i<(3g—3)?

A9) = pmmin M) i< (39-3)
and

Xi(g) := N(X), V1<i<(3g—3)2

i(9) = pmax, L M) i< (3g-3)
Of course

X5(9) < Xilg),
and Theorems 1.1 and 1.2 imply
- ~1
—B(e) < AE39*3)2 (9) < )‘23973)2 (9) < o
Our focus for the rest of this section then turns from the smallest eigen-
value A(35_3)2 = Amin to the asymptotic properties for )\j(g) and Xf(g) as g
goes to infinity where the index ¢ is not maximal but instead small.
Let
f : {172"" 7(39_3)2} - {1)27"' 7(39_3)2}
be a function. Recall that Theorem 1.5 states that if the index ¢ is not close
to the maximal value (3g—3)? in the limit sense, then the bound )\¢(g) tends
to zero as g goes to infinity.

Proof of Theorem 1.5. Since 1 < f(g) < (3g — 3)2, It follows from Theo-
rem 3.3 that X;(g) (g) < 0. For the lower bound, let X € Teich(S,)>¢ and

recall that {A\;(X )}gigl_g)2 is the set of the non-zero eigenvalues of the Weil-

Petersson curvature operator at X with A\;11(X) < A;(X). Proposition 3.3
in [29] tells us that

. (3g—3)°
—6(g — 1)C(5) < Sea(X) = 2 Ai(X),
where C(§) is defined in Proposition 2.10. Since A;(X) < 0, we have that
(3g—3)°
¢ 2
—6(g—1)C(5) < Y M(X) < ((Bg—3)" = f(9) + DAp)(X)-
i=f(9)
We rewrite this last inequality as
—6C(3) g9lg —1)
. < Ay (X).
TR (DR L

g(g—1) _ 1
(39—3)2—f(9)+1 — 9(1-a)

arbitrary, the conclusion follows by choosing B(a,€) =

Then, since limsup,,_, > 0 and X € Teich(S,)>¢ is

4c(5) .

2
3(1—a)”
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Remark 6.1. (1). Recall that as € — 0, the constant C(e) behaves like

e—0 —
Te2

The proof of Theorem 1.5 then yields the following more general statement.

Theorem 6.2. If the function [ satisfies limsupy_, ., % =a < 1. Let
Xy be a sequence of Riemannian surfaces whose injectivity radii satisfy

: 1
11mg4)00 W =0. Th@n,

91320 >‘f(g) (Xg) =0.
This theorem tells us that as the genus goes to infinity, even in certain
portions of the thin parts of the moduli spaces, we could still have

lim X:(g)(g) = lim )\E(g)(g) =0, forall 1<i<8g>

g—o0 g—oo

. . 1 o
provided that limg_, o, T E = 0.

(2). We do not know any asymptotic properties of X;(g) and X;(g) as g
goes to infinity when i is close to (3g — 3)?; for example 3239_3)2_9(9) and

XE3g_3)2_g(g). It is interesting to study them.

Part 2. Bounds on the Weil-Petersson holomorphic sectional
curvatures

7. UNIFORM ESTIMATES ON HARMONIC BELTRAMI DIFFERENTIALS.

Recall from section 2.3 that a surface is C-sufficiently thick if inj(X) > C,
and that there are non-trivial subspaces of the Teichmiiller spaces Teich(Sy)
composed of sufficiently thick surfaces, once the genus g is chosen sufficiently
large. In this section will construct holomorphic lines in the tangent spaces
of sufficiently thick surfaces (of course, necessarily of large genera and injec-
tivity radii) such that those sections have uniformly pinched negative holo-
morphic sectional curvatures. The pinching constants will be independent
of the genus.

To begin, we pick up the thread on which we ended section 2.2.2, that
related holomorphic sectional curvatures to powers of normalized L norms
of harmonic Beltrami differentials. In particular, we will directly apply
Proposition 2.11 to a specific choice of harmonic Beltrami differential 1,
whose construction we begin immediately below. As we noted at the end
of section 2.2.2, our (main) goal is to bound the L? norm of p, from above
and the L norm of u4 from below.
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7.1. Poincaré series. Let X, € Teich(S,) and let I'; C Aut(D) be a rep-

resentation of m1(X,) into the (Mobius) group Aut(D) of automorphisms

of the hyperbolic disk D where m : D — X, is the universal covering map.

Let H(D) denote the set of holomorphic functions on the unit disk D and

H O(Xg, K?) be the space of holomorphic quadratic differentials on Xy
Recall the Theta-operator O is defined as

©: HD) — H (X, K?
) = D () A (2)
v€ly

It is well-known that O(f)(z) is well-defined if f is integrable on D, and
this operator is surjective on its domain. (See Theorem 7.2 in [12] for de-
tails.)

Fix the constant function f(z) =1 be on D. Then

O(f(2)) =0(1)(2) = > (2)?
€l

whose corresponding harmonic Beltrami differential is

(7.1) 1g(2) = oM)(z) _ T ’y’((z)?

o) L o)

where p(z) = ﬁ is the hyperbolic metric on the disk.

Ahlfors in [2] showed that |p4] is bounded above by a constant depending
on I'y. In this section we will observe that || is uniformly bounded above
if we assume that the injectivity radius inj(Xy) — oo as g — oo.

Let us close this subsection by recalling Ahlfors’ method in [2], a technique
which we will adapt for the heart of our argument.

Ahlfors’ Method: From the triangle inequality we know that

/(2 2
(7.2 ) < 5 DAL

€Ly P

Then since p(y(2))[7'()?] = p(2) for any 7 € Ty, and p(C) = 4(1 — |¢[?)2,
we have

> 2
(739 > RS 0 hep2

i
v€ly ,O(Z) v€ly
Combining the above inequalities yields
1
(7.4) lug(2)l < > (=)
vely

Let A be the (Euclidean) Laplace operator on the (Euclidean) disk. Then
a direct computation shows
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ACY A=) =8 Ch)1P - )P

v€ly vel'y
Note that the terms on the right side are non-negative when |y(z)? > 3.
With that in mind, let B(0, \[) {z € D; |72| < %} be the ball of
Euclidean radius ﬁ and let V' := Uyep, 7™ Lo B(0, f) be the pullbacks of
this ball B by the group I'y. The equation above gives that Z«/er (1—

|7(2)|?)? is subharmonic in D — V. Since both > ner,(1 = (2 )12)? and V
are I'g-invariant, and I'y is cocompact, we find

(7.5)
sup Z (1—|y(2)") = sup Z (1—|y(2) sup Z (1= (=)*)?
#€D Jer, Vet ZEB(O’%)’YEW

which in particular is bounded above by a constant depending on I'y: we
display a version of the argument that the last term on the right is bounded
in the next subsection: see especially equations (7.7) - (7.9).

7.2. Uniform upper bound for j,. Recall the relation between the Eu-
clidean distance and the hyperbolic distance is
‘ 1+ |z
distp(0,z) =In ———.
P02 =)

For the rest of this section, we consider a surface X, which is sufficiently
thick — we retain the index ¢ as a reminder that such surfaces have large
genus g and we are computing curvatures of the Teichmiiller space Teich(Sy)
with all of the normalizations that accompany that choice. (This will also
be useful for a remark at the end of this section.) Therefore we may assume
that we may find a ball B(0, % + i) C F, where F, C D is the (Dirichlet)
fundamental domain, centered at the origin, of X,. Applying the triangle
inequality to equation (7.5), we have

(7.6) supz (1—y)P)*<1+  sup Zl—h

ze’nyng z€B(0 vf)qqée

As in Ahlfors’ method, by applying the Laplace operator, we obtain

(7.7) AD (1= 1v(=x))%) =8> 2l -1 (2))-

y7#e 7€
Because of our assumption on the large injectivity radius of X,, we see

that B(0, f—i- L) C F,. Thus for z € B(0, \[) we see that v(z) ¢ B(0, %)

when v # e: in partlcular for such v, we have |y(z)]? > % This implies
that for z € B(0, \[ 15) we have
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(7.8) AQ (1 == = 0.

y7#e
Let ¢ = £ +1in. Thus, by the mean-value inequality, for any z € B(0, ﬁ)’
we have
1
SRR < oy [, SR s
y#e ©10 (=15) v;ée

1
_ 10 / Z ’7 dfdn by equation (7.3)
B(z,+

’10

<2/ Zw Pdedn since pz) = 4(1 — |2) 2 > 4
’10 Y#e
25 .
= — d&dn after unfolding the sum
T Uw#cWOB(zvﬁ)
2
< 2 aean
T JD—F,
2
= 20— Area(F))).
7r

Since z € B(0, 7) is arbitrary,

79 s Y (- hGP? < 2 - Area(Ry).

1
2€B(0, 75) yse, el

Finally, we invoke the hypothesis that the surface X is sufficiently thick.
Assuming that thickness, we may assume that the Euclidean area Area(Fy)
of the fundamental domain F} is as close to m as we wish, so the quantitative
version of sufficiently thick that we will invoke will force

(7.10) Qj(w — Area(F,)) < i.

Then, this last equation, together with (7.9), provides

NG

(7.11) sup Y. A-hEP)<

2€B(0,75) yse, v,
Remark 7.1. For the estimate (7.10) to hold, we need the ball, centered

at the origin, to have Euclidean radius %, so that the surface is at least

In }g+§ thick.

The following two propositions follow easily from the equations above.
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Proposition 7.2. Let X, be sufficiently thick. Then

sup |pg(2)| < —.
sup |1 (2)| < 7

Proof. We compute

> 2
< 3 1 § by (71)

'(
= p(z

= WGP by (73)

v€ly

1
< gsup 3 (1 - () P2
ZED'yGl"g

sup > (1= [1(2)])° by (7.5)
ZGB((L%)’YEF!]

1 1
<it: s Y A-hGP?
ZEB(Q%) y#£e,y€ly

_1
4

5
— by (7.11).
<1 Py (711)
The conclusion follows by taking a supremum. ]

Proposition 7.3. Let X, be sufficiently thick as above. Then
3

L= ()
11 -
=11 > (1= 10
v#e€ly
S by (711
> 16 y (7.11)

O

Remark 7.4. We have chosen our setting to be one of a single sufficiently
thick surface. However, we could also consider a sequence {X,} of surfaces,
say indexed by genus, whose injectivity radii inj(Xy) is growing (without
bound) with the genus g. In that case, the estimate (7.9) becomes

25
sup Y A-hE)P)?’< —(m — Area(Fy)) = 04(1)
2€B(0,75) y#e, 7€l
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so that the conclusions of the proofs of Propositions 1.1 and 7.3 become

1y (] < § +0(1)
and )
l1g(0)] = 1 04(1)

respectively. We hope to take up the thread of the agreement of these
asymptotic bounds in a subsequent work.

8. HOLOMORPHIC LINES WITH UNIFORM NEGATIVELY PINCHED
WEIL-PETERSSON HOLOMORPHIC SECTIONAL CURVATURES.

We are now ready to prove Theorem 1.7, which we restate here in the
present terminology for convenience.

Theorem 8.1. Let X, be a sufficiently thick surface as in section 7, and let
g € Tx, Teich(S,) be defined as in equation (7.1). Then the holomorphic
sectional curvature K(pg) satisfies

—81Cy

Y
6400 - 2

K(ug) <

2
where Co = 3emmyzvors (B -

Proof of Theorem 1.7. Recall z = x + iy. Our plan is to bound ||ugl/ p
from above, sup,cx, |(g(2)| from below and then apply Proposition 2.11 to
bound the holomorphic sectional curvature. First,

(8.1)
g2 = / g - Tigp(2)dady

g9

< sup [ty (2) / iglo(2)dady

zEg

S 16 / |7ig|p(2)dady by Proposition 7.2, since X, is sufficiently thick

<5 [ 3 W@ Pdady by ()

Fy vel'y
5
< — d d
=16 Jp Y
5
= —7
16
Second, by Proposition 7.3, again using that X, is sufficiently thick,

3

SUp |g(2)] = sup |ug(2)| > [ug(0)] > -
2€Xy 2€Fg
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Finally, we recall from Proposition 2.11 the bound

Co - sup,cx |pg(2)|*

(82) K(ng) < = 4
gl Iy p
Thus substituting (8.1) and (8.2) into the right hand side of (8.2), we find
—81Cy
K < —,
(o) < G002
as desired. 0

Our final task is to prove Corollary 1.8.

Proof of Corollary 1.8. We begin with the left hand side. For any o, €
T'x, Teich(S,), Proposition 2.10 asserts that the normalized L> norm of the
Beltrami differential o, satisfies

SuUPzex, ’Ug(Z)DQ
I, lo(2)PdA(z)

where C(inj(Xg)) is the constant defined in (2.8). We then substitute this
estimate into the bound in Proposition 2.11 to obtain the required lower
bound. If; as we did at the end of section 7, we considered the setting of
a sequence X, of surfaces whose injectivity radii grow without bound, we
could let inj(X,) — oo so that C(inj(X,)) — 2 we would then obtain the
lower bound

< C(inj(Xy))

—~

< K(oy).

EREN

Since o, is arbitrary in Ty, Teich(S,), the conclusion follows.

The upper bound is a direct consequence of the statement of the upper
bound in Theorem 1.7, as that theorem only required sufficiently large thick-
ness, which is immediately satisfied on our sequence X, once g is sufficiently
large. O

Remark 8.2. Fix two positive numbers a and b. Let H(D) denote the
holomorphic functions on the disk D, and set

HY(D) = (f() € H(D); sup|f(z)| <b and_ |f(0)|> a}.

Let f(z) € H%(D) and consider the image of the Theta-operator ©(f)(z) €
H O(Xg, K?). Using the same argument in the proof of Theorem 1.7, we find

Theorem 8.3. Let X, be a sequence of hyperbolic surfaces with inj(Xg) —
o0 as g — oo. Then there exists a uniform negative constant B(a,b) such
that for g large enough, the Weil-Petersson holomorphic sectional curvature
satisfies

— S K(py(f)(2)) < Bla,b) <0

where g (f)(2) = 9@ gng f is arbitrary in H2(D).
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Remark 8.4. While our focus in this part of the paper was on the Beltrami
differential p, defined in terms of the ©-operator applied to the constant
function f = 1, we might equally well have applied the ©-operator to the
functions f,(z) = (1 — 2™) (n > 1) and obtained similar estimates since
fn(2) € H3(D) for all n > 1. It is clear that the convex hull of {f,(2)}n>1
is still contained in HZ(D), It is then of interest to know the Weil-Petersson
geometry of the image of this convex hull under the ©-operator.
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