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ABSTRACT. The universal Teichmiiller space is an infinitely dimensional
generalization of the classical Teichmiiller space of Riemann surfaces. It
carries a natural Hilbert structure, on which one can define a natural
Riemannian metric, the Weil-Petersson metric. In this paper we in-
vestigate the Weil-Petersson Riemannian curvature operator @Q of the
universal Teichmiiller space with the Hilbert structure, and prove the
following;:
(i) Q is non-positive definite.

(ii) @ is a bounded operator.

(iii) @ is not compact; the set of the spectra of Q is not discrete.

As an application, we show that neither the Quaternionic hyperbolic
space nor the Cayley plane can be totally geodesically immersed in the
universal Teichmiiller space endowed with the Weil-Petersson metric.

1. INTRODUCTION

1.1. The Weil-Petersson geometry on classical Teichmiiller space.
Moduli theory of Riemann surfaces and their generalizations continue to be
inspiration for ideas and questions for many different mathematical fields
since the times of Gauss and Riemann. In this paper, we study the Weil-
Petersson geometry of the universal Teichmiiller space.

Let S, be a closed oriented surface of genus g where g > 2, and 7,(5)
be the Teichmiiller space of S, (space of hyperbolic metrics on S; modulo
orientation preserving diffeomorphisms isotopic to the identity). The Te-
ichmiiller space 74(S5) is a manifold of complex dimension 3g — 3, with its
cotangent space at (S,0(z)|dz|?) € T,(S) identified as the space of holo-
morphic quadratic differentials ¢(z)dz? on the conformal structure of the
hyperbolic metric o(z)|dz|>. The Weil-Petersson metric on Teichmiiller
space is obtained by duality from the natural L? pairing of holomorphic
quadratic differentials. The Weil-Petersson geometry of Teichmiiller space
has been extensively studied: it is a Kédhlerian metric [Ahl61], incomplete
[Chu76, Wol75] yet geodesically convex [Wol87]. Many features of the
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curvature property were also studied in detail by many authors (see a com-
prehensive survey [Woll1l] and the book [Wol10]). Since intuitively we
consider the universal Teichmiiller space contains Teichmiiller spaces of all
genera, among those Weil-Petersson curvature features; it is known that
the Weil-Petersson metric has negative sectional curvature, with an ex-
plicit formula for the Riemannian curvature tensor due to Tromba-Wolpert
[Tro86, Wol86], strongly negative curvature in the sense of Siu [Sch86],
dual Nakano negative curvature [LSY08], various curvature bounds in terms
of the genus [Hua07b, Teo09, Wul7|, good behavior of the Riemannian
curvature operator on Teichmiiller space [Wul4, WW15]. One can also
refer to [BF06, Hua05, Hua0O7a, LSY04, LSYY13, Woll1l, Wol10,
Woll2b] for other aspects of the curvatures of the Weil-Petersson metric.

1.2. Main results. There are several well-known models of universal Te-
ichmiiller spaces. We will adapt the approach in [TT06] and use the disk
model to define the universal Teichmiiller space T'(1) as a quotient of the
space of bounded Beltrami differentials on the unit disk ID. Unlike the case
in the classical Teichmiiller space, the Petersson pairing for the bounded
Beltrami differentials on I is not well-defined on the whole tangent space of
the universal Teichmiiller space T'(1). To ramify this, Takhtajan-Teo [TT06]
defined a Hilbert structure on 7'(1) such that the Petersson pairing is now
meaningful on the tangent space at any point in this Hilbert structure. One
may see [CuiO0] for related topics. We denote the universal Teichmiiller
space with this Hilbert structure by T (1). The resulting metric is the
Weil-Petersson metric on T (1). All terms will be defined rigorously in §2.

The Riemannian geometry of this infinitely dimensional deformation space
Ty (1) is very intriguing. Takhtajan-Teo showed the Weil-Petersson metric
on Ty (1) has negative sectional curvature, and constant Ricci curvature
[TTO06], and Teo [Teo09] proved the holomorphic sectional curvature has
no negative upper bound.

We are interested in the Weil-Petersson curvature operator on Tx(1). In
general there are some fundamental questions regarding linear operators on
manifolds: whether the operator is signed, whether it is bounded, and the
behavior of its eigenvalues. In this paper, we investigate the Weil-Petersson
curvature operator along these question lines. In particular, we prove:

Theorem 1.1. Let Q be the Weil-Petersson Riemannian curvature operator
on the universal Teichmiiller space T (1), then

(i) Q is non-positive definite on N2TTg(1).
(ii) For C € A’TTy(1), Q(C,C) = 0 if and only if there is an element
E € N2)TTy(1) such that C = E—Jo E, where Jo is defined above.
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As a direct corollary, we have:

Corollary 1.2. [TT06] The sectional curvature of the Weil-Petersson met-
ric on Ty (1) is negative.

Our second result is:

Theorem 1.3. The curvature operator Q is bounded. More precisely, for
any V€ NTTy(1) with |[V||ew = 1, we have |Q(V,V)| < 16\/E where

T’

| - lew @s the Euclidean norm for the wedge product defined in (4.1).
A direct consequence of Theorem 1.3 is:

Corollary 1.4. [GBR15] The Riemannian Weil-Petersson curvature ten-
sor (defined in (2.18)) is bounded.

Being bounded and non-positively definite are properties for the Weil-
Petersson curvature operator on certain part of the classical Teichmiiller
space as well [Wul4, WW15], but noncompactness of Q is a more distinc-
tive feature for T (1). Our next result is:

Theorem 1.5. The curvature operator Q 18 not a compact operator, more
3

specifically, the set of spectra of Q is not discrete on the interval [—16\/;, 0).
As an important application, in the last part of this paper we will ad-
dress some rigidity questions on harmonic maps from certain symmetric
spaces into Ty (1). For harmonic map from a domain, which is either
the Quaternionic hyperbolic space or the Cayley plane, into a non-positive
curved target space, many beautiful rigidity results were established in
[DM15, GS92, JY97, MSY93| and others. We prove the following:

Theorem 1.6. Let I be a lattice in a semisimple Lie group G which is either
Sp(m, 1) or Fy?°, and let Isom(T# (1)) be the isometry group of Tr (1) with
respect to the Weil-Petersson metric. Then, any twisted harmonic map f
from G /T into Ty (1) must be a constant, with respect to each homomorphism
p: T — Isom(Tg(1)). Here the twisted map f with respect to p means that

f(yoY)=p(y)o f(Y), for all v € T.

1.3. Methods in the proofs. An immediate difficulty we have to cope
with is that T (1) is an infinite dimensional manifold. There is however a
basis for tangent vectors for the Hilbert structure that we can work with.
With this basis, the Weil-Petersson Riemannian curvature tensor takes an
explicit form. To prove the first two results, we need to generalize techniques
developed in [Wul4, WW15] carefully and rigorously to the case of infinite
dimensional Hilbert spaces.
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Proof of the Theorem 1.5 is different. We prove a key estimate for the
operator on an n-dimensional subspace (Proposition 5.4), then bound the
spectra of the curvature operator by the corresponding spectra of its pro-
jection onto this subspace to derive a contradiction.

1.4. Plan of the paper. The organization of the paper is as follows: in §2,
we set up notations and preliminaries, in particular, we restrict ourselves in
the classical setting to define Teichmiiller space of closed surfaces and the
Weil-Petersson metric in §2.1, its curvature operator on Teichmiiller space
is set up in §2.2, then we define the universal Teichmiiller space and its
Hilbert structure in §2.3, and introduce the basis for tangent vectors for
the Tx (1), and describe the Weil-Petersson Riemannian curvature operator
on the universal Teichmiiller space in §2.4. Main theorems are proved in
sections §3, §4 and §5. And in the last section §6 we prove Theorem 1.6.

1.5. Acknowledgment. We acknowledge supports from U.S. national sci-
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2. PRELIMINARIES

2.1. Teichmiiller space and its Weil-Petersson metric. Let D be the
unit disk with the Poincaré metric, and S be a closed oriented surface of
genus g > 1. Then by the uniformization theorem we have a hyperbolic
structure X = D\I" on S, where I' C PSL(2,R) is a Fuchsian group, and
PSL(2,R) is the group of orientation preserving isometries of . Writing
{z} as the complex coordinate on D, the Poincaré metric is explicitly given
as

4 _
p(z) = mdzdz.

It descends to a hyperbolic metric on the Riemann surface X = D\I', which
we denote by o(2)|dz|?. Spaces of Beltrami differentials and holomorphic
quadratic differentials on Riemann surfaces play a fundamental role in Te-
ichmiiller theory, and let us describe these spaces.
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(i) A~51(X): the space of bounded Beltrami differentials on X = D\T.
A Beltrami differential on a Riemann surface is a (—1,1) form in
the form of u(z)%, where p(z) is a function on D satisfying:

"z
pr(NLE = (), wyer.
(i) B~11(X): the unit ball of A~11(X), namely,

BX) = {u(2) 5 € AM(X) oo = supecolu(2)] < 1}

(iii) Q(X): the space of holomorphic quadratic differentials on X. A
holomorphic quadratic differential is a (2,0) form taking the form
q(z)dz?, where q(z) is a holomorphic function on I satisfying:

a(y (@)D () = a(z), ¥yeT.
It is a basic fact in Riemann surface theory that Q(X) is a Banach
space of real dimension 6g — 6.
(iv) Q Y(X): the space of harmonic Beltrami differentials on X. A
Beltrami differential v(2)% € A~51(X) is harmonic if there is a

holomorphic quadratic differential ¢(z)dz? € Q(X) such that
dz  q(z)dz?
2.1 22 - LE0E
(2.1) v(z) dz  o(z)|dz|?

where o(z)|dz|? is the hyperbolic metric on X. Seeing from D, the
space Q~11(X) consists of functions

2\2

(2.2) v = LG
The Teichmiiller space T4(S) is the space of hyperbolic metrics on the sur-
face S, modulo orientation preserving biholomorphisms. Real analytically
74(S) is isomorphic to B~11(X)\ ~, where two Beltrami differentials are
equivalent if the unique quasiconformal maps between the extended com-
plex plane coincide on the unit circle. At each point X € 7,4(S5), its tangent
space is identified as the space Q~1!(X), while the cotangent space at X is
identified as the space Q(X).

Given two tangent vectors u(z)% and V(Z)% in Q LX), the Weil-
Petersson metric is defined as the following (Petersson) pairing:

(2.3) R
X=D\T'

where dA = o|dz|? is the hyperbolic area element on X. Writing as a metric

gij:/ pivjdA,
X

tensor, we have
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This is a Riemannian metric with many nice properties. There is an explicit
formula for its curvature tensor due to Tromba-Wolpert ([Tro86, Wol86]):

@4 Roge= [ Doum)naddA+ [ Dlune)ni)id
Here the operator D is defined as
(2.5) D=-2(A-2)"1

where A = %8285 is the Laplace operator on X with respect to the hyper-
bolic metric o(z)dA. This operator D is fundamental in Teichmiiller theory,
and the following is well-known (see for instance [Wol86]):

Proposition 2.1. The operator D = —2(A —2)~! is a positive, self-adjoint
operator on C*°(X). Furthermore, let G(w, z) be a Green’s function for D,
then G(w, z) is positive, and G(w, z) = G(z,w): Vf € C*°(X), we have

(2.6) D(f)(z) = G(z,w)f(w)dA(w).

weX

To simplify our calculations, we introduce the following notation:

Definition 2.2. For any element u’s in the tangent space Q~51(X), we set:

(2.7) (i.4) = [ Dl uie)aa

Using this notation, the Weil-Petersson curvature tensor formula on Te-
ichmaller space becomes

(2.8) Rijg = (i, KE) + Gl k7).

2.2. The Weil-Petersson curvature operator on Teichmiiller space.
We now introduce the Riemannian curvature operator for the Weil-Petersson
metric on Teichmiiller space 74(S). Note that this is a matrix of the real
order (6g—6)%x (6g—6)2, whose diagonal entries are the sectional curvatures.

Let U be a neighborhood of X in Teichmiiller space 74(S5), and we have
{t1,t2,...,t34—3} as a local holomorphic coordinate on U, where t; = z; +
iy;i(1 <14 < 39 —3). Then {x1,22,...,239-3,Y1, Y2, ..., Y3g—3} forms a real
smooth coordinate in U, and

0 _0,0 0 _ 0 o
8.%1' N ati 8517 8y1 - ati 8@ '

Let T7,(S) be the real tangent bundle of 7,(S) and A*T'T,(S) be the
exterior wedge product of 7'74(S) and itself. For any X € U, we have
0 0

X), —(X 7,7 -3
oz, X 8yz~( )1<ij<ag-3

TxT4(S) = Span{
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and
0 o 0 0 0 0

2 _ B W
(2.9) N TxTg(S) = Span{axi A 9z, Don A 90’ Do A s

Definition 2.3. The Weil-Petersson curvature operator Q on Teichmiiller
space is defined on N*TT,(S) by

Q(Vi A Va, V3 A Vi) = R(VA, Va, V3, Vi),
where V'’s are tangent vectors at X, and R is the curvature tensor.

If we take a real orthonormal basis {e;}i—1,2,... 6g—6 for TxT4(S), and set
Rz‘jk[ = <R(€i, ej)ek, 6g>, then

N*TxTy(S) = Span{e; A €j H<i<j<(69—6)>

and the curvature operator Q : A’TxTy(S) — A*TxTy(S), for real coeffi-
cients a;;, can be expressed as follows:

(210) Q( Y ageine) = > Y ayRiier Neg.

1<i<j<(69-6) 1<i<j<(69—6) 1<k<(<(69—6)

In [Wul4] the second named author proved the curvature operator Q is non-
positively definite on Teichmiiller space. Further analysis on Q was studied
in [WW15]. We will generalize this fundamental operator to the setting of
the universal Teichmiiller space and reveal some geometric features for the
Weil-Petersson metric on the universal Teichmiiller space.

2.3. The universal Teichmiiller space and its Hilbert structure. In-
troduced by Bers ([Ber65]), the universal Teichmiiller space T'(1) is a cen-
tral subject for the theory of univalent functions. It contains all Teichmiiller
spaces T4(S) of closed surfaces which are complex submanifolds.

Recall that every Riemann surface (or hyperbolic structure) X on a closed
surface S is quotient of the Poincaré disk with a Fuchsian group I': X = D\T.
Previously in §2.1, we have Teichmiiller space 7T4(.S) isomorphic to a quo-
tient space B~ (X)\ ~, where B~11(X) is the space of bounded Beltrami
differentials on X with super-norm less than one, and two such Beltrami
differentials are equivalent if the unique quasiconformal maps induced by
them between the extended complex plane coincide on the unit circle.

Let us set up some notations before we proceed. Letting I' be the identity
group, we work in the Poincaré disk D, we have similarly with §2.1:

(i) A~bY(D): the space of bounded functions on D.
(i) B~1Y(D): the unit ball of A~%!(D), namely,

B~ (D) = {u(z) € A7"H(D) : ||pllos = supzenlu(z)| < 1}.
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(iii) We will need two spaces of holomorphic functions on I, both are
analog to the space Q(X), the space of holomorphic quadratic dif-
ferentials on X. Let us define

(2.11) Aso(D) = {q(2) : 0g = 0, ||q|lcc = sUp-eD

lq(2)]
o) <%
where p(z) = Wdzdé is the hyperbolic metric on . This
is the space of holomorphic functions on D with finite super-norm
defined within (2.11).
We also define
la(2)/?

1) A= (o)== [ 122

This is the space of holomorphic functions on D with finite L?-norm
defined within (2.12).
(iv) For the notion of generalized “harmonic Beltrami differentials” on

|dz|? < o0}

D, we also have two spaces to introduce:

(2.13) QYD) ={r(z) e ATV (D): v = —L_ for some q € Ax(D)},

p(2)
and )
(2.14) HMD)={v(z) c AMD):v= % for some ¢ € A>(D)}.

Definition 2.4. The universal Teichmiiller space T(1) = B~H1(D)\ ~,
where p ~ v € B~H(D) if and only if w, = w, on the unit circle, and w,, is
the unique quasiconformal map between extended complex planes which fizes
the points —1,—1i,1, and solves the Beltrami equation fz = uf,.

At any point in the universal Teichmiiller space T'(1), the cotangent space
is naturally identified with the Banach space Ao (D) defined in (2.11), and
the tangent space is identified with the space Q~11(ID) defined in (2.13). It
is then clear the Petersson pairing of functions in the space Q~1(D) is not
well-defined. However, for any p,v € H-1Y(D) ¢ Q~H1(D), we write the
Petersson pairing as the following inner product:

(2.15) (o) = /D uirp(2) a2,

Then this defines a Hilbert structure on the universal Teichmiiller space
T'(1), introduced in ([TTO06]), namely, T'(1) endowed with this inner prod-
uct, becomes an infinite dimensional complex manifold and Hilbert space.
We denote this Hilbert manifold T (1), which consists of all the points
of the universal Teichmiiller space T'(1), with tangent space identified as
H~11(D), a sub-Hilbert space of the Banach space Q~%!(D). We call the
resulting metric from (2.15) the Weil-Petersson metric on Ty (1). The space
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we are dealing with is still very complicated: in the corresponding topology
induced from the inner product above, the Hilbert manifold Tx(1) is a dis-
joint union of uncountably many components ([TT06]).

One of the most important tools for us is the Green’s function for the
operator D on the disk. We abuse our notation to denote the operator
D = —2(A,—2)"1 and G(z,w) its Green’s function, where A, is the Laplace
operator on the Poincaré disk ID. Let us organize some properties we will
use later into the following proposition.

Proposition 2.5. [Hej76] The Green’s function G(z,w) satisfies the fol-
lowing properties:

(i) Positivity: G(z,w) > 0 for all z,w € Dy
(ii) Symmetry: G(z,w) = G(w, z) for all z,w € D;
(iii) Unit hyperbolic area: [p G(z,w)dA(w) =1 for all z € D;
) We denote BC*> (D) the space of bounded smooth functions on D,
then for Vf(z) € BC>(D),

(iv

(2.16) D(f)(z) = / Gz, w) f (w)dA(w),

weD
Moreover, D(f) € BC*(D).

2.4. The curvature operator on the universal Teichmiiller space.
We have defined the Hilbert manifold T%(1) and its Riemannian metric
(2.15) for its tangent space H~1!(D) which we will work with for the rest
of the paper, let us now generalize the concept of the curvature operator
(Definition 2.3) for Teichmiiller space to Ty (1). This has been done in more
abstract settings, see for instance [pages 238-239, [Lan99]| or [Duc13].

We work in the Poincaré disk ID. On one hand, without Fuchsian group
action, we are forced to deal with an infinite dimensional space of certain
functions, on the other hand, the hyperbolic metric is explicit. This leads
to some explicit calculations that one can take advantage of. First we note
that the tangent space H~1!(DD) has an explicit orthonormal basis: we set,
n>2,

1—121%)?% /2n3—2n
(2.17) ,Un—lz( Jl”\/ —z" 2,

Lemma 2.6. [TT06, Teo09] The set {u;}i>1 forms an orthonormal basis
with respect to the Weil-Petersson metric on H~ (D).

Moreover, Takhtajan-Teo established the curvature tensor formula for
the Weil-Petersson metric on T (1), which takes the same form as Tromba-
Wolpert’s formula for Teichmiiller space of closed surfaces:
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Theorem 2.7. [TT06] For {u}’s in H~%Y(D), the Riemannian curvature
tensor for the Weil-Petersson metric (2.15) is given by:

(2.18) Rz’jk:Z:/H)D(Miﬁj>(ﬂkﬂ£)d‘4+/IDD(NiﬂZ)(Mkﬂj)dA-

Here we abuse our notation to use D = —2(A, — 2)™1, where A, is the
Laplace operator on the Poincaré disk ID.

Let U be a neighborhood of p € Ty (1) and {t1,t2, -} be a local holo-
morphic coordinate system on U such that {t;(p) = u;};>1 is orthonormal at
p, where p;’s are explicitly defined in (2.17), we write ¢; = z; +iy; (i > 1),
then {x1,y1,22,y2, -} is a real smooth coordinate system in U, and we
have:

0 0 0 o . 0 0

or, ot oL ow  on on)
Let TTy(1) be the real tangent bundle of Ty(1) and A2TTy(1) be the
exterior wedge product of TTy (1) and itself. For any p € U, we have

0 0
TpTH(1) = Span{ By () o (p) }ij>1,
i j

and

0,0 0,9 9,0
8a:i 856]'7 858k ayg7 8ym ayn .
Following Lang [Chapter 9, [Lan99]], we define:

ATTy (1) = Span{

Definition 2.8. The Weil-Petersson curvature operator Q : N TTH(1) —
N2 TTy(1) is given as

Q(Vl A ‘/27 V3 A V;l) = R(V17 VY27 ‘/—3, V4)7

and extended linearly, where V; are real tangent vectors, and R is the cur-
vature tensor for the Weil-Petersson metric.

It is easy to see that Q is a bilinear symmetric form.

3. NON-POSITIVE DEFINITENESS AND ZERO LEVEL SET
In this section, we prove the first part of Theorem 1.1:
Theorem 3.1. The operator Q is mon-positive definite.

The strategy of our proof is the most direct approach, namely, lengthy but
careful calculations using explicit nature of both the hyperbolic metric on D,
and the orthonormal basis on H~51(D) given by (2.17). We will verify the
theorem by calculating with various combinations of bases elements, then
extend bilinearly. We follow closely the argument in the proof of Theorem
1.1 in [Wul4], which was inspired by calculations in [LSYO08].
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3.1. Preparation. Note that the version of the operator D = —2(A —2)~!
on a closed surface is positive and self-adjoint on L?(X = D\I'), and it
plays a fundamental role in Teichmiiller theory, but in the case of D, the
operator D = —2(A, — 2)~! is noncompact, therefore we have to justify
several properties carefully.

Proposition 3.2. We have the following:
(i) The operator D = —2(A,—2)"1 is self-adjoint on L*(D)NBC>(D);
(ii) For any f € L*(D) N BC™(D), we have also D(f) € L*(D) N
BC>(D);
(iii) The operator D = —2(A, — 2)*1 is positive on L?(D) N BC®(D).

Proof. (i). For all f,h € L*(D) N BC*(D), we have
/D f)hdA(z) = //Gz w) f(w)dA(w)h(z)dA(z)

_ / / Gz, w)h(2)dA(=) f (w)dA(w)
DJD

_ / FD(R)dA(w)
D

(ii). From Proposition 2.5, we know D(f) D(f%) € BCOO(}D)). Using the
positivity of the Green’s function G(z,w), and [ G(z,w)dA(w) = 1, we
estimate with the Cauchy-Schwarz 1nequahty

/\D DIEdA(z) = /{/ Gz, w) f (w)]dA(w) }2dA(2)
/ ( / Gz w) f2(w) [dA(w)) » (1)dA(2)
D JD
- / D(|f2)dA(z)

D

- / FI2dA(2)
D

The last step we used self-adjointness of D and the fact that D(1) = 1. This
proves D(f) € L*(D).

(iii) Given any real function f € L?(D)NBC>(D), let us denote u = D(f)
and by (ii) above, it also lies in L?(D) N BC*(D), then f = —3(A, — 2)u,
and

IN

1
/DD(f)fdA - —2/Du(Ap—2)udA

1
= /quA—/uApudA
D 2 Jp

> /quA>0.
D
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Here we used that A, is negative definite on L*(D) N BC*(D) ([Hej76]).
The case when f is complex valued can be proved similarly after working
on real and imaginary parts separately. O

Recall that {u1, po, - -+ } forms an orthonormal basis for H~11(D), where
w;'s are given explicitly in (2.17). Using the coordinate system described in
§2.4, we have

o 0 o 0 0

NTT N——m" ——N—F
w(l) = 83;] Oz Oyr Oy Oyn

Naturally we will work with these three combinations. Let us define a few
terms to simplify our calculationS'

(i) Consider Z azj - A 830 , where a;; are real. We denote

(3.1) F(zw) = Y agpi(w) - py(2).
4,521
(ii) The Green’s function of the operator D: G(z,w) = G(w, z).
. 9 9
(iii) Consider %: bij 5z N By where b;; are real. We denote
(3:2) H(z,w) = ) bigpi(w) - ().
4,521
There are three types of basis elements in A2TTy(1), however, in terms
of the curvature operator, we only have to work with the first two types
because of the next lemma:

Lemma 3.3. We have the following:

N N0 o) 0 9\ _ N0 0 o) 0
() Qaz; N 3a;0 3y M ayg) = Qlaz; A 927 8 /N 90p)-

A — N0 o) 0 9

(ii) Q( /\W,Tyk/\aye) Q(a%. /\aTu,j,aTk/\aTZ)-
Proof. The Weil-Petersson metric on the Hilbert manifold T (1) is Kéhler-
Einstein ([TT06]), therefore its associated complex structure J is an isom-

etry on the tangent space H11(DD) such that Ja%i = 8%1- and J? = —id.
Now it is easy to verify:
~, 0 a 0 0 J 0 0 3}
A= —AN=—) = R(z=—,—,J—,J-——
Q(axi Ox;’ dyr  Oye (8301-’ dx;’ Oxy, Oy
g o0 o0 0

(071‘1-’ 87113]', aixkv ail’g)
~ 0 g 0 0
= N—>)— N —).
Q(axz al‘j ’ aﬂjk 8564
The other equality is proved similarly. O
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3.2. Proof of Theorem 3.1. The curvature tensor in equation (2.18) has
two terms. Set

(510 1= [ Dl g
Thus, the curvature tensor satisfies

(3.3) Ry = (i, ki) + (il, k).

Proof of Theorem 3.1. We write
0 0 0 0
4 A= ii— N=—, B= biji=— N —.
(3 ) ; ij 81’1 8xj %: J axz 8yj
By Lemma 3.3, we only have to show Q(A + B, A+ B) < 0. We pause to
give an expression for Q(A+ B, A+ B). Since Q(A, B) = Q(B, A), we have
Q(A+ B, A+ B) = Q(A, A) +2Q(A, B) + Q(B, B).
Now we work with these terms.

Lemma 3.4. Using above notations, we have

O(A,A) = —4 /D D(SF(2, 2))(SF (2, 2))dA(2)
b ooy / [ G2 P Pl 2)dA(w)dA()

- 2/ G(w, 2)|F(z,w)*dA(w)dA(z).
DxD

Proof of Lemma 3.4. First we recall the Weil-Petersson curvature tensor for-
mula (2.18), notation in (2.7), and 8%1- = % + %, then we take advantage

of the Green’s function G(z,w) for D and the fact that D is self-adjoint on
L?*(D) N BC*®(D) to calculate as follows:

QA A) = > agar(Rje + Rijre + Rijie + Rijie)
1,7,k,0
0,5,k

— (Ji, kO) — (L, ki) + (ji, OF) + (jF, £3)
— Z aijake(ij — ji, k€ — 0k) + Z asane((i0, k) + (6, §F))
i3k .
— > agare((ik, £7) + (5L, ki)
i,5,k,0

_ /D D(F(2,2) — Fz,2))(F(22) — F(z,2))dA(2)
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+ 23%{ Z aijakg(ilz k})} — 2%{ Z az’jaké(“_f?e;)}

i7j7k7£ /L'7.j7k7€

_ / D(SF(2,2))(SF(2, 2))dA(2)
D

+ 2R{ D agare(il kj)} — 2R Y aijare(ik, £)}.

i,5,k,L i,5,k,L

For the second term in the equation above,

ER{Z agjare((il, k) }
i,
= R®{ / DO aijpiiia) (Y arepntiz)dA(2)}
D i k
= ®{ / G(w,2) > aijpi(w)ne(w)(Y_ anepr(2)5(2))dA(2)dA(w)}
DxD i k

= s G(z,w)F(z,w)F(w, z)dA(w)dA(z)}.

Similarly, we have

%{%aijakf((ik7£j>} = //DXD G(w, 2)|F(z,w)|?dA(w)dA(2).

Then, the lemma follows by the equations above.
Lemma 3.5. Using above notations, we have

O(B,B) = -4 /D D(RH (2, 2))(RH (2, 2))dA(2)
— 2?]?{/ s G(w,2)H(z,w)H (w, z)dA(w)dA(z)}
_ / Glw, 2)|H (2, w)[2dA(w)dA(2).

DxD

Proof of Lemma 3.5. Using a%i = i(aati - %), we have

~ ~ 0 0 0 )
AB.B) = Qb P gy g, M gy
v iJ

= = bibre(Ri5 — Ry — Rijer + Rijpe)
i,k
= - Z bijbke(Rijkz + RiﬂE + Rﬁki + Rﬁ@)
i,5,k,0
W5kl
+ (i, kO) + (50 ki) + (53, k) + (i, £i))
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= = bigbge(if + Ji, KO+ CR) = > bigbre((il, k5) + (67, k)
1,7,k,0 1,7,k,0

=D bigbee( (iR, 1) + (5T, kD).
1,5,k ¢
Let us work with these three terms. For the first one, we have
— 57 bisbrelif + i, KL+ CF)
i,j,k,l

= - /X DO ity + Y bijpin) (O bigiaty + > bijhfi)dA(z)

_ /X D(H(z,2) + H(z,2))(H(z, 2) + H(z, 2))dA(2)

~ 4 / D(RH (2, 2))(RH (2, 2))dA(2).
D

For the second term, using the same argument in calculating Q(A, A) above,
we have

— Y bijbre((il, k) + (43, jK))
,7,k,0

Y / Glw, 2)H (2, w) H (w, 2)dA(w)dA(2)}.
DxD
While similarly the third term yields

— 3 bijbre((ik, £5) + (57, k7))
1,7,k

= 2 [ GG wPaAwA)
DxD
Thus,

Q(B,B) = —4/DD(?]%H(z,z))(%H(z,z))dA(z)
— 2%{/DXD G(w, z)H(z,w)H (w, z)dA(w)dA(z)}

_ 9 / Glw, 2)|H (2, w)[2dA(w)dA(z).
DxD

We are left to deal with the final expression Q(A, B).

Lemma 3.6. Using above notations, we have

O(AB) = -4 /D D(SF (2, 2))(RH (2, 2))dA(2)
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~ag / Gz, w)F (2, w) H(w, 2)dA(w) A(2)}
DxD

- 2%{/ G(z,w)F(z,w)H (z,w)dA(w)A(z)}.
DxD

Proof of Lemma 3.6.

QA,B) = (- E: @ijbre(—Rigig + Rigre — Rijri + Bijie)
i,5,k,L
= (=) Y aibre{—(ij, kO) — (il, kj) — (i], (k) — (ik, £7)
i,5,k,¢

+  (ji, k0) + (50, ki) + (ji, k) + (jk, 0i)}
= (—1) Z aijbkg(jg — Z'j, kg-l- E,I;J)

i3,k 0

+ (=) D aybre(— (il kj) + (€, k)
i,5,k,L

+ (=) Y aigbre(—(ik, £5) + (52, ki)
i,5,k,L

_ i) /D D(SF(z,2))(2RH (2, 2))dA(2)

by (—20)9] / [ G P Hw, 2)dAw)A)

+ (—i)(—2i)%{/ . G(z,w)F(z,w)H(z,w)dA(w)A(z)}
- 4 / D(SF (2, 2))(RH (2, 2))dA(2)
D

~ g / G2, w) F (2, w) H (w, 2)dA(w) A(2)}
DxD

— 2%{/ G(z,w)F(z,w)H (z,w)dA(w)A(z)}.
DxD
O

Proposition 3.7 (Formula for curvature operator). Using above notations,
we have

Q(A+B,A+B) =
- 4/DD(%{F(Z, z) +iH(z,2)}) - (S{F(z,2) + iH(z,2)})dA(z)

- 2/ G(z,w)|F(z,w) + iH (z,w))|*dA(w)dA(2)
DxD

+ 2§R{/ - G(z,w)(F(z,w) + tH (z,w))(F(w, z) + tH(w, z))dA(w)dA(2)},
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where F(z,w) and H(z,w) are defined in (3.1) and (3.2) respectively, and
G(z,w) is the Green’s function for the operator D.

Proof of Proposition 3.7. 1t follows from Lemma 3.4, 3.5 and 3.6 that
Q(A+ B, A+ B)

_ / D(F(z,2) — F(z2)(F(z,2) — F(z,2))dA()

— /D (2,2) + H(z,2))(H(z,2) + H(z,2))dA(2)

+ 2i- /D (2,2) — F(z,2))(H(z,2) + H(z,2))dA(2))

G(z,w)|F(z,w))| dA(w)dA(z)
DxD

- 2 G(z,w)|H(z,w))|?dA(w)dA(2)
DxD

- 4-{ . G(z,w)F(z,w)H(z,w))dA(w)dA(2)})

( + 2-®{ s G(z,w)F(z,w)F(w,z)dA(w)dA(z)}

- 2-®{ . G(z,w)H(z,w)H(w, z)dA(w)dA(z)}

— 4-{ s G(z,w)F(z,w)H (w, z)dA(w)dA(2)}).

The sum of the first three terms is exactly
—4/ D(S{F(z,2) +iH(z,2)}) - (S{F(z,2) +1H(z,2)})dA(z).

Just as |a+ib|2 = |a]? + b2 + 2 - S(a - b), where a and b are two complex
numbers, the sum of the second three terms is exactly

-2 G(z,w)|F(z,w) +iH(z,w))|*dA(w)dA(z).
DxD

For the last three terms, since
S(F(z,w) - Hw, 2)) = —R(F(=,w) - (iH(w, 2))),
the sum is exactly

2R - G(z,w)(F(z,w) +iH(z,w))(F(w, z) + iH(w, z))dA(w)dA(z)}.

The proof is complete. O
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Now we continue with the proof of Theorem 3.1. By Proposition 3.7,
there are three integrals in the expression of Q(A+ B, A+ B). We first work
with the last two terms by the Cauchy-Schwarz inequality and the fact that
G(z,w) = G(w, z) to find:

\/ G(z,w)(F(z,w) +iH (z,w))(F(w, 2) + iH (w, 2))dA(w)dA(2)
DxD

< / G(z,w)|(F(z,w) +iH (z,w))(F(w, z) + iH(w, 2))|dA(w)dA(z)
DxD
< {/ Gz, w)| F(z,w) + 1H (=, w) PdA(w)dA(2)}
DxD
x G(w, 2)|F(w, z) + iH (w, 2)*dA(w)dA(z)} 2

DxD

_ ]/ Glw, 2)| F (2, w) + iH (2, w)2dA(z)dA(w).
DxD
Thus, we have

Proposition 3.8.
QM+B¢HJ$S—{/D@F@ﬁﬂ%ﬂ@dﬂﬂ@.
D
Theorem 3.1 follows directly from Proposition 3.2 and 3.8. OJ

3.3. Zero level set. In order to apply Theorem 3.1 to more geometrical
situations later, we determine the zero level set for the operator Q.

First let us define an action on A2TT(1). Recall our explicit orthonormal
basis from (2.17):

1—1z[%)? [2n3 -2
fin—1 = ( Jf' ) \/ o2 n>a,
s

For any point P € Tg(1), let {aitj}jzl be the vector field on T (1) near P

such that %|p = pj, and we write ¢; = x; +iy;, then the complex structure
J associated with the Weil-Petersson metric is an isometry on the tangent
space H~b1(D) with J% = 8%, and J? = —id. This naturally extends to
an action, which we abuse our notation to denote it by J, on A2TTx(1).

Definition 3.9. The action (J, o) is defined as follows on a basis:

0 9 ._ 0 0
Jo /\%j.—ayi/\T,

ox; Y

d 9 .. 0 A0 _ 0 A0
Jo ox; /\@ T y; /\azj T Oxy /\ayi’

el o ._ 0 0
Joaiyl/\@— 81‘1‘/\81“77

and we extend it linearly.
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Lemma 3.10. We have J oJ = id. Moreowver,
o 0 0 0 o 0
. _— = ({—, — P = 044, —, P = 0.
55) e ) )= (g g, P =00 (g, )(P) =0

Proof. The identity J o J = id is clear by definition. We only show the first
equality in (3.5):

o ) (P) = Rl +i0, 0 i3 ()
o 0
= %{<87m’67;@>(P)}:5ij'

Now we treat the equality case for Q <0, namely,

Theorem 3.11. (= (ii) of Theorem 1.1) For C € N2TTx (1), Q(C,C) =0
if and only if there is an element E € N>TTy(1) such that C = E —Jo E,
where Jo is defined above.

Proof. One direction is straightforward: If C = EF — J o E for some E €
A2TTy (1), we have that Q(C,C) = 0 since J is an isometry on tangent
space.

Conversely, let C' € /\QTTH( ) with Q(C,C) = 0. We write

0 0 0 0
C = ZCLU 61’1 + blj a,’L'Z aiy] + CU@ A 87:[/]

Applying the 1dent1tles in the proof of Lemma 3.3, we have
(3 6)
g 0
Zd“a ”a a Zd”a b, g oy,

where d;; = a;j + ¢;j. This enables us to write C = A + B, where

A= Zd”&)xl 7~’ B= Zb”ﬁaﬁl 8y

J

From the proof of Q(A + B, A+ B) < 0 in Proposition 3.7, we find that
Q(A+ B, A+ B) = 0 if and only if there exists a constant &k such that both
of the following hold:

{%{F(z, z)+iH(z,2)} =0,
F(z,w)+iH(z,w) = k- (F(w, z) + iH (w, 2)).

Setting z = w, we find £ = 1. Therefore the second equation above implies

Z(d = dji + 1(bij + bji) ) ps(w)r; (z) = 0.

ij
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Since {p;}i>1 is a basis,
dij = dji, bij = —bji.
That is,

We now define
bi; O 0
3.7 E = ; Zij A=,
(8.7) Za]@ 8xj+ 2 Ox; Oy
and we verify that C' = F — J o E. Indeed, first we have

0 0 0 0
%:aij(?xi A dr; Z(aij - aji)% A oz’

1<j

then we apply the definition of Jo in Definition 3.9 to find

0 0 0 0
Jogaij%/\% = ;(aij—%)ayi/\a%
0
— —Z Cij — c]Z
1<j 8@/]
_ 726.‘i/\i
Yoy Oy;

Similarly,

bij O 0
Jo Z 28&01 ayj) _27@%/\07%'

This completes the proof.

4. BOUNDEDNESS

If we denote (-,-) the pairing of vectors in the space A2TTy(1). This
natural inner product on A2TTy (1) associated to the Weil-Petersson metric
on Ty (1) is given as (following [Lan99]): VV; € H-11(D),

(4.1) Vi AVa, Vs A View = (Vi, V) (Va, Vi) — (Vi, Vi) (Va, V).
The goal of this section is to prove Theorem 1.3, namely,

Theorem 4.1. (=Theorem 1.3) The curvature operator Q is bounded, i.e.,
for any V€ N2TTy(1) with |V||ew = 1, we have |Q(V, V)| < 16\/%, where
| - lew @s the Euclidean norm for the wedge product defined in (4.1).

We follow the idea for the proof of Theorem 1.3 in [WW15].
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4.1. Technical lemmas. Let us begin with a useful lemma.

Lemma 4.2. Let D = —2(A,—2)~! as above above. Then, for any complex-
valued function f € L*(D) N BC>®(D),

(12) [ @0@pias [ |rpaa,

where dA = p|dz|? is the hyperbolic area element for D.

Proof. Recall the Green’s function of D on D is G(z,w), such that, Vf €
L*(D,C), we have

(4.3) D(f)(z) = G(z,w) f(w)dA(w).

weD
Assuming first f is real valued, we apply the Cauchy-Schwarz inequality and
the symmetry of the Green’s function:

/D D(f(2))f(:)dA(2)
- // (G2, w) f(w)dA(w)} f(-)dA(2)
DxD

IA

\// G(z,w)f?(w)dA(w)dA(z) - \// G(z,w)f?(2)dA(z)dA(w)
DxD DxD

\/ [ prenaaw- ¢ | pirenaac)

/D D(f2(2))dA(z)
= / f2(2)dA(z).
D

When f is complex valued, we can write f = f; +ifs, where f1 and fo are
real-valued. Then using D is self-adjoint (Proposition 3.2), we find,

/ (D(f)[)dA = / (D(f1)f1dA + / (D(f2) fadA
D D D

< /D|f1|2+|f2\2dz4
— [ I7Paa
D
]

Recalling from (3.1) and (3.2), we write F(z,2) = > a;jpi(2)f;(z) for
ij

4,j>1
expression B = ) bij% A %, where {p;}i>1 is the orthonormal basis
ij>1 ' !

the expression A = > aija%i A %, and H(z,z) =) bjjui(2)fi;j(2) for the
ij
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(2.17) for H~1Y(D). By Lemma 3.3, to show Theorem 4.1, it suffices to
work with V = A + B.

Lemma 4.3. Under above notation, we have the following estimate:
QU < s IFEaPdA+ [ |G 2R
D D
(4.4) + o4 / G2, w)|F (2, w) + iH (2, w)) PdA(w)dA(2).
DxD

Proof. The expression for Q(V, V) is shown in Proposition 3.7. We have
RV, V)

< /D +iH(z,2)}) - (S{F(z,2) +iH(z,2)})dA(z)
b2 / Gz, w)|F(z,w) + iH (2, w)) [2dA(w)dA(2)
DxD
+ 2§R{/ - G(z,w)(F(z,w) +iH(z,w))(F(w, z) + iH(w, z))dA(w)dA(z) }.

We work with these terms. First we apply Lemma 4.2, and the triangle
inequality to find:

/D (z,2) +iH(z,2)}) - (S{F(2z,2) +iH(z,2)})dA(z)

IN

4/@]%{F(z,z)+iH(z,z)}|2dA(z)
8(/D|{F(z,z)\2dA+/D|H(z,z)}|2dA).

Recalling from the end of the proof of Theorem 3.1, we have established the
following inequality:

IN

] ) w) + it w) (P, 2) + 50 (w,2)dA(w)dA()

/ [ G 2P () + (G 0)PA A A w),
Now (4.4) follows. O

We will also quote a Harnack type inequality for any u(z) € H~11(D).
We note that it works in our favor that the injectivity radius of D is infinity.

Proposition 4.4. [TT06, Teo09] Let u € H~1Y(D). Then the L*°-norm
of p € H-V1(D) can be estimated from above by its Weil-Petersson norm,
namely, for all u € H=H1(D), we have

3
(45) sup-eol(2)] < \f .
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We also derive the following estimate which is quite general, and we for-
mulate it to the following lemma:

Lemma 4.5. Let {z},{w} two complex coordinates on D, if a converging

series is in the form of
w) =Y dijpi(w
i,j>1
for some d;; € R, where {u;} is the orthonormal basis (2.17) on H~11(D),
then we have

(4.6) / K (2, 2)[2dA(z ﬂ/ Ly
1,7>1
and
3 -
(4.7) supuwen| K (2, w)[* < Vi > digdiop; (2)pue(2).
ij,0>1

Proof. We use the standard technique for this type of argument, namely,
since

|K(z, z)|2 < supyen|K (z, w)|2,

we will try to use one complex coordinate against the other. Fixing z, we
note that the form K(z,w) is a harmonic Beltrami differential on D in the

coordinate w. Indeed,
Z{Z dwﬂj z) Hui(w).
i>1 j>1

This enables us to apply (4.5):

suprDlK(Zaw)|2 < \/E/DK(Z,’LU)K(Z,U))dA(U/)

_ \/E /D{Z dijm(w)m}{zf; dreopur (w) e (2) ydA(w)

= \/>{Z dz]dzé,u] ,UJK )}

i,

We also used the basis {yu;} is orthonormal with respect to the Weil-
Petersson metric. Therefore we have

/|K(z,z)\2dA(z) < /supweD\K(z,w)FdA(z)
D D

3 —_—
\/; /D Zj; dijdiop;(2)pre(2)dA(z)
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3 § d2.
Am ar
i’j

4.2. Q is bounded. We now prove the boundedness.

Proof of Theorem 4.1. We find via the definition of the Euclidean inner
product (4.1) and the symmetric properties of the curvature tensor:

0 o 0 0

(4.8) <a$i A 3711,‘]-’ 67% A %>CU(P) = 000 — 0300k,
and
19} o 0 0

4. - N g reu(P) = 0ikdje — 04005k,
and

0 g 0 0
4.1 A= — 5.
( O) <85E1 A ay27 al,j A 8y]>€u(P) 52]’
and
(411) D, 0 0 0

A ATy (P) =0,
dx;  Oxj Oz 8yg> (P)
We now denote V = A+ B+ C € N2TTy(1), where A = Zamax /\896,

1<J
B= Y b e 8y ;and C = ) ¢ 8?/ A ay Then by (4.8), (4.9), (4.10),
i,7>1 1<J
and (4.11), we have
(4.12)
(A, A)eu(P) = af;, (B, B)eu(P wa, (C,C)eu(P) =D 3.
1<j 1<J
and
(4.13) (A,B)ey(P) =0, (A,C)eu(P)=0, (B,C)eu(P)=0.

Assume that ||Ve, = 1, that is

2okt bt 2

1<J 1<J

Recalling from Lemma 3.3 and 4.3, we have:
Qv < se([IPE P [ HE )P
D D

+ 4/ G(z,w)|F(z,w) 4+ iH (z,w))*?dA(w)dA(z).
DxD
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Where F(z,w) = > (ai; +Cz])ﬂj( JHui(w) and H(z,w) = Z szlu]( )i (w).

1<j i,7>1
We now estimate these two terms. Note that both our forms F(z,w) ((3.1))
and H(z,w) ((3.2)) are of the type in Lemma 4.5. Since both series ) a2
1<J
and > bj; b?2. converge, we have the first term in (4.4) bounded from above as
7]

follows:
3
8.(/ |F(z,z)|2dA+/\H(z,z)|2dA) < 8\/5(2(%]- +Cij)2+zb?j)
D D i<j %]
< ,/ ><2Za”+2b )
i<j 1<j
NS
™

The second term is also bounded by applying (4.7). To see this, we use the
fact that {u;}’s form an orthonormal basis,

/ G(z,w)|F(z,w)*dA(z)dA(w)
DxD

< [ cGawsimen(FewR)dAEAw)

< /DXDG o \/72;4; aij + i) (e + o)y (e 2)dA(2)dA(w)
- [ o \f 3 Yo ) o+ e ) A )

_ /f;; aij + cif)(aig + cio) i (2)pee(2)dA(w)

= \/>Z (aij + cij)?

1<7

Similar argument yields

/DXDG z,w)|H(z,w)|[*dA(z)dA(w \/;Zb

Therefore the second term can be estimated as follows:

4/ G(z,w)|F(z,w) +iH(z,w))|?dA(w)dA(z)
DxD

IN

8/ G(z,w)|F(z,w)>dA(z)dA(w)
DxD
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+ 8/ G(z,w)|H(z,w)|*dA(z)dA(w)
DxD

8\/3(2(%]' +cij)? + Z bfj)

i<y .3

IN

< 8/ 3.
v

Combining with earlier same upper bound for the first term, we find

\@WVNSMVE-

Proof is now complete. O

5. NONCOMPACTNESS

In this section, we treat the question about the compactness.

Theorem 5.1. (=Theorem 1.5) The curvature operator Q is not a compact
operator.

We will prove this theorem by contradiction. First we proceed with several
technical lemmas.

Lemma 5.2. For any harmonic Beltrami differential p € L*(D) on D, we
have

i
3

Proof. The argument here is motivated by Lemma 5.1 in [Woll2a] which

is for the case of a closed Riemann surface.

(5.1) D(|uf*) >

Recall that the curvature of a metric expressed as o(z)|dz|?> on a Rie-
mannian 2-manifold is given by

K(o(2)ld=P) =~ A0 In(o (=),

where A, is the Laplace-Beltrami operator of o(z)|dz|?.
Suppose that p € D with |u| # 0. By definition one may assume that

[®(2)]
u() = 2
=
where ®(z) is holomorphic on D. Let A be the Laplace-Beltrami operator
of p(2)|dz|>. Then using the curvature information that K (p(z)|dz|?) = —1

and K (|®(2)||dz|?)(p) = 0, we see that at p € D,

B(p)? _

Aln
P*(p)
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On the other hand, at p € D we have

2 2
LT e o i M o
2 T [e(p)? |®(p)|*
a2 p%(p) o*(p)

Thus, at p € D with u(p) # 0, we have
2 2
o o)

P2~ P
If p € D with |u(p)| = 0, the maximum principle gives that

AWl 1wl

(5.2) A

p*(p) ~ p*(p)
Therefore, we have
P(z)[? P(z)[?
(5.3) Y e
p*(2) p*(2)
Rewrite it as
d(2)[? d(2)[?
(a2 GlPEE
p*(2) p*(2)
Since the operator D = —1(A —2)~1 is positive on D, the conclusion
follows. O

We also need the following elementary estimate:

Lemma 5.3. For all positive integer m € Z™, we have

1
1
6 ,.m
(5.4) /0(1—7') T d7“256 =

Proof. The integral is the well-known beta function. Since m is a positive
integer,

1 . . ml
/ (1—r)6-rmd7" = Gt-m!
6!
a H;:1(m+j)
S 6!
— I ((j+1)-m)
7=1
_ 1
56mT
O
We denote
1 %<t o
5.5 A, = — — A —).
(5:5) 2%( Z Oz 8yk)

k=2
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Proposition 5.4. For all i large enough, we have

—Q(A;, A;) > 27,
Proof. We first observe that, from the definition (4.1) of the inner product
on A2TTy(1),
We wish to estimate Q(A;, 4;) according to Proposition 3.7. For A; in above
(5.5), by the definitions in (3.1) and (3.2), the corresponding expressions F'
and H in Proposition 3.7 satisfy that

F(z,2)=0

and
2i+11

) =3 )

k=2¢

where g (z) = (1—5\2)2 2(k+1)3-2(k+1) k-1

It follows from Proposition 3.7 that

2011 2i+1—1
0 A) = o [ DOY IR (X ()Pl
D o k=2
4 2011
> O o) Po(a) P,
3-2/]1) kz; g

where we apply Lemma 5.2 for the last inequality.
Now applying the explicit expression of

_12]2)2 —
() = (1 4’1 ) \/2(/l€+1)37r 2(k+1)2k—1’

and the fact that

20k +1)3 —2(k+1) > (k+1)3,

we get
. 4 10 1) |
~QALA) = o Y /%(1_ )5 g
32 ik jma 1 D o
2 . |
— 2 PG [y
o 20<k,j<2i+1—1 0
1 . |
- i Z (k+1)3(j+1)3/ (1 —7)Srkti=2gy
487 - 2 pich a1 ;
1 1 k+1)3(5 +1)3
> Y DG Lemma 5.3)

;o 7
yih oy (BHI=2)
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L1 g k)
4871 -2 56 47 . 2T ’

2i<) j<2i+1 1

where the last inequality follows by the inequality
k4+j—2<2- (27 -1)—-2<4.2%
We simplify it as

~ 1 (Pgichenini_y (k+1)%)?
_ AN > . <k< :
QUi 4) = 7-221.21 281

It follows by an elementary formula
PP4+22 43+ 4 m® = (m(m +1))%/4
that we have
15 . .
S =2 opn,
2i<k<2i+1 -1
In particular, for large enough ¢ we may assume that
14-15 -
(> (k+1P)?> o 28,

2i<f< i+l 1

Therefore, for large enough 7 we have

—Q(A;, 4) > > 2724,

224
This completes the proof. O
Remark 5.5. Though this lower bound 272 in the proposition above is not

optimal, it plays a crucial role in the proof of Theorem 5.1 as we argue by
contradiction.

Let us define L := Span{A,, Ap+1, -+ , Aop—1} which is an n-dimensional
linear subspace in A2TTy (1) and P : A’TTy (1) — L be the projection
map. It is clear that (Ag, Ay) = ke

Lemma 5.6. For the map
PLoQ:L— L,

we have the following:

(i) PpoQ is self-adjoint.
(ii) Pr o Q is non-positive definite.

(i) supacr jaflou=1 —(Pz 0 Q(A), 4) < 16\/%
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Proof. (i). Let A,B € L. Then Pr(A) = A and Pr(B) = B. Since P, is
self-adjoint, we find

<PLOQ(A)aB> =

Thus, Py, o Q is self-adjoint.

(ii). For all A € L,
(PLoQ(A),A) = (Q(A),Pr(4))
= (Q(4),4) <0,

where we apply the non-positivity of @ in the last inequality. Thus, Pf, o Q
is non-positive definite.

(iii). For all A € L with [|A||ey = 1,
_<PL © Q(A)u A> = _<Q(A>7 PL(A)>

- @ <162

where we apply Theorem 1.3 for the last inequality. Ul
We now prove the main theorem in this section:

Proof of Theorem 5.1. Assume that Q is a compact operator. Then the
well-known Spectral Theorem for compact operators [Sch12, Theorem A.3]
guarantees that there exists a sequence of eigenvalues {o;};>1 of Q with
0j <0ojy1and 0; — 0 as j — oo.

By the Cauchy Interlacing Theorem ([Sch12, Proposition 12.5]), we have

i < Ai, VI <i<mn,
where Ay < Ay <--- < A, <0 are the eigenvalues of Pr, o Q
Since {A;}n<i<(2n—1) is orthonormal, the trace of P, o Q) is
Trace(Pp o Q) = Z QA Ay) = Z i
n<i<(2n—1) 1<i<n

By the part (iii) of Lemma 5.6, we have

s

By Proposition 5.4, we have
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27 .n > Z Q(Ai, A;) = Z i
n<i<(2n—1) 1<i<n
[vn]-1 n
=l VAl

> ([Vn] =DM+ (n = [Vn] + DAz

> ([Vn] - 1)(—16\/3) +(n = [V + DAz

Divided by n for the inequality above and for large n >> 1, we have
—25
Since )\; is increasing,
A< =275 V1<j<[Val

Therefore,

0; <27, V1< <[V
Let n — oo, this contradicts with the fact that o; — 0 as j — oc. O

6. TWISTED HARMONIC MAP INTO Ty (1)

Harmonic maps theory is an important topic in geometry and analysis. In
this section, we consider harmonic maps into the universal Teichmiiller space
with the Weil-Petersson metric. With newly obtained curvature information
about Ty (1), we study harmonic maps into Ty (1) and prove some rigidity
results. We follow a similar argument as the proof of Theorem 1.2 in [Wul4].

Proof of Theorem 1.6. Since the curvature operator on T (1) is non-positive
definite, Ty (1) also has non-positive Riemannian sectional curvature in the
complexified sense as stated in [MISY93]. Suppose that f is not constant.
From [MSY93, Theorem 2| (one may also see [Cor92]), we know that f
is a totally geodesic immersion. We remark here that the target space in
[MSY93, Theorem 2] is stated to be a finite dimensional complex manifold.
Actually, the proof goes through in the case that the target space has infinite
dimension, without modification. Similar arguments are applied in [Ducl5,
Section 5.

On quaternionic hyperbolic manifolds Hg ,, = Sp(m,1)/Sp(m), since f
is totally geodesic, we identify the image f(Hqgm = Sp(m,1)/Sp(m)) with
Hgm = Sp(m,1)/Sp(m). We may select p € Hg . Choose a quaternionic
line lg on T, HQ 1m, and we may assume that /g is spanned over R by v, Iv, Jv
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and Kv. Without loss of generality, we may assume that J on lg C T,,Hq
is the same as the complex structure on Tx(1).
Let QH@m be the curvature operator on Hg 1, and we choose an element

v A Jv+ Kv A Tv e N TyHg m.
Then we have
Qem(vA Jv+ KvATv,vAJv+ KvATv) =
RHQm (v, Ju, v, Jv) + RHem (Kv, Iv, Kv, Iv) + 2 - RHem (v, Ju, Kv, Iv).
Since [ is an isometry, we have
RHva(K’U,IU,K’U,IU) = RHQ’m(IKU,IIU,IKU,IIU)
= RHem(—Ju, —v, —Jv, —v)
= RHem(y, Ju,v, Jv).
Similarly,
RAQm(y, Ju, Kv, Iv) = RIem (v, Juv, IKv,IIv)
= RHem(y, Ju,—Jv, —v)
= —RHem(v, Ju,v, Jv).
Combining the terms above, we have
QHQ”"(U AJv+ KvATv,o A Jv+ Kv A Iv) = 0.
Since f is a totally geodesic immersion,
QTH(I)(U AJv+ KvATv,oAJv+ Kv A Iv) = 0.
On the other hand, by Theorem 1.1, there exists E € A2TTy (1) such that
vAJv+ KvANIv=FE—JoF.

Hence,
Jo(wANJv+ KvAIv) = Jo(E—-JoF)
JoE—-JoJoFE
= JoE—-F
(6.1) = —(vAJv+ KvAlv).

On the other hand, since J is the same as J in Hg ,,, we also have

(6.2) Jo(wAJv+ KvAlv)= (JvAJJv+ JKv A JIv)
= JuA(—v)+IvA(—Kv)=vAJv+ Kv A Iv.

From equations (6.1) and (6.2) we get
vAJv+ KvAITv=0
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which is a contradiction since g is spanned over R by v, Iv, Jv and Kwv.

In the case of the Cayley hyperbolic plane Hp o = F7°/SO(9), the argu-
ment is similar by replacing a quaternionic line by a Cayley line [Cha72].
O

Remark 6.1. Since Ty (1) has negative sectional curvature, any symmetric
space of rank > 2 can not be totally geodesically immersed in Ty (1). The
argument in the proof of Theorem 1.6 shows that the rank one symmetric
spaces Sp(m,1) and F4_20 also can not be totally geodesically immersed in
Ty (1). It would be interesting to study whether the remaining two non-
compact rank one symmetric spaces H" and CH"™ can be totally geodesically
immersed in T (1) (or Teich(S)).
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