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Infinitesimal projective rigidity under Dehn filling

MICHAEL HEUSENER
JOAN PORTI

To a hyperbolic manifold one can associate a canonical projective structure and a
fundamental question is whether or not it can be deformed. In particular, the canonical
projective structure of a finite volume hyperbolic manifold with cusps might have
deformations which are trivial on the cusps.

The aim of this article is to prove that if the canonical projective structure on a cusped
hyperbolic manifold M is infinitesimally projectively rigid relative to the cusps, then
infinitely many hyperbolic Dehn fillings on M are locally projectively rigid. We
analyze in more detail the figure eight knot and the Whitehead link exteriors, for
which we can give explicit infinite families of slopes with projectively rigid Dehn
fillings.

57M50; 53A20, 53C15

1 Introduction

A closed hyperbolic n—dimensional manifold inherits a canonical projective structure.
This can be easily seen by considering the Klein model for the hyperbolic space.
Projective structures on manifolds were studied by Benzécri in the 1960s [5]. Though
the hyperbolic structure is rigid for n > 2 (cf Weil [41] and Mostow [31]), it might
be possible to deform the canonical projective structure. Kac and Vinberg [39] gave
the first examples of such deformations. Koszul [26] and Goldman (unpublished)
later generalized these examples. Johnson and Millson provide deformations of the
canonical projective structure by means of bending along totally geodesic surfaces [23].
Examples of deformations for Coxeter orbifolds have been obtained by Benoist [3],
Choi [11] and Marquis [28]. See the survey by Benoist [4] and references therein for
more results on convex projective structures.

In the sequel we will use the following notation:

Definition 1.1 A closed hyperbolic manifold is called locally projectively rigid if the
canonical projective structure induced by the hyperbolic metric cannot be deformed.
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Cooper, Long and Thistlethwaite have studied the deformability of 4500 hyperbolic
manifolds from the Hodgson—Weeks census with rank 2 fundamental group [12],
proving that at most 61 can be deformed. The goal of this paper is to provide infinite
families of projectively locally rigid manifolds, by means of Dehn filling.

Let N be a closed hyperbolic 3—dimensional manifold. We will make use of the fact
that geometric structures on N are controlled by their holonomy representation. Hence
we consider the holonomy representation of the closed hyperbolic 3—manifold N

p: w1 (N) — PSO(3, 1) C PGL(4).

If not specified, the coefficients of matrix groups are real: PGL(4) = PGL(4, R). The
closed manifold N is locally projectively rigid if and only if all deformations of p in
PGL(4) are contained in the PGL(4)—orbit of p.

Existence or not of deformations is often studied at the infinitesimal level. We may
consider the adjoint action on the lie algebra so(3,1). Then Weil’s infinitesimal
rigidity [41] asserts that

H'(1(N);50(3, 1)adap) = 0.

The adjoint action extends to the Lie algebra sl(4) := sl(4,R) and motivates the
following definition.

Definition 1.2 A closed hyperbolic three manifold N is called infinitesimally projec-
tively rigid if
H' (71 (N);sl(4)aap) = 0.

Infinitesimal rigidity implies local rigidity, but the examples of Cooper, Long and
Thistlthwaite [13; 12] show that the converse is not true.

We are working with aspherical manifolds, so computing the cohomology of a manifold
or of its fundamental group does not make any difference.

For cusped manifolds one has a similar definition. Let M denote a compact three
manifold with boundary a union of tori and whose interior is hyperbolic with finite
volume.

Definition 1.3 The manifold M is called infinitesimally projectively rigid relative to
the cusps if the inclusion dM C M induces an injective homomorphism

0— H'(M;sl(4)adp) — H' (OM;sl(4)adp).
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The following theorem provides infinitely many examples of infinitesimally projectively
rigid 3—dimensional manifolds.

Theorem 1.4 Let M be a compact orientable 3—manifold whose interior is hyperbolic
with finite volume. If M is infinitesimally projectively rigid relative to the cusps, then
infinitely many Dehn fillings on M are infinitesimally projectively rigid.

In his notes [38] Thurston defines the hyperbolic Dehn filling space. He uses this space
to prove that, for all but a finite number of filling slopes on each boundary component,
the 3—manifolds obtained by Dehn filling on M are hyperbolic. The hyperbolic Dehn
filling space is a subset of the generalized hyperbolic Dehn filling coefficients and it
is described in Definition 2.2 below; cf Neumann and Zagier [32]. The methods of
Theorem 1.4, give the following:

Theorem 1.5 Let M be a compact orientable 3—manifold whose interior is hyperbolic
with cusps. If a hyperbolic Dehn filling N on M satisfies:

(i) N is infinitesimally projectively rigid,

(ii) the Dehn filling slope of N is contained in the (connected) hyperbolic Dehn
filling space of M ,

then infinitely many Dehn fillings on M are infinitesimally projectively rigid.

By Hodgson and Kerckhoff’s estimation of the size of the hyperbolic Dehn filling
space [22], in a one cusped manifold all but at most 60 topological Dehn fillings have
a hyperbolic structure that lies in the hyperbolic Dehn filling space. Hence:

Corollary 1.6 Let M be a one cusped hyperbolic manifold of finite volume. If 61
Dehn fillings on M are either nonhyperbolic or infinitesimally projectively rigid, then
infinitely many fillings are so.

Those results are proved using the fact that all parameters of Thurston’s hyperbolic
Dehn filling space corresponding to non—infinitesimally projectively rigid fillings on M
are contained in a proper analytic subset of the Dehn filling space, provided M itself is
infinitesimally projectively rigid. This technique goes back to Kapovich in the setting
of deformations of lattices of PSO(3, 1) in PSO(4, 1) [24].

Moreover, we obtain explicit examples of infinite families of infinitesimally projectively
rigid manifolds. The Dehn filling parameters of these families lie on certain real analytic
curves, and a careful analysis of the infinitesimal deformations of the corresponding
manifolds results in the following proposition:
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Proposition 1.7 For a sufficiently large positive integer n, the homology sphere
obtained by 1/n—Dehn filling on the figure eight knot is infinitesimally projectively
rigid.

In fact, for every k € Z, k # 0, there exists n; > 0 such that if n > ny, then the
k /n—Dehn filling on the figure eight knot is infinitesimally projectively rigid.

Theorem 1.4 provides infinitely many rigid Dehn fillings. On can ask whether there
are still infinitely many nonrigid Dehn fillings. Though we do not have an example
for manifolds, the following proposition shows that there are infinitely many nonrigid
orbifolds obtained by Dehn fillings on the cusped manifold that satisfy the hypothesis
of Theorem 1.4.

Proposition 1.8 The orbifold O, with underlying space S*, singular locus the figure
eight knot and ramification index n is not locally projectively rigid for sufficiently
large n. More precisely, its deformation space is a curve.

For any n € N, the Fibonacci manifold M, is the cyclic cover of order n of the
orbifold @, in Proposition 1.8; see Helling, Kim and Mennicke [20]. Hence M, is not
projectively rigid, as deformations of the projective structure of O, induce deformations
of M, . There is an abundant literature about those manifolds. For instance, M}, is
not Haken but M, is Haken for n > 5, and Scannell has proved that they are not
infinitesimally rigid in SO(4, 1) [36].

Using that punctured torus bundles with tunnel number one are obtained by n—Dehn
filling on the Whitehead link (cf Akiyoshi [1]), we shall prove:

Proposition 1.9 Al but finitely many punctured torus bundles with tunnel number
one are infinitesimally projectively rigid relative to the cusps.

All but finitely many twist knots complements are infinitesimally projectively rigid
relative to the cusps.

The real hyperbolic space H3 naturally embeds in the complex hyperbolic space H%
We may study the corresponding deformation theory coming from viewing PSO(3, 1) =
Isom™* (H3) in PSU(3, 1) = Isom, (H%), ie the identity component of complex hyper-
bolic isometries.

Definition 1.10 We say that M is infinitesimally H% —rigid relative to the cusps if the
sequence
0— H'(M;su(3, Daap) > H' (IM;5u(3, 1)aap)

18 exact.
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In particular, if 0M = @, then we require H'(M ;su(3, 1)aq p) = 0. The study of
deformations in PGL(4) and PSU(3, 1) are related, as we shall see in Section 3.4. In
particular we have the following theorem of Cooper, Long and Thistlethwaite.

Theorem 1.11 [13] Let M" be a real hyperbolic manifold of finite volume, n > 3.
Then M™" is infinitesimally projectively rigid relative to the cusps if and only if M™ is
infinitesimally H —rigid relative to the cusps.

This equivalence is described by means of Lie algebras, and it is used along the paper,
because some things are easier to understand in the complex hyperbolic setting instead
of the projective one.

The article is organized as follows. In Section 2 we recall Thurston’s construction of
deformations of hyperbolic structures and the generalized Dehn filling coefficients. In
Section 3 we introduce the main tools in order to study infinitesimal deformations. The
next two sections are devoted to cohomology computations, namely in Section 4 we
compute invariant subspaces of the Lie algebras and in Section 5 we analyze the image
in cohomology of the restriction to the torus boundary. The proofs of Theorems 1.4
and 1.5 are given in Section 6, by means of an analytic function on the deformation
space: when this function does not vanish, then the corresponding Dehn filling is
infinitesimally rigid. To prove Propositions 1.7 and 1.9, we require the notion of rigid
slope, treated in Section 7, as well as explicit computations on the figure eight knot
and the Whitehead link exteriors, made in Section 8.

Acknowledgements We are indebted to Suhyoung Choi for useful conversations, as
well to the anonymous referee(s) for suggesting many improvements.
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2 Dehn fillings and Thurston’s slice

In this section we recall the deformation space introduced by Thurston in his proof of
hyperbolic Dehn filling theorem [38].

Along the paper, M denotes a compact manifold with boundary a union of k& > 0 tori
and hyperbolic interior:
oM =0/ M U---U0d M,

where each 0; M =~ T2.
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The deformation space of hyperbolic structures of M around the complete structure is
described by the Thurston’s slice [38; 32]. Given A;, u; € w1 (dM) a pair of simple
closed curves that generate the fundamental group on each component dM;, Thurston
introduced a parameter

u=(u1,...,uk)eUCCk,
defined on U a neighborhood of 0. The neighborhood U parametrizes the deformations
of the complete holonomy of the interior of M . Two structures parametrized by u

and u’ € U are equivalent (the developing maps differ by composing with an isometry
of H?) if and only if

(1) (uy, ... ug) = (Fu], ..., 2up).

This is a consequence of the fact that (1) is a criterion for having the same character,
and the fact that deformations are parametrized by conjugacy classes of holonomy; see
Canary, Epstein and Green [10].

Theorem 2.1 (Thurston’s slice) There exists an open neighborhood 0 € U c Ck,
an analytic family of representations {py,},cu, of w1 (M) in PSL,(C) and analytic
functions v; = v;(u), i = 1,...,k so that:

(1) The parameters u; and v; are the complex length of p,(u;) and p,(A;) respec-
tively.

(i) The function t;(u) = v;(u)/u; is analytic. Moreover v; = 1;(0)u; + (Ju|?),
where t;(0) € C is the cusp shape and has nonzero imaginary part.

(iii) The structure with holonomy p, is complete on the i —th cusp if and only if
Uu; = 0.

(iv) When u; # 0, the equation
(2) piui +qivi =2mi

has a unique solution (p;,q;) € R?. The representation p, is the holonomy
of a incomplete hyperbolic structure with generalized Dehn filling coefficients
(pi,qi) on the i —th cusp.

See Boileau and Porti [6, Appendix B] for a proof, for instance.

In his proof of hyperbolic Dehn filling, Thurston shows that there is a diffeomorphism
between U and a neighborhood of oo in (R? U {oo})k that maps componentwise
0 to oo and u; # 0 to (pi,qi) € R? satisfying p; u; + q; v; = 2w i.

Definition 2.2 The connected neighborhood of oo in (R% U {oo})¥ that is the image
of U is called the hyperbolic Dehn filling space.
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The geometric interpretation of generalized Dehn filling coefficients is the following
one: the representation pg is the holonomy of the complete hyperbolic structure of
Int(M). If u # 0O then the representation p, is the holonomy of a noncomplete
hyperbolic structure M, on Int(M) and the metric completion of M), is described by
the Dehn filling parameters:

(i) When p;,q; € Z are coprime, then the metric completion of M, is precisely
the Dehn filling with slope p;u; + qiA;.

(i) When p;/q; = p;/q; € QU oo with p!,q] € Z coprime, then the completion
of M, is a cone manifold, obtained by Dehn filling with slope pu; + qjA;
where the core of the torus is a singular geodesic with cone angle 27 p;/ p; .

(iii) When p;/q; € R\Q, then the metric completion is the one point compactification.

A particular case that we will use later is when u; = «; i for some o; € R, o; > 0.
Then p; = 2m/a; and g; = 0, and p(g, ... i) 1S the holonomy of a hyperbolic cone
manifold with cone angles (o, ...,qx).

The real analytic structure will be crucial in our arguments. When viewed in PSL,(C),
pu is complex analytic, but we will work with the real analytic structure, which is the
same as for PSO(3, 1). In particular the following lemma will be useful.

Lemma 2.3 Foreachi =1,...,k, if tj(u) = v;(u)/u;, then the map
Ucck-R?
1

Ut ————
|pi +qi il

(pi,qi)
is real analytic.

Proof Using Equation (2), we obtain

Re(u;ti) Re(u;) 2mi
TP 1T PGy P
The lemma is a straightforward consequence from these equalities and the fact that the
imaginary part of 7;(0) does not vanish. o

pi =

3 Infinitesimal deformations

The aim of this section is to provide some technical background for the sequel and
to set up the notation. In Section 3.1 we shall recall the setup of twisted homol-

ogy theory, Section 3.3 provides some known results about the cohomology group
H'(M;50(3, 1)adp)-
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3.1 The cohomology, Kronecker pairings and the Poincaré-Lefschetz du-
ality

3.1.1 The homology and cohomology with twisted coefficients Let X be a finite
CW-complex, let V' be a finite dimensional real vector space and let p: 71 (X) —
GL(V) be a representation. In the sequel of this subsection we shall denote X the
universal covering of X and 7 := 71 (X) for short its fundamental group. The vector
space V and its dual V* turn into a left modules over the group ring Zsw : for all
yem,veV and f € V* we have

yvi=p()v and y f(v)= f(p(y) 'v).
The homology and cohomology of X with coefficients in V' are defined as usual:
Co(X: V)= Ce(X) Rz V.
C*(X; V*) := Homzy (Cx(X): V*).

Here we follow the standard notation and conventions (see Hatcher [19, 3.H]). The
boundary and coboundary operators are given by

0y =d®1d: Cp(X; V) — Cpey (X V),
§2: CP7N(X; V) — CP(X; V), 8PF(cp) = F(dcp),

where d denotes the boundary operator of Cy (f ). Note that Cix(X; V) and C*(X; V*)
are finite dimensional vector spaces due to the finiteness of X .

3.1.2 The group cohomology and infinitesimal deformations Let 7 = w1 (X), V
and p: m — GL(V) be as in the previous section. The group cohomology of 7 with
coefficients in V is denoted by

H*(m: V).
See for instance Brown [9] for definitions and proofs of this section. We are mainly

interested in the case where X is a hyperbolic manifold, hence aspherical. Thus we
have a natural isomorphism

H*(m; V)= H*(X;V).

(see Whitehead [42] for details). For the interpretation of H 1(7r; V) in terms of
infinitesimal deformations, we need to recall that the space of 1—cocycles or crossed
morphisms is

ZY V) ={d: 7 = V |d(y1v2) =d(n1) + p(y1)d(v2). Yyiy2 € 7).
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The space of coboundaries is
Bl'(n;V)={d € Z'(=; V) |3v e V such that d(y) = (p(y) — 1)v, Vy1y2 € 7}.
Then we have a natural isomorphism
HY (m; V)= ZY;V)/B (7; V).

Weil’s construction [41] gives the cohomological interpretation of infinitesimal de-
formations. Namely, given G a Lie group with Lie algebra g and a representation
Y: w — G, the space of infinitesimal deformations is

H' (705 gady).

where Ad ¥ denotes the composition of ¥ with the adjoint representation, hence it is a
representation of 77 into GL(g). The construction of Weil is as follows. A deformation
of ¥: m — G may be written as {;: 7 — G, where ¥ = and ¢ € (—e¢, ¢). Assuming
differentiability at # = 0, then define d: m — g by

d
dy):=—| () Yo(y)~' forall y €.
t=0

It is easy to check that d € Z!(;gaq v)- In fact Weil proves that Z (7w gag v)
is precisely the space of infinitesimal (or first order) deformations of ¥, and that
Bl(; gag ) is the space of infinitesimal deformations by conjugation [41].

Theorem 3.1 (Weil) Infinitesimal rigidity implies actual rigidity: If H'(1; gaq v)=0
then  cannot be deformed up to conjugation.

3.1.3 The Kronecker pairing Let X', v = 7(X), V and p: 1 — GL(V) be as in
the first section. There is a natural isomorphism

T: Co(X: V)* = C*(X; V*) = Homzy (C(X); V)

(see [40, 2.6]). For g € Cp(X;V)*, G e CP(X:V¥), ¢p € Cp(f) and v € V the
isomorphism t and its inverse are given

78(cp)(v) = g(cp ®v) and T 1G(c®v) = G(e)(v).
This gives rise to the Kronecker pairing
(... CPX;VHRCH(X:;V)—>R

given by (G, ¢, ® v) = G(c)(v). The Kronecker pairing behaves well with respect of
the boundary operators:

(G,0p(cp QV)) = (PG, cp Q).
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This shows that we obtain a well defined pairing
(.,.) HP(X;V*)® Hy(X; V) —>R.

In order to see that the Kronecker pairing is nondegenerate we observe that the boundary
operators 9, and 87 are dual to each other and hence Ker d, = (Im §7)* and Ker §, =
(Im 87)L (see [17, 2.26]). Therefore if F is a p—cocycle and if (F, zp) = 0 for every
zp € Kerd,, then F € (Ker 81,)L =Imé” and hence F is a coboundary.

Now let b: V x V — R be a nondegenerate bilinear form. Moreover we shall assume
that b is w—invariant ie for all y € 7 and for all v, w € V we have

b(v,w)=b(yv,yw).

The form b induces an isomorphism ¢ between the 7—modules V and V*: for
v,w € V we have ¢p(v)(w) = b(v,w). The map ¢, is injective and hence an
isomorphism since b is nondegenerate. Observe that ¢y, is w—invariant:

$p(y V)W) = b(y v, w) = b(v,y " w) = dp (V) (¥~ w) = yp(V)(w) .
Now b gives rise to a Kronecker pairing
(... CPX;V)®Cph(X;V)—R

given by (F,cp @ v) = ¢p(F(cp))(v) =b(F(cp),v) for FECP(X;V)and ¢p Qv e
C,(X; V). Hence we obtain a nondegenerate form

(...)) HY(X;V)® Hp(X; V) — R.

3.1.4 The Poincaré-Lefschetz duality et M be a compact, oriented, n—dimen-
sional manifold with boundary dM and let p: 1 (M) — GL(V) be a representation.
The intersection number between simplices of two dual triangulations on the universal
covering M induces the perfect intersection pairing

Hy(M;V*)® Hp—p(M,0M;V) >R
(see [33, 0.3; 23, Section 4; 30, Lemma 2] and for a general approach [37]).

Hence we obtain an isomorphism between H, (M ; V*)* and Hy,— ,(M, M ; V). Com-
posing this isomorphism with the isomorphism obtained from the Kronecker pairing
we obtain the duality isomorphism

PD: H,_,(M.OM:V)— HP(M:V).
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An isomorphism PD: H,(M;V*) — H""P(M,dM;V*) is obtained analogously.
The usual formula for the cup-product (to be denoted U) of simplicial cochains gives
that the cup-product induces a perfect pairing

LU H'P(M,0M:;V)® HP(M;V*) > R.

Moreover the existence of a nondegenerate bilinear map b: V' x V' — R gives a pairing
b
LU H"P(M,0M;V)® H?(M; V) —R.

3.1.5 Killing forms The Killing form on any Lie algebra g is defined as
B(X,Y) =trace(ady cady) forall X,Y eg,

where ady € End(g) denotes the endomorphism given by ady (Y) =[X,Y]. If g =
5l(4), then B(X,Y) =8tr(X -Y). Note that B is symmetric.

The matrix of the Lorentzian inner product is denoted by

so that 0B3,1)={4eGL#4)|A"JA=J},

and the connected component of the identity of its projectivization PSO(3, 1) is the
group of orientation preserving isometries of H3. Its Lie algebra is

s0(3,1)={aesl@d)|d'J =—Ja).

Following Johnson and Millson [23], along the paper we shall use the decomposition
of sl(4) as direct sum of PSO(3, 1)-modules via the adjoint action:

3) s5l(4) =s0(3,1) @ v,

where v=1{acsld)|d'"J=Ja}.

Notice that v is not a Lie algebra, but just a PSO(3, 1)-module, and that
dim(v) = dim(gl(4)) —dim(so(3,1)) = 15— 6 = 9.

Both the form B on sl(4) and its restriction to s0(3, 1) are nondegenerate. Moreover
v is the orthogonal complement to so0(3, 1):

sl(4) =s0(3,1) L.

Therefore B restricted to v is nondegenerate, too.
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Hence a representation p: w1 (X) — PSO(3, 1) gives a canonical splitting in homology
H*(X;sl(4)adp) = H*(X;50(3, D)adp) ® H*(X:0adp).

In the sequel we shall be mostly interested in the following situation: let M be a finite
volume hyperbolic 3—manifold with k& cusps and let p: 71(M) — SO(3,1) C SL(4)
be a representation. Then the Lie algebra sl(4) turns into a 7y (M )-module via
Adop: m;(M) — Aut(sl(4)). Note that the Killing form is w{(M) invariant hence
the action of m{(M) respects v ie the 9—dimensional vector space v turns into a
71 (M)—module and the restriction of the Killing form on v induces a nondegenerate
71 (M) invariant bilinear form

B:oxv—>R.

A cup product on cohomology is defined by using B:

B
4) HP(M:0)® HI(M,dM:v) > HPT9(M, IM ;0 @) —> HPT9(M,IM:R),
where the first arrow is the usual cup product, and By denotes the map induced by
B: v ® v = R. In the sequel this cup product will be simply denoted by U.

This cup product induces Poincaré—Lefschetz duality
HP(M:v)® H"™ P(M,0M:v) ~ H"(M,dM:R) =R

since B is nondegenerate. As B is symmetric, this cup product is symmetric or
antisymmetric depending on whether the product of dimensions p g is even or odd, as
the usual cup product.

3.2 The semicontinuity

Let V be a finite dimensional real vector space and let I" be a finitely generated group.
The set R(I", GL(V')) of all representations of I" into GL(}V') has the structure of a
real affine algebraic set, R(I", GL(V)) C RY (see Lubotzky and Magid [27]). Given a
representation p: I' — GL(V') the vector space V' turns into a I'-module via p which
will be denoted by V.

Lemma 3.2 Let V be a finite dimensional real vector space. Then the function
h': R(I',GL(V)) — Z given by

W (p) = dim H' (T; V,)
is upper semicontinuous fori =0, 1.

More precisely, for each n € Z the set {p € R(I', GL(V)) | h'(p) > n} is a closed
algebraic subset.
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Proof This follows from a general theorem [18, Theorem 12.8]. For the convenience
of the reader we give an elementary argument.

We view H!(T; V,) as the group cohomology of I", namely it is isomorphic to the
quotient Z!(T'; V,)/BY(T; V,)). The space of cocycles Z!(I'; V,) is the kernel of a
linear map with coefficients that are polynomial functions in the ambient coordinates,
hence dim(Z(T; V,)) is constant, except on a (possibly empty) closed algebraic
subset where it is larger. On the other hand, the space of coboundaries B! (T"; Vp) is
the image of a linear map whose coefficients are polynomial functions in the ambient
coordinates, hence dim(B!(T"; V,)) is constant, except on a closed algebraic subset
where it is smaller.

Analogously, H(T'; V,) is the kernel of a linear map with coefficients that are polyno-
mial functions in the ambient coordinates. Hence dim(H°(T; V,)) is constant, except
on a (possibly empty) closed algebraic subset where it is larger. a

3.3 Infinitesimal deformations in real hyperbolic spaces

Infinitesimal deformations in Isom™ (H) = PSO(3, 1) are well understood, and de-
scribed by H'(M ;s0(3,1)ad p). We summarize in this subsection the main results.

Let M be a finite volume hyperbolic 3—manifold with k& cusps. We choose one

essential simple closed curve u; C d; M for each boundary component.

Proposition 3.3 Let M be a finite volume hyperbolic 3—manifold with k cusps and
W= U---Upug CIM be given as above. Moreover let U and {p,},cy be as in
Theorem 2.1.

Then there exists a possibly smaller open neighborhood U of 0 U C U such that for
allueU:

(i) The inclusion OM C M induces a monomorphism
0— H'(M;50(3,1)adp,) = H'(OM;50(3, )adp,)-
(i1) The inclusion of the union pt = pq U---U ug C M induces a monomorphism
0— H'(M:50(3, )adp,) = H'(11:50(3, Daap,)-
(iii) dim H'(M;s0(3,1)adp,) = 2k.
(iv) dim HY(M, pu;50(3, )adp,) = 2k.

The U depends on p for (ii) and (iv), but not for (1) and (iii).
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Proof First note that for # = 0 the representation pg is the holonomy of the complete
hyperbolic structure. Thus HO(M;s0(3, 1)adp,) = 0, HO(14;50(3, 1) ad py) = R2k
HO(IM ;50(3, 1) adpy) = R?K,

dim(H"'(M;50(3, )adp,)) =2k and  dim(H' (M, jt;50(3, ) adp,)) = 2k
(see [25, 8.8; 15; 8; 29] for a proof).

Now from semicontinuity, we can choose U such that for all u € U , we have
HO(M ;50(3,1)adp,) =0, HO(;50(3, D adp,) =R, HO(OM;50(3,1)adp,) =R,

dim(H' (M ;50(3, Dadp,)) <2k and dim(H'(M, p;50(3, )adp,)) < 2k.

Here we used the fact that for every representation p: 7y (M) — PSO(3, 1) we have
HO(ui;50(3, 1)adp) = R? if and only if p(u;) # 1.

Next the long exact sequence of the pair (M, ) is given by
0 — H(u:50(3, Daap,) = H' (M, 11;50(3, aap,)
— H'(M;50(3, Dadap,) = H' (1:50(3, Daap,) = -+~ -

Therefore for all u € U the map H(w;50(3, )adp,) = H (M, 1t:50(3, )adp,) is
injective and hence surjective since dim(H ' (M, j1;50(3, 1)aq ou)) = 2k . It follows
from this that for all u € U dim(H' (M, u;s0(3, 1)Adp,)) = 2k and that the map
induced by the inclusion © C M gives a monomorphism

0— H'(M;50(3, Dadp,) = H' (1:50(3, Dadp,) -
Since the inclusion . C M factors through the oM, u C dM C M, we obtain

that the map H'(M;50(3,1)adp,) — H'(1t;50(3,1)ad,,) factors through the map
HY(M;50(3,1)adp,) — H'(0M;50(3, 1)adp,) hence for all u € U the map

H'(M;s0(3, Daap,) — H' (OM;50(3, 1) adp,)
is injective. Hence
HO(OM ;50(3, Daap,) — H' (M, M ;50(3, Daap,)
is an isomorphism. Moreover Poincaré-Lefschetz duality gives that
HY(M, M ;50(3, 1)adp,) = H*(M;50(3, Dadp,)*

and hence dim(H?(M;s0(3,1)adp,)) = 2k. Now the Euler characteristic of M is
zero and H®(M ;s0(3, 1)ad p,) = 0 which implies

dim(H"' (M ;50(3, Dadp,)) = 2k . i
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Remark 3.4 This proposition can be seen as the algebraic part of Thurston’s hyperbolic
Dehn filling theorem.

3.4 Complex hyperbolic space

Consider C*! ie C* with the hermitian product
(W, 2) = w1Z] + WaZsr + w33 —waZy = W' JZ = z%w,

where z* =z J . Its projectivization P3-! := P(C3!) gives rise to complex hyperbolic
space H% More precisely, H% = {[v] e P>! | (v,v) < 0}; cf [16; 14]. Here and in the
sequel [v] denotes the line generated by the nonzero vector v € C*1.

Let SUB,1)={A4eSL4,C) | A'JA=J}.

The group of holomorphic isometries of complex hyperbolic space is the projectivization
PSU(3, 1) = PU(3, 1), with Lie algebra:

su(3,1)={acsl(4,C)|aJ =—Ja).
The key point is that, as SO(3, 1)-module, this Lie algebra has a decomposition:
4) su(3,1) =s0(3,1) Liv.
Thus:

Remark 3.5 The subspace b = {a € 5[(4) | a’ J = J a} can be seen as the imaginary
part of infinitesimal deformations in complex hyperbolic space.

Proof of Theorem 1.11 We define
v, ={aecsln+1)|a"J=Ja},

where J is the symmetric matrix with one negative and n positive eigenvalues, gener-
alizing the definition of v for n = 3. The generalizations of Equations (3) and (5) are

sl(n+1) =so(n, 1) L v,,
su(n,1) =so(n, 1) Liv,,

that are isomorphisms of SO(n, 1)—modules via the adjoint action.

Let M" denote a compact n—manifold whose interior has a finite volume hyperbolic
structure, as in the statement of the theorem. By Garland’s infinitesimal rigidity [15],
the map induced by inclusion

H'(M";s0(n, 1)) > H' (AM"; s50(n, 1))
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is injective (here all SO(n, 1)-modules become 71 (M")-modules via the holonomy).
Thus M" is infinitesimally projectively rigid relative to the cusps if and only if

HY(M™;0,) — H' (OM™; v,)
is injective, and M" is infinitesimally H —rigid relative to the cusps if and only if
HY(M";iv,) — H' (OM™";iv,)

is injective. The theorem follows from the fact that v, and iv, are isomorphic as
1 (M™)—modules. a

We will use Remark 3.5 and Equation (5) to understand the computations for the
cohomology with coefficients in v in a Riemannian setting.

In order to understand the Killing form on su(3, 1) we follow the exposition of Goldman
[16, 4.1.3]. Let

0 0
10 0
1
1

vy = and v_ = 1

1

be two null vectors in C3>! representing two distinct boundary points of Hé Then the
element

ni=—g@rvm—vv) =606

is the infinitesimal generator of a 1—parameter subgroup of isometries fixing the points
[ve] e BH% and translating along the geodesic between [v4] and [v—].

Decompose the Lie algebra su(3, 1) into eigenspaces
gx = Ker(ad, —kT)

of ad,. The eigenspace gy is nonzero only for k € {0, =1, £2}. More explicitly,

a 0 0
(6) go = 0 —tr(a)/2 t acu2),teRy,
0 t —tr(a)/2

g1 ={vvi—viv* [veV(v4,v-)t} and gop = {isviv} | s €R}, where V(v v-)
denotes the vector space generated by v4 and v—. Note that V(v4, v—-) is the positive
two-dimensional complex subspace of C3-! given by z3 = z4 = 0. As usual we
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have [gx, g7] C gx+; with the convention that gz,; = 0 if |k 4+ /| > 2. This tells us
immediately that gz is orthogonal with respect to the Killing form to g; for all k # —/.

Now let G+ C PSU(3, 1) denote the stabilizer of the point [v+i] € BH%. The Lie
algebra g1 of G4 is given by

g+ =00Dg+1 Dg+o.

Note also that h+ = g1 1 & g+, is the Lie algebra of parabolic transformations fixing
the point [v4].

As a consequence of this discussion we obtain the following lemma.
Lemma 3.6 The Killing form of su(3,1) restricted to g4 is degenerated. More

precisely, the radical rad(g+) = g+ N gi = h4 consist exactly the infinitesimal
parabolic transformations.

Proof Let us consider the sign +, the other case is analogous. We have

90L=h+€9f)—, 91l=9069f)+699—2 and 92L=90®f)+€99—1-

This follows since gy, is orthogonal with respect to the Killing form to g; for all k #£ —/.
Hence g4 Ngf =g+ Ngg Ngi Nay =ht = g1 D g2. ul

4 Invariant subspaces in the complex hyperbolic geometry

In this section we shall compute subspaces of the SO(3, 1)—module v that are invariant
by certain elements of PSO(3,1). This will be used later for computing certain
cohomology groups. For a given set of hyperbolic isometries I' C PSO(3, 1), we let
ol denote the invariant subspace in v:

ol ={vev|Ad,(v)=v, VyeTl}.

For our computations, we will view elements in v as lying in iv, namely as infinitesimal
isometries of Hé We shall make use of the decomposition

su(3, 1)F =s50(3, 1)F ®iol

and the following lemma (see [7, I11.9.3] for a proof).

Lemma 4.1 For y € PSU(3,1), su(3,1)” = Ker(Ad, —1) is the Lie algebra of the
centralizer of y (ie the Lie subgroup of elements in PSU(3, 1) that commute with y ).
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Alternatively, the computation of invariant subspaces could also be made with the
analogue of Lemma 4.1 for GL(4) or just by explicit computation of the adjoint action
on v.

The centralizer of an element is obtained by means of the stabilizer of an invariant
object in H% U BH%. This explains the organization of this section, one subsection for
each object.

4.1 Geodesics.

Consider the Riemannian geodesic y in Hé between [v4] and [v_]. Let go C su(3, 1)
denote the Lie algebra of the subgroup Gy C PSU(3, 1) which fixes the endpoints
of the geodesic y (see [16, 4.1.3]). Notice that Gy =~ R x U(2), where R acts by
translations and U(2) is the pointwise stabilizer, isomorphic to the stabilizer of a point
in H(Z:, hence go = RP u(2).

Lemma 4.2 Let A € PSO(3,1) be a hyperbolic element of complex length | +ic,
[ #0.

() IfagnZ,then dimod =1.
(i) Ifa €nZ, then dimo4 = 3.

Proof We let y denote the axis of A. After conjugation we might assume that y is
the geodesic between [v4] and [v—] and hence

cosa —sina 0 0
sina  cos« 0 0
0 0  cosh!/ sinh/
0 0 sinh/ cosh/

A=

If « € 7Z, then A commutes with the whole stabilizer G, with Lie algebra gq (see
Equation (6)). The elements of ivd=iovN go are of the form

biai 0 0
ai ci 0 0 ,
btcs with a, b, c € R.
0 0 —2F¢i o
00 o b

Hence dimv4 = 3.

If o ¢ 7Z, then the elements of iv4 are as before, but by setting @ = 0 and b = ¢,
hence dim v = 1. This corresponds to the u(1) factor in go = R @ u(2). a
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Remark 4.3 Note that if 4 € PSO(3, 1) is a loxodromic element with complex length
[ +ia with / # 0 and « ¢ 7Z then v4 = 1% is one-dimensional generated by the

vector
-1 0

._‘
S = O O

0
0
0
1

oS O O
S O

4.2 Complex hyperbolic lines

The complex hyperbolic space is the projectivization of the subset of the time-like
vectors of C>1. A complex hyperbolic line is defined as the intersection of H% with a
complex projective line. The group SU(3, 1) acts transitively on the set of complex
planes that contain time-like vectors. Hence all complex hyperbolic lines are isomorphic
to HlC and a standard model for a complex hyperbolic line is the image of the plane
given by x; = x, = 0. The intersection of a complex hyperbolic line with 8HC is
a smooth circle called a chain. Two distinct boundary points of Hé are contained
in a unique chain and the Riemannian geodesic between the two boundary points is
contained in the corresponding complex hyperbolic line.

The identity component of the stabilizer of a chain is given by P(U(2) x U(1, 1)) C
PSU(3,1).

Lemma 4.4 Let A € PSO(3, 1) be an elliptic element of rotation angle « € (0, 2).

(i) Ifa =, then dimo4 = 5.
(i) Ifa # 7, then dimv4 = 3.

Proof As before we let y denote the axis of A. After conjugation we might assume
that y is the geodesic between [v4] and [v—] and hence

cosa —sina 0 0
sin cosa 0 0
0 0 10
0 0 01

A=

If & = 7 then a direct calculation gives that iv“ consists of matrices of the form

ai bi 0 0
bici 0 0 .
0 0 di ci with a,b,c,d,e € R.

0 0 —ei —(a+c+d)i
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Hence dim v = 5. Notice that iv4 is the imaginary part of s(u(2) @ u(l, 1)).

If o # 7, then iv4 consists of the previous matrices that in addition satisfy » = 0 and
a = c. Hence iv is the imaginary part of u(1, 1) (viewed in s(u(2) ® u(1,1))) and
has dimension 3. a

4.3 Points at infinity and the Heisenberg geometry

In the sequel we will use the notation of Section 3.4, ie we will fix two light-like vectors
vy € C*! representing two distinct boundary points [v4] € 8H%. Moreover we will
use the root-space decomposition of su(3, 1). The Heisenberg group H_ is the group
of parabolic transformations fixing the point [v—], ie exp: g—; ® g—, — H— is given by

exp(v_v* —vv* +itv_v*)

= I+ v_v* —vv* —(v]|?/2 —ir)v_v*
1 0 1 1
0 1 V) V)
—Z1 = 1—|vl?/2+ir —|v||*/2+it
Zi Za vl*F/2—it 14 |v)?/2—it
(7 =: H(zy,22,1)

where v = (z1,2,,0,0)" € v}r Nt is a space-like vector and hence (v, v) = ||v||? =
2112 + |22/ 2 0.

Following the exposition in Goldman’s book [16, 4.2], the boundary at oo of H% minus
the point [v_] can be identified with a Heisenberg space, ie a space equipped with a
simply transitive left action of the Heisenberg group H_. Hence by looking at the orbit
of [v4+] we have a bijection H_ — BH% \ {[v=]} given by

221

222
H(zy,z2,t) = H(zy, 22, 0)[v4] = 1— ||Z||2 4+ 2it
14 |z||% — 2it

where [|z|? = |z;|? + |z 2.

In the sequel we shall represent points of H_ by triples of points (z1, z3,¢) where
71,z € C, t € R with multiplication

(w1, w2,5)-(21,22,1) = (w1 + 21, w2 + 22,5 + 1 + Im(w1Z] + w2Z7))

for all (wl’a)ZvS)a (217 22, t) €H.
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Therefore, H_ is a nilpotent 5—dimensional real Lie group, which is a nontrivial central
extension

0>R->H_—>C2=>0.

The center are the elements of the form (0, 0,¢), ¢ € R.

In the sequel we will make use of the Siegel domain model $* of H% Here
9 =Jw=wy| €C| Jw]* +[w]> < 2% (w3)

is obtained in the following way: we choose the point [v_] € BH% and we denote by
H C P*! the projective hyperplane tangent to 8H% at [v_]. More precisely, H is the
projectivization of v+ c C3! given by the equation z3 + z4 = 0. The corresponding
affine embedding C3 — CP?\ H is given by

w1
w1
w (d 2
w2 1/2—w;
3 1/2 4 ws

It is easy to see that H% corresponds to the Siegel domain $* € C3. In this model the
whole stabilizer G_ of the point [v_] at infinity is the semidirect product:

G_ =H_x(UQ2)xR).

Here U(2) acts linearly on the factor C2, and trivially on the factor R. Moreover R
acts as follows:

(In, M) (z1, 22, 8)(Ia, —A) = (e *z1, e 25, e 1), for all AR, for all (z1, 25, 1) €H.
Hence the product on G_ is given by

(21,22, (A, 1) (2}, 25, YA X)) = (21, 22, ) (e (2, 2 AT e 722 ) (A A A+ M),
forall (z1,25,1), (2}, 25.1) € H, A, A" € U(2) and A, e R.

In this construction, the subgroup of real parabolic transformations corresponds to

R% x {0} C H_.

Lemmad.5 (i) If A isanontrivial parabolic element of PSO(3,1), then dim v =3.

(ii) IfT <PSO(3,1) is a rank 2 parabolic subgroup, then dimo! = 1.
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Proof Using the representation in the Heisenberg group H_, we may assume that up
to conjugation A4 is (1,0,0) € H_. Note that the centralizer of A4 is contained in G_.
This follows from the fact that 4 has a unique fixed point on H% and every element
which commutes with A has to fix this point.

Now a direct calculation gives that the centralizer of A in G_ is 5—dimensional and

given by
10
{(s,z,l) (O a) eG_

Thus dim(su(3, 1)4) = 5, and since dim(so(3, 1)) = 2 (the tangent space to the real
parabolic group itself), the first assertion follows.

s,leR,zeCandan(l)}.

For the last assertion, we view I' as a rank 2 subgroup of the Heisenberg group
[ <R%Zx{0} <H_.

Its centralizer is contained in G_ and is precisely the subgroup of elements with real
coordinates:
R? ~ {(s1,82,2) e H—| 81,52, t e R} < H_.

As the subgroup of real parabolic transformations R? x {0} is the centralizer of T" in
PSO(3, 1), it follows that v’ = {(0,0)} x R is one dimensional. O

5 The cohomology of the torus

In this section, we analyze the cohomology of the boundary dM and the image of the
map induced by inclusion dM C M , which is a Lagrangian subspace.

5.1 A Lagrangian subspace

As in Section 2, let p, denote a representation contained in Thurston’s slice, where
u = (uy,...,ux) € U C Ck is a point in the deformation space. The subspace
invariant by the image of the peripheral subgroup of the i —th component is denoted by
pPu (T @i M) “and s orthogonal complement by

(n"’“(’”(a”‘/l)))L ={vev|B,w)=0, Yw e pPu1 @M

Lemma5.1 (i) Foru; # 0, the radical of vP« (™1 M) jg trivial, e

(0Pu T OMN) L ( pou G G M) —

(ii) For every u € U, the invariant subspace v (@1 M) hag dimension one.
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Proof When u; # 0, p,(7r1(d; M)) consists of nonparabolic isometries that preserve
a geodesic, and we want to apply Lemma 4.2 (i) and Remark 4.3. For this, we need to
find an element y € 71 (d; M) such that p,(y) satisfies the hypothesis of Lemma 4.2 (i),
namely that p,(y) has nonzero translational part and its rotation angle is not an integer
multiple of 7. If the real part of #; does not vanish and the imaginary part of u;
is not contained in Zm then we choose w;. If the real part of u; vanishes, then by
Theorem 2.1 the real part of v; does not, and the condition on the complex length
applies to either y = A; or y = A;u;, that have respective complex lengths v; and
u; + v;. The same argument applies when the imaginary part of u; is zero.

By Lemma 4.2 (i) and its proof, vPu (71 (i M) is the one dimensional subspace generated
by (a conjugate of)

1 ’
—1
which is a nonisotropic element for the Killing form, and both assertions of the lemma
are clear when u; # 0.

When u; = 0, assertion (ii) is precisely Lemma 4.5 (ii). a

Corollary 5.2 Forevery u € U we have H’ (OM ; b aq pn) =0 for j > 2 and
dim H°(0M ; va4,,) = k,
dim H'(OM ; vp4,,) = 2k,
dim H?(M ; vpdp,) =k .

Proof We have

k
HO (M ; v0pap,) = @) vPu (1 @iM)
i=1

and hence by Lemma 5.1 (ii) we obtain
dim H°(OM ; vp4p,) = k .

Now Poincaré duality gives dim H?(dM ; badp, ) = k and since the Euler characteristic
of M vanishes we obtain dim H'(0M;vaq,,) = 2k. O

The cup product on H'(dM ;vadp,) is the orthogonal sum of the cup products on the
groups HY(0; M ; YAdp, ). More precisely, if res;: H! (OM ;0p4p,) — H! (0; M ;0adp,)
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denotes the restriction induced by the inclusion d; M < dM, then for z{,z, €
HY(0M ;bad,,) we have

k
(8) z1Uzy = Zresi(zl) Ures;(z) .

i=1

Note that this defines a symplectic form
w: HI(BM;UAdpu)@)H1(8M;0Adpu) —R

given by w(z1,2z;) = z1 U z;.
Lemma 53 Letu= (uy,...,u;)elU.

(1) When u; # 0, there is a natural isomorphism
H*(3;M:0pqp,) = H*(3; M ;R) @ pPu(m QM)
(ii) Foru e U, dim H'(3M;vadp,) = 2k, and the image of the map
HY(M;vadp,) = H' (OM;044p,)
is a Lagrangian subspace of H'(0M ;vaqp,) for the form w (in particular it has

dimension k ).

Proof To prove assertion (i), we use the decomposition of Lemma 5.1:

0= (Upu(”l(aiM)))J‘ ® Upu(”l(aiM)),

which is a direct sum of 71 (0; M )1m0dules, and therefore it induces a direct sum in
cohomology. Since (n”“ (1 (3 M ))) has no invariant subspaces,

HO(E),'M, (UPM(”I(aiM)))J‘) —0.

In addition, the Killing form restricted to (np” (1 (@ M )))J' is nondegenerate, thus by
duality and by vanishing of the Euler characteristic

H*(0; M, (0P« C1@OiMMD) 1) —
Hence H*(3; M;v) = H*(3; M;0Pu1GiMDy & (9, M ; R) @ pPu (1 GiM))
The first statement of assertion (ii) is just Corollary 5.2. The fact that the image of

the map H'(M;vadp,) — H'(OM;va4p,) is a Lagrangian subspace follows from
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duality. We reproduce the proof for completeness (cf [21]). We are interested in the
following part of the exact cohomology sequence of the pair (M, oM ):

Jj* A
H'(M;0aq,,) —> H' (OM;0p4p,) — H*(M,0M;054p,) -

The maps j* and A are dual to each other: for z; € H'(M;vpdp,) and z; €

(j*(z1) Uz, [OM]) = (21 U A(z2),[M, IM]),

where [M,dM] € H3(M, oM ;R) and [0M] € H,(dM ;R) denote the respective fun-
damental classes.

It follows that dimIm(;j*) = %dim H1(8M;0Adpu) = k. Moreover Ao j* =0
implies that Im(j*) is isotropic and hence Lagrangian since dimIm(;j*) = k. a
Corollary 5.4 Let M be a cusped manifold. Then for all u € U C CK we have

dim H' (M ;0p4p,) > k .
Moreover, M is infinitesimally projectively rigid if and only if dim H'(M ; 0adp,) =k .

Proof The proof follows directly from Lemma 5.3 and from the decomposition of the
SO(3, 1)-module sl(4) = s0(3,1) ® v (see Equation (3)). a

5.2 Parabolic representations

Let A and i be two generators of Z? and
0: Z* - PSO(3, 1)

a representation into a parabolic group. Up to conjugation we suppose that the boundary
point [v_] is the fixed point of the parabolic group. Viewing the parabolic group as
translations of R?, o(1) is a translation of vector vy, and o(u) of vector v,. Assume
that the representation has rank 2, (ie vy and v, are linearly independent). Then:

Lemma 5.5 If the angle ¢ between v), and vy, is not in 57 then the map induced by
restrictions

1 2 i;‘(@i; 1 1
H (Z7:0pd0) —— H (A;0ad0) ® H (111 0adp)

is injective. Moreover, rank(i;') = rank(i;) = 1.
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Proof We follow the notation from Section 4.3. We may assume that vy = (1,0), v, =
(acos,asing) € R?, a sing # 0. In the Heisenberg model H_, o(A) = (1,0,0) and
o() = (acosg,asing,0). For 6 € R, we define a representation gg: ZHZ — G_ by

ot =0 and a0l = (o o) 00

Notice that gg(A) and pg(1t) commute, because

((1) e(i)@) eU(2)

Differentiating at & = 0, we obtain an infinitesimal deformation, that is, a cocycle
du: Z? — g =god g1 ® g given by
dog(y)

du(y) = 0 9_090()/)_1 .

fixes (1,0).

The cocycle dy: Z? — g_ is trivial when restricted to A. More precisely we obtain

dy(A)=0 and dy(pn)= (8 (1)) .

Notice that the derivative of the canonical embedding U(2) — PSU(3, 1) determined by

A4 0
A
H(o 12)

is the map u(2) — su(3, 1) given by

o a 0 tra[
“=\oo) 4
_1

and that O(,) r—>l 3 €iv.
0 i 4 —1

Hence we obtain a cocycle z,: Z? — v given by z,(A) = 0 and z,, (1) = a; where

a, .= €.

Geometry & Topology, Volume 15 (2011)



Infinitesimal projective rigidity under Dehn filling 2043

In the same way we obtain a second cocycle zy: Z? — v given by z3 (1) = a,, and
z)(n) = 0 where

1 —2cos(2¢) —2sin(2¢)
—25sin(2 142 2
a4y = sin(2¢) + 2 cos(2¢) » co.

—1

Here ¢ is the angle between vy, and vy . Notice that z, is constructed as z, but
switching the roles of A and . Thus a,, is invariant by o(u), and it can be obtained
by conjugating a) by a rotation of angle ¢.

We claim that the cocycle z;, is cohomologically nontrivial when restricted to w, ie
nontrivial in H'(p; v Ado)- This proves that z,, is a nontrivial cocycle, and rank (i l’j) >1.
By symmetry of the generators, z, is a nontrivial cocycle and rank(i ;f ) > 1. Moreover,
since i;,(z3) = 0 =iy (zy) it follows that the image of iy & /" is 2—dimensional and
the assertion of the lemma follows.

To prove the claim, we will use the cup product
H' (13000) ® HO(1t;0500) — H'(1;R) = R

associated to the Killing form defined in (4). Recall that a, € H O(14; 0adp) = 09 ) s
invariant under the action of . The cup product i ;‘Z (zw) Uay is a represented by the
homomorphism Hi(u; R) — R given by

(z';(zu) Uau)(u) = B(ay,ay) = 8tr(ay -ay)
= 32(1 + 2 cos(2¢)) = 128(cos*(p) — §) -
This is nonzero by the hypothesis about the angle ¢ between v, and v, hence

i l’: (z) U ay is not homologous to zero. a

Remark 5.6 (1) Notice that in the proof of Lemma 5.5, instead of the cup product
we could have considered the Kronecker paring between homology and cohomology,
and we would have ended up checking the nonvanishing of the same evaluation of the
Killing form B(ay,ay).

(2) Note that the assumption ¢ # 7r/3 is essential in Lemma 5.5: we can still construct
the cocycles z;, and z; in the case ¢ = m/3. But now we have i:Z(Z,L) =0=1i;(z).
Moreover the two cocycles z;, and z represent linear dependent nontrivial cohomology
classes in H'(Z; vaq o) Hence the map

iy @iy H' (2% 0aa0) > H' (Aivad) ® H' (11 0ad0)

is not injective if ¢ = /3.
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Before the next lemma, we still need a claim about symplectic forms on vector spaces.

Claim 5.7 Let (V,w) be a 2—dimensional symplectic subspace. Suppose f,g: V —R
are linear forms which form a basis of the dual space V*,ie f ® g: V — R? is an
isomorphism.

Then there exists a constant ¢ € R, ¢ # 0, such that, for every x,y € V,
o(x,y) =c(f(x)g(y)—gx)f(»).

Proof The claim is a consequence of the fact that the space of antisymmetric bilinear
forms on R? is one dimensional. a

Lemma 5.8 If a subspace L C H'(0M ;va4,,) is Lagrangian for the cup product,
then there exist simple closed curves 11 € w1 (01 M), ..., ug € w1 (0 M) so that the
image of L injects in H'(j11;9adp,) @+ ® H'(Ug; vadp,). Moreover, injectivity
fails if we consider only k — 1 curves.

Proof Along this proof, the action on v is the adjoint of the holonomy of the complete
structure, so Ad pg is omitted from notation. For j =1,...,k,letres;: H 1 (0M ;0) —
H'(9 i M ; v) denote the map induced by restriction, which is also the projection to the
J —th factor of the isomorphism

H'OM:;v)= H' (0, M:v) L--- L H'(3; M ; v).
Recall that this is an orthogonal sum for the cup product (8).

We prove the lemma by induction on k. When k& = 1, it suffices to chose two curves
i1 and Aq in 07 M that satisfy the hypothesis of Lemma 5.5. Hence

in, @iy H' (01 M;0) - H'(11:0) & H' (A;:0)
is injective. Then for at least one of the curves, say (1, i ; (L) #0.

For the induction step, we chose the corresponding curves on the k—th component g
and Ay, so that

iee @iy H' (9 M;0) > H' (g 0) @ H' (g3 0)
is injective, and assume that i Z (L) #0.

Let L' C H'(3;M;v) L --- L H'(3;_1M:;v) be the projection to the first k — 1
factors of the kernel of i : . restricted to L ; ie

L' = (res; & ---®res_y)(keriy; [1)
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We first check that L' is isotropic. Given x, y € L', there exist Xy, yx € H'(0; M ;v)
such that (x, xx), (y, yk) € L and iy, (xg) =i, (yx) = 0. Thus, by Claim 5.7 and
Equation (8):

0=(x,xp) Uy, yk) =x Uy +cxliy, cp)iy, (vi) =iy, ()i, (ve)) =xUy.

Finally we claim that the dimension of L’ is kK — 1. Since dim((ker(i u L) =k—1,
we need to check that res; @ --- @ resg_; restricted to keri ;‘;k |r is injective. Let
x €ker(resy)N---Nker(resg_1) ﬂker(i;jk |L), we want to prove that x = 0. Notice that
xe HY (0 M;v)NL Nker(ij;, ). Choose y € L such that i, (v) # 0, this is possible
because i;:k (L) # 0. Then, using x € H'(d; M ;v), Claim 5.7 and Equation (8), we
obtain

0= x Uy = cgli, (0)if, () — i, ()i, (1) = —exi, (¥)i, ()
for some ¢ # 0. Since iy, (y) #0, i;‘k(x) = 0. Therefore x = 0.

Finally, the fact that injectivity fails if we consider only k — 1 curves is clear once we
know that the rank of H'(dM;v) — H'(u;;v) is at most one. Indeed Lemma 5.5
tells that this rank is at most one. a

6 The function on the deformation space

Recall that M denotes a compact manifold with boundary a union of k& > 0 tori
and hyperbolic interior. The goal of this section is to give a sufficient cohomological
condition which guarantees that infinitely many fillings on M are infinitesimally rigid.

For this we shall define a real analytic function f: U — R, where U C Ck isa
parametrization of Thurston’s slice. This function is defined as the determinant of a
matrix whose entries are pairings between homology and cohomology classes. This f
will depend of several choices, but its zero set is a well defined analytical subset of U .
Another analytical subset of U is defined by means of the dimension cohomology of M
with twisted coefficients. We shall prove that the Dehn fillings whose parameter u is
away from these analytical subsets are infinitesimally rigid. Moreover, when M is
infinitesimally projectively rigid with respect to the cusps, these subsets are proper.

For this we need several tools for constructing a function on the deformation space.
The first one is given by the following lemma. All statements are up to taking a smaller
neighborhood of 0, U ¢ Ck.

Lemma 6.1 As in Section 2, let U C CK be an open neighborhood of 0 which
parametrizes the deformations of the complete holonomy of the interior of M .
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(1) There exists a nonvanishing element ai, € vPu(mOiM)) that varies analytically

inuel.

(2) There exists a family of cohomology classes {z;, ey z,’f } that define a basis for
the image of H'(M ;0adp,) — H'(IM ;0a4p,) and that varies analytically in
uel.

Remark 6.2 To vary analytically depends on the construction we take for cohomology,
but we always think of an analytic map on a finite dimensional space of cocycles, either
in simplicial cohomology (fixing a triangulation and varying the bundle) or in group
cohomology (fixing a generating set for the fundamental group).

Proof The first assertion follows directly from Lemma 5.1 (ii).

For the second part we will use Lemma 5.3 (ii). The rank of H!(M;vadp,) —
HY(0M; bAdp,) 1s k. Hence it suffices to take a basis when u =0, {Zé, e Z(I)‘} and
then make it vary in the kernel of H'(dM ;0a4p,) — H?*(M,0M ;0adp,), Which is
an analytic family of k—dimensional vector spaces. a

For i = 1,...,k we consider the following 1—cycle in the i —th torus d; M of the

boundary

al & ———
b+ qiml?

in simplicial homology. This twisted cycle is the image of the untwisted cycle

(piti + gihi)

Dilki + qiki

€ Hy(9; M, R)
|pi +qiti|? '

by the natural map

h®- .
Hy (9, M R) 225 Hy (9, M, oPe T @OiM)y s b (3, M 0pqp,,)

that consists in tensorizing by afl and composing with the map induced by the inclusion
of coefficients pPu (M1 BiM)) _y 4

Let (.,.) denote the Kronecker pairing between homology and cohomology of dM
with coefficients in vaqp, (see Section 3.1.3). We define

d 1 J Q 7
f(u) — et((<2”, a” | ) . |2 >) ..)a

where p; and ¢; are the generalized Dehn filling coefficients corresponding to u € U
(see Section 2). If we view z, as a map on simplicial chains taking values on v, and
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B denotes the Killing form, then

: (Pit A
f(u) zdet(B(z’( ),a’)).
“Nlpj+qitil?) "

Remark 6.3 The function f* depends on several noncanonical choices. But we are
only interested in the zero locus of f and this set does not depend on the different
choices involved in the definition of /. Notice also that Lemma 2.3 implies that f is
analytic and f(0) = 0. The proof of Proposition 1.8 in Section 8.2 shows that the zero
locus f~1({0}) of f might be one dimensional and that in general 0 € /~!({0}) is
not an isolated point (see Section 8.2).

In the sequel let u(;, o) denote the parameter of the structure whose completion gives
the Dehn filling with coefficients (p1,41),-.., (Pk,qx) where (p;,q;) are pairs of
coprime integers.

Lemma 6.4 If

(1) f(u(p,q)) 7é 0,
(i) dim H'(M,vaq Pugpyy) = K-

then H'(M(p,q). 9Ad Pugy) =0

)

Proof In this proof the representation py, ,, is fixed and we remove Ad p, from
notation.

Hypotheses (i) and (ii) imply that

{ay & (priy + q1M). .l ® (Pt + qichi)}
is a basis for Hy (M ;v). Hence for y :=yy U---Uyg, ¥i = pili +qiAi, the following
composition gives an isomorphism in homology:

k k
P Hi(vi: R) - @ Hi(yi: 0P« @My s H (y:0) — Hy (M v).

i=1 i=1

Equivalently, we have an isomorphism in cohomology:

k k
©)  H'(M:v)—> H'(yi0) > @ H' (yi: 071 OM)y . (B H' (14; R).
i=1 i=1
Let N denote a tubular neighborhood of the filling geodesics, so that N = N{U---U Ny
is the union of k solid tori, N UM is the closed manifold M q) and NN M = 9dM .We
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claim that the inclusions induce an isomorphism
HY(M:;v)® H' (N;v) - H (0M ; v)
for i =0 and i = 1. Then by Mayer—Vietoris, HI(M(p’q), v) = 0 follows.

Let us check the claim. When i = 0, HO(M; v) >~ pAdPu(mM) — ( and the required
isomorphism comes from the fact that 7y (N;) and 7;(d; M) have the same image
under p, and hence the same invariant subspace.

When i = 1, we notice that by Lemma 5.3
HY(3; M, v) = H'(8; M, R) ® pPu (1 (0: M)
and dim pPu (M1 Qi M) — 1, by Lemma 5.1. Similarly,
H'(Ni,0) = H'(N;, R) ® pPu 1 Qi M)

Then the proof follows from isomorphism (9) and the natural isomorphism induced by
inclusions:
H'(3;M:R) = H'(N;:R)® H' (i:R). o

Corollary 6.5 If the generic dimension of H' (M ;va4p,) is k and if f is noncon-
stant in a neighborhood of 0, then infinitely many Dehn fillings on M are infinitesimally
rigid.

Proof The dimension of H'(M;badp,) is bounded below by k and upper semicon-
tinuous on u € U (it is larger on a proper analytic subset). Hence the set of u € U
where dim H'(M;baqp,) # k or f(u) =0 is a proper analytic subset of U, and it
misses infinitely many Dehn fillings by [33, Lemme 4.4]. a

Corollary 6.6 Assume that M is infinitesimally projectively rigid relative to the cusps.
Then for u € U, the dimension of H* (M ;0adp,) is k fori = 1,2 and zero otherwise.

Proof The dimension of H!(M;vaq p.) 18 bounded below by k and upper semicon-
tinuous on U, hence constant, because this dimension is reached at u = 0. As p, is
irreducible, baqp, has no nontrivial invariant element and therefore H 0 (M ;0adp,)=0.
As the Euler characteristic of M vanishes, and M has the homotopy type of a two
dimensional complex, the dimension of H’(M;vaq pn) 18 also k of i =2 and zero
otherwise. m|

For a collection of simple closed curves u = {iy,... ur}, where u; C 9; M is
nontrivial in homology, the structure with cone angles « and meridians y has parameter
u=(ci,...,ai) € U, where i = v/—1. To simplify notation, we shall write ¥ = «i,
in particular the holonomy is written as pg;i-
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Proposition 6.7 Assume that there exists a collection of simple closed curves as above
W C OM and some ¢ > 0 so that, forall 0 < o < &,

dim H' (M, 1t; 0pd py;) = 3.
Then infinitely many Dehn fillings are infinitesimally rigid.

Proof We first outline the proof. Our goal is to prove the proposition by applying
Corollary 6.5. The dimension of H!(M;vaq pu) 18 k when u = «i by an argument
on the long exact sequence in cohomology of the pair (M, dM ). The same dimension
count holds for a generic u € U, by semicontinuity. In addition, the long exact
sequence in cohomology also tells that H'1 (M ; vaq o, ) Injects in H L 0ag ou)> When
u = ai. This gives a basis for H!(M ;vaq p.) SO that when we look at its image in
HY(0M ;baq,,) and we compute f, we have that f(u) # 0, for u = «ai.

Now we proceed with the details. Since pqi(4;) is a rotation of angle 0 <« <, by
Lemma 4.2 dim HO(u;; 0ad p,;) = dim pAd Pai(kj) = 3 and therefore

dim H®(u; 0ad py;) = 3k.
Then the long exact sequence of the pair (M, i) starts as follows:
0— H (1. adpw) = H' (M, 1. 0adp) = H' (M, 0adp5) = -+ -
Since dim H(14; bad py) = dim H' (M, 11, 0ad p,)» We have an inclusion
0—> H'(M: VAd pgi) — H'(u; VAd poi) -
The inclusion of @ in M factors through 0M , hence by Lemma 5.3, it follows that
dim H' (M ; vpd py;) = K,

which is the first condition for applying Corollary 6.5, by upper semicontinuity of the
dimension of H!.

Moreover, using Lemma 5.3 (i), it follows that

k
H' (M 0pdp,) = @D H' (1j: R) @ pPeim @ M)
j=1
This implies that one can choose a basis {z1,... ,fo } for H'(M;0aqp,), where

Zy =1 ® aéi and i € H'(uj; Z) is the dual of the fundamental class in Hj(u;;Z).
Thus, since p; = 2n/a and g; =0, we get

k
) o
f(ai) = )k B(al; ak)) -~~B(a§i,a§i) # 0,
as the Killing form on vP«i(m10; M) s nondegenerate. o
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Proof of Theorem 1.4 As M is infinitesimally projectively rigid, by Lemma 5.8 we
can choose a set of slopes . = @1 U---U g, so that

0— H'(M;vad4p,) = H'(1t; 9ad )

is exact. By the long exact sequence of the pair (M, 1), since dimpAdPo() = 3
this is equivalent to saying that dim H' (M, u; baq po) = 3k. By analyticity and upper
semicontinuity of the dimension of the cohomology, the hypothesis of Proposition 6.7
holds true. i

Proof of Theorem 1.5 To simplify, we first assume that the infinitesimally projectively
rigid Dehn filling can be connected to the complete structure by a family of cone
manifold structures of cone angle « € [0, 277], where o = 27 corresponds to the Dehn
filling and o = 0 to the complete structure. Notice that this is the case of the Dehn
fillings provided by Hodgson and Kerckhoff in their estimation of the size of the
hyperbolic Dehn filling space [22] (hence of all but at most 60 Dehn fillings).

Let My ) be infinitesimally projectively rigid and let u, q) € U denote the parameter
in the Thurston slice corresponding to the holonomy of the structure on M induced
by the Dehn filling. Let V' C U denote the domain of definition of the real analytic
function f: V — R.

As in the proof of Lemma 6.4, a Mayer—Vietoris argument gives that
- liag. —
dim H (M, UAdPu(p.q)) =k
Moreover, if the parameter up q) is contained in V' then f(u(p,q)) # 0.

A priori V' could be a smaller neighborhood of the origin and u ;, ¢y € U~V might hap-
pen. The problem is that the cohomology classes z), . .. ,fo eIm(H'(M:;vpq ou) =

w
HY(0M ; vpq ox)) could be linearly dependent or even not be defined outside V. To
fix that, we use the path of hyperbolic cone structures, that gives a segment in U, that
we parametrize by the cone angle « € [0, 27]. Let uq € U denote the parameter of the
deformation space. By upper semicontinuity,

dim H' (M vadp,,) =k =dim H' (M ;04p,,, )

for almost all @ € [0, 2]. Let y1,..., ¥, denote the filling slopes. By compactness,
the segment [0, 277] is covered by intervals

[0, 27] = [0, cg) U (ety, &}) U+ U (e, 271,
so that on each («;, o), there exist a family of cohomology classes

zb 2k e Im(HY (M 0adp,,) — H' (OM;05dp,,))
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that vary analytically on & € (;, «}) and are linearly independent for each o € (e;, @),
by Lemma 6.1. On each interval we may use the cohomology classes to construct
functions

fit (ai ) >R

similar to f', ie as the determinant of the matrix of Kronecker pairings between Zé and
the homology class represented by al ® (o/ 2m)yj. The function fo: (g, y) — R
can be chosen to be the restriction of f: U — R. In addition, the functions f; and
fi+1 may differ on (o}, &;41), but fi(a) =0 if and only if f;4;(a) =0, for every
o € (o), ;11). Since f(27m) # 0 and the f; are analytic, fo and f are nonzero.
In addition, by upper semicontinuity, the generic dimension of H'(M;baqp,) is k,
hence we may apply Corollary 6.5. This finishes the proof when there is a segment of
hyperbolic cone structures connecting up q) to the origin.

In the general case, instead of considering a path of hyperbolic cone structures, which
is a straight segment in U, it is sufficient to take a piecewise analytic path in U
connecting up q) to the origin, and apply the previous argument. The only key point
is that we have to chose piecewise analytic paths so that their nonsmooth points are not
in the vanishing locus of f, which is always possible by genericity. a

7 Rigid slopes

Definition 7.1 Let M3 be a cusped hyperbolic manifold of finite volume which is
infinitesimally projectively rigid with respect to the cusps. Let y be a slope of d; M,
We say that y is a rigid slope if the map

i H'(M:0adp,) > H' (y:09ad0,)

is nontrivial.

Proposition 7.2 Let M3 be a cusped hyperbolic manifold of finite volume which is
infinitesimally projectively rigid with respect to the cusps and let i, A € 01 M be a pair
of simple closed curves generating the fundamental group of 3; M . Let (pn. qn) € Z?
be a sequence of coprime integers lying on a line a p, + b g, =c. If y = —bu + ak
is a rigid slope, then M (3pn, ) 0011100 is infinitesimally rigid with respect to the cusps
for n large enough.

Proof After changing the basis in homology, the curves y and A are chosen such that
a=1,b=0,ie A = (0, 1) is the rigid slope. We also may assume (py, gn) = (c,n).
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Let us consider the path

00 ifs=0

{(c, 1/s) ifs#0,
N=d

in the parameter space. Denote by u(s) the corresponding point in the deformation
space.

Lemma 7.3 The path u(s) is a real analytic on s € (—¢, €).

Proof Setting t(u) = v(u)/u, from pu+qgv=u(c+ %f(u)) = 2mi we can write
u(sc+t(u)) = s 2mi.

Since 7(0) # 0 and 7 is analytic on u, this allows to define u as analytic function
on s, by applying the analytic version of the implicit function theorem. |

Let 6, € Im (H1 (M;0adp,) — HY (01 M ;0aq pu)) be an analytic family of cohomol-
ogy classes, so that i;(6y) # 0. This is always possible since iy factors through
HY(01M;0xdp,)-

The two cohomology classes z,,z) € H 101 M ; vaq po) as defined in the proof of
Lemma 5.5 satisfy i, (z3) = iy (zu) = 0, i;(zu) # 0, and i} (z3) # 0. Hence we may
assume that

0o = z) + Pz, for some B e R.

Let also ay(5) € pAdLu() (1 (01 M) pe ap analytic family of invariant elements, with

ag # 0. As in Lemma 6.1, we want to see that for s > 0, the following function does
not vanish:

f(S) ::<9u(s)v Ay(s) ®

N

cu+ (1/s)A >
e+ (1/5)7?

:m(%(s)(s e+ A, dy(s))-

Notice that it follows from the proof of Lemma 5.1 that for small s, s # 0, the
restriction of the Killing form on the subspace vAdPu (T1@1M)) j¢ pogitive definite ie
B(aysy, ay(s)) > 0 for sufficiently small s # 0.

Lemma 7.4 If ||a, () || = B(du(s), du(s))'/?, then

B(6 A), B(6 ,
lim ( u(s)( ) au(s)) —16 and lim ( u(s)(l'L) au(s)) _
5s—0 ”au(s)“ 5s—0 ”au(s)”

168.
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Assuming the lemma we obtain

f(s) _ 1 (B(eu(s)()\)’au(s)) +SCB(9u(s)(,Uv)vau(s)))
s ”au(s)” ls ¢+ |? ”au(s)” ||au(s)”
16
and hence /() = 5 -
508 ”au(s)” |70l

Hence f(s) # 0 for s # 0. Moreover, since the dimension of H!(M;va4,,) is upper
semicontinuous with respect to u, it still satisfies dim(H (M ;vaq pucsy))) = k. By
analyticity those conditions are satisfied for all but finitely many s, hence we may
apply Lemma 6.4.

This concludes the proof of Proposition 7.2 assuming Lemma 7.4. a

Before proving Lemma 7.4, we still need a further computation. Let wq € su(3,1)

denote
1

i
woszo, where Vy = 1
-1
Note that wy is contained in go C su(3, 1) which is the Lie algebra of the stabilizer of
Lemma 7.5 The invariant element a, € vP«@1@1M)) can be chosen such that
ay,=pu)+4 ‘sinh2 %‘ Vo,

where p(u) is an infinitesimal parabolic transformation.

Proof Since wg is invariant by the stabilizer G for u # 0, a, can be obtained by
conjugating wg, and then by normalizing the result so that the limit exists if « tends
to 0.

Recall that in the Heisenberg model the subgroup of real parabolic representations
corresponds to R? x {0} C H_ C G_ = H_ x (U(2) x R). Note also that wy is the
image of i/, under the canonical inclusion u(2) — su(3, 1).

Suppose that (x, y,0) € R? x {0} is the second fixed point of p,(7;dM). In the
notation of PSL,(C) we have

etz
Pu(p) = i( 0 e—u/Z)’

h T
enee Xy 2 sinh(u/2)
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Using the formalism of G_, the conjugate of wy we are looking for is

i0 d eit 0
Ad(x,y,0 (0 i) = E(x,y,O) ( 0 ei’) (=x,—»,0) .
=

d i i €it 0
= E('xv y’o)(_xet’_yet’o) ( 0 eit)

=0

_d i iy (2 2y el 0
= =y —e. o+ i) (5 )

t=0
. . i0
:(—lx,—ly,(xz+yz))-i-(l )
0 i
Under the inclusion g— < su(3, 1) this element is written as

i/2 0 0xy 000 O
i/2 ] 0 0xy . 2 1000 O
—i/2 W _x x 00|00 1 -
—i/2 -y y 00 001 —1

Hence Ad(y,,,0)(wo) = wo + parabolic.

Now x2 + y2 = 1/|4sinh?(u/2)| and in order to obtain an invariant matrix which
converges when u — 0 we take

a, = —i4 ‘sinh2 %‘ Ad(x,y,0)(wo) = 4 )sinh2 %‘ Vo + parabolic

and the lemma is clear. O

Proof of Lemma 7.4 Using Lemma 7.5 and Lemma 3.6 we obtain

B(ay, ay)'? = 4| sinh?(u/2)| B(Vy, Vo)'/? = 8| sinh?(u/2)|,
B(Qu(s) ()\), au(s)) = B(Qu(s) ()‘)7 VO) 4| sinhz(u/2)|.

Hence

B(eu(s)()‘)»au(s)) _ l
”au(s)” 2
B(8y0)(A). Vo) = B(zp (1), Vo) = B(ay, Wp) = 32.

1
B(Oy(s5)(A). Vo) — EB(Qu(O)(K)’ Vo) ass—0,

A similar computation holds for 6,5 (1). a
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8 Examples

In this section we compute two examples, the figure eight knot and the Whitehead link
exteriors. We start introducing some notation. Let x € R* be a column vector. As
in Section 3.4 we will use the following notation: x* = x’.J. Then for all x,y € R*
we have that xy* + yx* € v. In the sequel we will make use of the following basis
{Ul,...,vg} of v:

v; =eje; +eqe; fori=1,...,3,

Vs =eje; +exe], Us =eje; +ezef, v =eje; + eqe],

V7 =eze] +eze;, Vg =exe; +ese5, Vg =ese, + eqe;.
8.1 The figure eight knot
In this section we explain the computations to show that the figure eight knot exterior
is infinitesimally projectively rigid.

Let I" be the fundamental group of the figure eight knot exterior. We fix a presentation
of I':

Leyx~ty™hy,

(10) L= (x, plxy™xyay”
where x and y represent meridians.
By Corollary 5.4, it suffices to show that dim H (T, vaq 00) = 1.

We start with a holonomy representation of the complete structure in SL,(C) [35]:

11 1 0
“’(0 1) y”((l—:ﬁ)/z )

Using for instance the construction described in [12], the representation in PSO(3, 1)
is given by

10 0 0 1 0 /3/2 V/3/2
01 -1 1 0 1 1/2 12
PI=101 12 12| PS50 2172 172 —1)2
01 —1/23/2 V3/2 172 1/2 3)2

Notice that the holonomy of x and y have a fixed point in the light cone, which are
respectively
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With respect to the basis {vq,...,v9} for v the adjoint representation is given by

/1 00 0 0 0 0 0O

1220 0 0 —-22 =2

15 1 1

7723 0 0 0 1 1 3

0001 -1-1 000

Adpy(x)=|000 1 % -3 0 0 0

000-1 45 3 000

13 13

5500 0 0 —535 0

35 35

5320 0 0 —3 3 =2

3.7 1 1

7723 0 0 0 0 2 5)
7 3 3 3
1 5 1 1
7 7 5 0 0 0 1 1 5
1 1 1 V3 V3 3 1 1 1

2 2 2 2 2 22 2
V3 V3 A3 Vi M3 A3
ol S S VA T T
Adpo()=| =3 =% 0 4 - 3 R -F o0

543 343 1 5 9 V3 A3

S el SEEVE RS B B S M sl
_1 3 g _A3 _N3 M3 1 3
4 4 2 4 4 4 4
3 5 | M3 3 V3 3 7 1
4 4 2 4 4 4 4
3 1 V3 1
3 -1 b= 0 V30 a1 L)

The cohomology group H!(I'; ) is computed as the quotient Z!/B', where Z! =
Z1(T;badp,) is the space of cocycles and B! = B!(I";baqp,) the space of cobound-
aries, cf Section 3.1.2.

Since v has no element globally invariant by I', dim B! = dimv = 9. We claim

that dim Z! = 10. To compute this dimension, we use the isomorphism of R—vector
spaces:

z! e{(a,b)ebz‘%—’)‘c’-a—i—%—‘;’-b:()}
d < (d(x),d(y))

Geometry & Topology, Volume 15 (2011)



Infinitesimal projective rigidity under Dehn filling 2057

1 1 1

where w = xy~'x71yxy~lxyx~1y~! is the relation in the presentation of I'", and

g—';c’, %—‘;’ stand for the Fox derivatives [27]:
Jw o o o
gzl—xy 'x 1+xy Ty 1y+yxy 'x 1—y,
ow _ oy L B
5=—xy Pxy™ I Ty I yxyp™ T — 1,

Thus, Z! is isomorphic to the kernel of the linear map from v x v to v with matrix

(11) (Adpo(i—w),Adpo(a—w)).
X ay

One can check that this matrix has rank 8, by means of an elementary but tedious
computation. Hence dim Z! = 10, as claimed. To prove Proposition 1.7 we need to
show:

Remark 8.1 The longitude is a rigid slope.

With this remark, Proposition 1.7 is just an application of Proposition 7.2. To prove
that the longitude is a rigid slope, we need to analyze more carefully the previous
computation.

By looking at the kernel of matrix (11), we choose one cocycle d determined by

00 0 O
00 -3 -1
d(x) = 0-3 0 0 and d(y)=0.
01 0 O
Let / = yx~1y~1x2y~1x~1y be the longitude that commutes with x. Then, by Fox
calculus,

60 —4+/3 603 —68+/3
43 -4 -12 12
603 —12 178 =206
683 —12 206 —234

To see that d restricted to the cyclic group generated by / is not a coboundary, following
the proof of Lemma 5.5, we must find an invariant element ¢ € v2420%) guch that
B(d(l),a) # 0. Since

d(l) =

1 0-2J323
0 1 0 0
230 -6 7
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following again the proof of Lemma 5.5, we choose

and we have that B(d(/),a) = —16 # 0.

8.2 Orbifolds with the figure eight knot as the singular locus

Let O, denote the orbifold with underlying space S3, singular locus Sing(0,) the
figure eight knot and ramification index n. The orbifold O, is hyperbolic for n > 4.
Note that the orbifold O, has a finite cyclic covering (9~n — O, where M, := 5:1 is
the so called Fibonacci manifold which is widely studied in the literature [20].

The aim of this subsection is to prove Proposition 1.8, which states that O, is not
locally projectively rigid for sufficiently large n, and that its deformation space is a
curve. This will be proved in Section 8.2.4, after three sections of preliminary results.

As before, I'g :=T" = 71(Op \ Sing(Oy,)) denotes the fundamental group of the figure
eight knot exterior, so that

. b ~
Lijn =777 (On) = T'/(m"),
for m € I' representing a meridian. Note that there exists an exact sequence

0— m (M) — nfrb((’)n) —Z/nZ—0.

8.2.1 A finite order automorphism of Iy The figure eight knot is amphicheiral and
hence there exists an automorphism of I'g preserving the longitude and sending the
meridian to its inverse. Such an automorphism ¢g: I'g — I’y is given by

1 1

go(x) =x""and po(y) = px~ 1y Ixy~L.

By direct calculation using Presentation (10) and the meridian/longitude pair m = x
and / = yx~!1y~1x2y~1x~1y one checks that ¢ is an automorphism and that

@o(m) =m~" and go(l) = 1.

Hence ¢( induces automorphisms

®1/n- 1—11/n - 1—‘l/n-
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Let po: I'o —PSO(3, 1) and py/,: I'1/, —PSO(3, 1) denote the holonomy representa-
tions. Then by Mostow—Prasad rigidity there exists a unique element 4;,, € PSO(3, 1)
such that

(12) P1/n°¥1/n = Ad4,,, °P1/n
for n > 4, including 0 = 1/00.

For any group homomorphism ¢: I' — I’ and any I'-module a’ we denote by “a’
the I'—module with underlying set a’ and the T" action y oa’ = ¢(y)od’. It is easy to
check that ¢ induces a map

f* H*(I',d) - H*(I',?d)

(see [9, I11.8]). Now any I'-module a and any morphism of I'-modules «: Ya’ — a
there is an induced map in cohomology (¢, )*: H*(T",a) — H*(T', a) given by

(p, )" =axop™
By [9, Proposition II1.8.3], inner automorphisms of I' induce the identity on cohomol-
ogy.

Now Equation (12) tells us that AdAl—/ln: @105, 0w = Ypy,, is a I'1j,—module mor-
phism and hence there is an induced map

go;‘/n = (wl/n,AdAl_/ln)*; Hl(rl/,,,opl/n) — Hl(rl/,,,npl/n).

To work explicitly with this map, we work with cocycles Z!(T; /n>Vp;,,) 1€ Maps
z: I'yyy = vy, satistying the cocycle relation (Section 3.1.2). We also denote by
0%t Z Y T1/n0p,,) = Z (T1n. 0, ,,) the induced map on cocycles that is given by

<pi"/n(z) =Adg;) ozogy, forallze Zl(l"l/n, Op1/n)-

In the sequel we shall compute the action of ¢ In first on the homology H*(dM,v,,,,)
and then we shall deduce its action on H*(T';/,,0,,,,).

For 4 <n < 0o, we have a natural isomorphism
H*(OM, v,,,,) = H*(IM,R) ® pP1/n(m19M)
(see Lemma 5.3). For n = oo Lemma 5.5 applies and hence
if @i H'(OM,v5)) — H'(1,05)) & H*(m,0,,)
is injective. Moreover rk(i;") = rk(iy,) = 1.

In the sequel let ¢*: H*(dM,R) — H*(dM,R) denote the map induced in the un-
twisted cohomology with real coefficients.
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Lemma 8.2 For n < oo, with respect to the isomorphism
H*(0M, vp,,,) = H*(IM, R) @ pP1/nF10M),

the isomorphism go;" /n 0N cohomology is given by

(p;"/n =0*® Id o/ ceiom).

For n = oo, we have

iffopy =i and iyopy=—in.
Proof If n >4 then py/,(m) is an elliptic element and p;,,(/) is a pure hyperbolic
translation. This can be seen for example by using the trace identity

tr p(l) = tr* p(m) — 5tr* p(m) + 2,

which holds for every irreducible representation p: I' — SL(2, C) (see for example
[33, page 113]). Hence up to conjugation we may assume that

cos(2m/n) —sin(2w/n) 0 0
Pt () = sin(Z(;r/n) cos(207r/n) (1) 8
0 0 01

(1 0 0 0

01 0 0
Prin) =100 cosh(hy) sinh(h,) |’
0 0 sinh(A,) cosh(Ay)

where A, is the translation length of the holonomy of /, which is the length of the
geodesic singular locus. With this normalization we obtain

10 0 O

pPr/m(many _ (10100
00-10 |/

00 0 —1
1

o _|o-toof(Ra 0

/m=1o 0 10|\ 0 1,)°
0

where Ry is a rotation of angle @ € R and T, is a hyperbolic translation of length
n € R. The actual values of « and 7 are not needed since the above form of 4/,
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already implies that it acts trivially on v°1/n(T10M) je
Ady,,, ‘Upl/n(ﬂlaM) = Idnpl/n(ﬂlaM),
and the first assertion of the lemma follows.

In order to prove the second assertion recall that

00 0 0 0 0 —23 23
00 —11 0 0 0 0
po(m) =po(x)=exp| -\ o | and po(l) =exp 230 0 0
01 0 0 230 0 0
1 000
0-100
Hence AO_MOO]O
00 01

for some M in the parabolic group that fixes v4 = Fix({po(m), po(/))), and that
maps v_, the point fixed by the parabolic group containing (), to po(yx~1)-v_,
because ¢o(y) = yx~!y~lxy~1. With respect to our normalization we have

0 0 V3

10 |0 1 | -1
=1 -=| and po(yx~ ) -v_ = 0
1 1 2

0 0 —+/3/2 V/3)2
0o 1/2 -1/2
1/2 0 0
V3/2 =1/2 0 0
1 0 —+/3/2 43)2
0 -1 1/2 -1)2
V3/21/2 172 1)2
V3/2 172 =172 3/2

0
Hence M =exp J3)2 —

and Ag =

Let us consider the two cocycles z,,, z;: 71 (0M') — v,, which were constructed in the
proof of Lemma 5.5: zp,: 1 (0M) — v, given by z,,(/) = 0 and z,,(m) = a; where

a] = €,
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and z;: w1 (M) — vy, given by z;(/) = ap and z;(m) = 0 where
3

aAm = €.

These cocycles satisfy
l;;([zm]) #0, il* ([zm]) = 0,
im(z) =0, i (z]) #0.
Moreover we have

(/)gzm(m) = AdAal Zm(m_l)

= — A1 Adgygny1 @1

—-100 O
o322
o 0 20 -9
0 29 =2
and @ zm (1) :AdAal zm() =0.
Since (im®0Zm-am) = B(am. 3 zm(m)) =32 = —B(am, a;)

it follows that i,;, 0z ~ —i,, Zm (see the argument at the end of the proof of Lemma 5.5).
On the other hand we have

30 —24323
Y2 m) =0 and @Fz;(1) = Ad -1 (am) = 0 -1 0 0
Pozim) = Yo 2zl = Adyo am) = _2\/5 0 P _3

243 0 3 —4

Since B(a;, ¢g5zi(1)) = =32 = B(a;,an) it follows that i ¢z ~ i/ z;. O

Corollary 8.3 For sufficiently large n € N the composition
HI(M’ t]:01/11) — Hl(aM’ Upl/n) - Hl (m’ Dpl/n)

is the zero map.

Proof The longitude / is a rigid slope (see Remark 8.1). Thus by Lemma 8.2 the map
ga: H' (M, vp,) — H' (M, bp,) is the identity.
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Next notice that for n sufficiently large, by Corollary 6.6 we have an inclusion
H'(M.v,,,,)— H'(0M,v,,,,).

The eigenvalues of ¢ : HY(0M,v,,,,) —> H'(0M,v,,,,) are +1 since the restric-
tion of ¢y, to the subgroup generated by m and / is an involution. Moreover, (pl /n
preserves HY (M, Op1 /) < H'(0M, vp,,,) and hence the induced map (pl/n on
HY (M, v p1/») 18 £Id and by continuity this restriction is the identity.

On the other hand we have ¢;,,(m) = m~!, hence by Lemma 8.2 and Lemma 5.3,
<pi“/n induces —Id on the image of H!(0M, Op1/n) = H'(m, Op1/n)- a

8.2.2 The orbifold cohomology It will be convenient to consider orbifold cohomol-
ogy with twisted coefficients. We follow the simplicial approach of Section 3.1.1.
Consider a CW—complex structure on the underlying manifold of O, (S3 in this
case), that respects the stratification of the singular locus (ie the singular locus is a
subcomplex). Following [33], we use precisely the same definition as in Section 3.1.1
of twisted simplicial chains and cochains to defined the homology and cohomology
of O, with twisted coefficients. In particular we are interested in

H*(On,vp,,,).

The fastest way to see that these cohomology groups are independent of the CW—
complex structure is using the cyclic regular covering M, — O, that is a manifold,
the Fibonacci manifold, as mentioned at the beginning of Section 3.1. We denote the
projection

p: My — O,.

On the other hand, let #,: M,, — M,, denote the generator of the group of deck transfor-
mations, so that O, = M, /(t,). It acts on cohomology, and H*(O,, v, /n)‘: denotes
the invariant subspace. The following lemma uses the standard transfer argument and
can be found in [33]:

Lemma 8.4 The projection induces an isomorphism

p*: H*(Ona Upl/n) :) H*(Mn’ t)pl/n)t;:'

It follows from this lemma that H*(Oy, v, ,,) is independent of the CW-complex. It
is also used in the next lemma.

Lemma 8.5 There is a natural isomorphism H*(Oy,v,,,,) = H*(T'1/5, 05, ,,,).
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Proof As above let M, — O, be cyclic regular covering corresponding to the
Fibonacci manifold. The compact, hyperbolic manifold M), is aspherical, hence there
is a canonical isomorphism

H*(Trl (Mn), npl/n) E H*(Mn, Upl/n) .

Then the lemma follows because H*(Op, vy, ,,) = H*(Mp, npl/n)t:T , by Lemma 8.4,
and H*(71(On), 0p,,,) = H*(7w1(My), 0p, , )’;1k , by the transfer in group cohomology
(see [9] for instance). a

The point of working with orbifold cohomology with twisted coefficients is that one
can apply some tools of simplicial cohomology, mainly Mayer—Vietoris and the long
exact sequence of the pair [33]. This will be useful in the following section.

8.2.3 A finite order automorphism of I'; /,
Proposition 8.6 For sufficiently large n € N we have:
(1) HYT1/4.514)p,,,) = H (L1 0,95, ,,) = R is one-dimensional and (pi"/n acts
trivially on it.
(2) H*(T1/.51(4)p,,,) = H*(T1 5,95, ,,) = R is one-dimensional and (p;‘/n acts

by multiplication by —1 on it.

Proof We start with the decomposition
H*(Fl/n,5[(4)p1/n) = H*(Fl/na50(3’ l)pl/n) 2] H*(Fl/n’ npl/n)~

The group H'! (T'1/n-50(3,1)p,,,) = 0 vanishes by Weil’s infinitesimal rigidity and
hence
H?*(Typ.50(3,1)p,,,) =0
by Poincaré duality and Lemma 8.5. Thus
H' (Ty/n.5#)p,,,) = H (T1/p.0p,,,) fori=1.2.

In order to compute Hi(Fl/n, 0py/n) = H (O, p,,,) We shall apply the Mayer—
Vietoris sequence to the decomposition O, = M U N, where N, = N (Sing(Oy,)) is a
regular neighborhood of the singular locus such that M N N, = oM . By Corollary 6.6,
the dimension of H' (M, p,,,) is 1 for i = 1,2 and zero otherwise. Hence

H%(Op,0,,,,) = H(M, v, ) 2= oP/nT1 D) — ¢

H0(3M, DP]/n) ~ pP1/n(@OM)) — o1/ (71 (Np)) ~ HO(Nn, Upl/n)‘
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Therefore we obtain the following exact sequence from Mayer—Vietoris:
HI(OI’I» npl/n) > Hl (M’ U,ol/n) @ Hl (Nn, U,Ol/n)
— H'(0M,v,,,,) = H*(On,0,,,,)

The injectivity of the first arrow follows from a dimension counting of the 0-th
cohomology terms. One can deduce that the last arrow is surjective by looking at
the terms that follow the exact sequence: dim H?(M, v, ,») = 1 by Corollary 6.6,
dim H?(0M, v,, ,») = 1 by Lemma 5.3(i), and the other cohomology groups ap-
pearing vanish as N, has the homotopy type of a circle and M and dM have the
homotopy type of a 2—complex. By Corollary 8.3, both groups H!(M, 0p,,,) and
HY(N,, p,,,) have the same image in H'(0M, p,,,) Which is exactly the kernel of
the map H'(0M,v,,,,) = H'(m,v,,,,). Notice also that dim H'(0M, v, ,,) =2
and
dim H'(Ny, v,,,,) = dim HO(Ny, vy, ,,) = dim pP1/n1Nn) — 1

Therefore we get diim H'(Oy, vy, /u) = 1. Moreover, the map ¢} /n ACtS trivially on
H'(On,v,,,,) since by the proof of Corollary 8.3 it acts trivially on H'(M,v,,,,),
and Hl((’)n,npl/n) injects into H'(M, Op1/n)-

On the other hand we have
H'(0M. vy,,,) = H' (IM.R) @ o1/,

@(m) = m~! and ¢(I) = I. Hence the eigenvalues of (p;‘/n: H'(0M, O01/0) =
HY(0M, v, ,») are £1. The eigenspace corresponding to the eigenvalue +1 is
the image of H'(M,v,,,,) (and H'(Ny.v,,,,)). Therefore (p;"/n acts as —Id on
H?*(Op.vp,,,)- o

8.2.4 Deforming the projective structure of O,

Proof of Proposition 1.8 We shall show that every Zariski tangent vector is inte-
grable. We use the following general setup: let I' be a finitely presented group and let
p: I' = GL(r, R) be a representation. A formal deformation of p is a representation
pr: I — GL(r, R[[t])) such that py = p. Here R[[¢]| denotes the ring of formal power
series and pg: I' — C is the evaluation of p; at t = 0.

Every formal deformation p; of p can be written in the form

pe(v) = Iy + tuy (y) + tuz(y) + - )p(y),

where [, denotes the identity matrix and u;: I' — gl(r) are maps ie elements of
c (T, gl(r)p). An easy calculation gives that u; € Z\(T, gl(r)p) is a cocycle (Weil’s
theorem). More generally we have the following:
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Lemma 8.7 Let p: I' — GL(r) be a homomorphism. Then p;: I' — GL(r, R[¢]))
given by
0:(y) = (I +tuy (y) + Pus(y) + Cuz(y) +---)p(y)
is a homomorphism if and only if for all k € Z., k > 1, we have
k—1

(13) Sug+ Y ui Uug_y =0.
i=1

The proof of this lemma is a direct calculation. Here the cup product U is the composi-
tion of the usual cup product U with the matrix multiplication

C(T, gl(r),) ® C' (T, gl(r),) = C2(T, gl(r), ® gl(r)p) — C2(T, gl(r),).

Namely, for cochains ¢1, ¢, € C1(T, gl(r),), the cup product ¢; Uey € C3(T, gl(r)p)
is given by

c1Uca(yr, y2) = c1(y1) Adpyy) (c2(2)) € 8l(r).
In the sequel the representation p is going to be always p;/,, hence we omit it from
notation. Note that the I';/,—module gl(4) decomposes as a direct sum

gl(4) = R sl(4),

where R R/, is the trivial module, it is the center of gl(4). Moreover H'(T'"; /n-R)=0
for i = 1,2 since Hy(Mpy,Z) is finite (no root of unity is a zero of the Alexander
polynomial of the figure eight-knot). Hence

H'(Ty/p, g(4)) = H' (T, 0) fori=1,2.

Instead of ¢;/, we shall consider the automorphism ,: I'y/, — I'y/, given by
V1/n = Cy—10¢1/y, Where c,—1 denotes conjugation by y~1. By [9, Proposition I11.8.3],
the induced maps in cohomology are the same: v/ In= (,o;k n' Notice that Wf In is the
identity.

Letve H! (T'1/n, 8l(4)), we choose a cocycle u; € Z! ('t /., 8l(4)) in its cohomology
class. Since ¥1/, has order 4, we may consider the average of the action of 1//{"/’1
on uj:

T+ Vi) + (Vf;k/,,)z(ul) + (1/f1*/n)3(ul))-
This cocycle is ¥/ /n—invariant and, since ¥ /p ACts as the identity on H'(I" /n-8H4)),
it is cohomologous to #;. Thus we may assume that w;k/ (u1) = u; by averaging.

First we claim that #; Uu; is cohomologous to zero. This is because vl In (uiUuy) =
wl/n(ul) Ul/fl/n(ul) =u;Uu, and 1//1 n(ul Uuy) is cohomologous to —uy Uy, as
w1 Uuq is a 2—cocycle and Wl/ acts on H? (T'1/n- gl(4)) by multiplication by —1.
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There exist a 1 —chain u, € C'! (T'1/n. 9l(4)) satisfying u, Uuy +8us =0. As before,
we may assume that v/ In (1) = u, by averaging. The same argument as before proves
that

uzOul—l—ulUuz=w;k/n(u20u1+ulUu2)~—(u20u1+ulUu2),

where ~ means cohomologous. Thus there exists a 1—chain u3 € C!(I'; /ns 81(4))
satisfying

U Uu2+uzUu1 + duz = 0.
Again u3 can be chosen to be 1//?‘ / ,—invariant. By induction we can find an infinite
sequence of 1—chains u,,us, ... that satisfy Equation (13).

This implies that all obstructions to integrability vanish, hence we have a formal
deformation of p, that gives formal integrability of v. We apply Artin’s theorem [2],
to conclude that formal integrability implies actual integrability of v. a

8.3 The Whitehead link

A similar computation as for the figure eight knot tells us that the Whitehead link L =
K U K, is infinitesimally projectively rigid. Let ' = 1 (M) denote the fundamental
group of the Whitehead link exterior M . We will work with the presentation

1 1

U= (x,p[xy~ x7 Ty ™y hayx Ty Ty ™y,
where x is a meridian for K; and y is a meridian for K;. The holonomy representation

p: I' = SL,(C) is given by

(1! (1o
*Tlor) YT Lo

(see Riley [34] for details). A computation analogous to the one of the previous
subsection shows that dim H (M ; vaq p) = 2. Hence, by Corollary 5.4, the Whitehead
link is infinitesimally projectively rigid relative to the cusps.

Once we know the dimension of the deformation space, we have a geometric tool to
understand the deformations: let S denote the thrice puncture sphere illustrated in
Figure 1. By symmetry of the components of the link, there are two of them. The
surface S intersects one boundary torus in a longitude /x = yx~ !y~ !xy~1x~1yx, and
the other one in two meridians y and z = x"'y~!xyx~! yx, with opposite orientation.
The restriction of the holonomy onto 7;(S) is conjugate to a representation into
SL,(R). Hence S a totally geodesic thrice puncture sphere in the link complement.

Lemma 8.8 Let d; M denote the boundary component of K. Every slope on 91 M
different from the longitude [ is a rigid slope.
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Figure 1: The thrice punctured sphere S in the Whitehead link

Proof We consider the bending along S (see Johnson and Millson [23] for more
details about the bending construction). Since S is totally geodesic, the image of
its holonomy is contained in SO(2, 1) C SO(3,1). On the other hand the SO(2, 1)
commutes with the exponential of

-3
1
a= e sl(4).
1

We write I" as an HNN-extension I' = (M \ S) #,(s) . In particular we have a gener-
ator v of I' such that the only relations involving v are of the form vj; (s)v™! = j5(s),
for all s € m1(S), where ji, jo: m1(S) = w1 (M \ S) are the morphisms induced by
inclusions of each copy of S in M \ N'(S). The bending is the family of represen-
tations p;, £ € R, such that p; |, (ar\s) = p and p;(v) = exp(t @) p(v). Johnson and
Millson prove in [23, Lemma 5.5] that the cocycle tangent to this deformation is not
cohomologous to zero.

If we restrict this bending cocycle to d; M , it is itself a bending cocycle along the
longitude /, and it happens to be precisely the infinitesimal deformation constructed
in the proof of Lemma 5.5. Thus, except for the longitude itself, this infinitesimal
deformation is nontrivial when restricted to any slope of the torus, because the cusp
shape of the Whitehead link lies in the Gaussian integers Z[i], thus the angle of any
slope with the longitude /5 can never be 7/3, and we can apply Lemma 5.5. a
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Proof of Proposition 1.9 Lemma 8.8 and Proposition 7.2 imply that for almost all n
the (n, 1)-Dehn fillings are infinitesimally projectively rigid. According to [1] those
fillings are precisely the punctured torus bundles with tunnel number one.

Twists knots are obtained by (1, #)—Dehn fillings, but we cannot apply Proposition 7.2,
because the longitude is not a rigid slope. However, the path (p,q) = (1,s) for s € R
and s > 1 is contained in the whole deformation space (cf [1]). Hence, since the
coefficients (1, 1) correspond to the figure eight knot exterior, with an argument similar
to Theorem 1.5, the (1,r)—Dehn fillings are infinitesimally rigid for all but finitely
many 7. O
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