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ABSTRACT. The main theorem of this article provides sufficient conditions for a
degree d finite cover M’ of a hyperbolic 3-manifold M to be a surface-bundle. Let
F be an embedded, closed and orientable surface of genus g, close to a minimal
surface in the cover M’, splitting M’ into a disjoint union of ¢ handlebodies and
compression bodies. We show that there exists a fiber in the complement of F'
provided that d, ¢ and g satisfy some inequality involving an explicit constant k
depending only on the volume and the injectivity radius of M. In particular, this
theorem applies to a Heegaard splitting of a finite covering M’, giving an explicit
lower bound for the genus of a strongly irreducible Heegaard splitting of M’.
Applying the main theorem to the setting of a circular decomposition associated
to a non trivial homology class of M gives sufficient conditions for this homology
class to correspond to a fibration over the circle. Similar methods lead also to a
sufficient condition for an incompressible embedded surface in M to be a fiber.
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INTRODUCTION

Thurston conjectured that every complete hyperbolic, connected and orientable
3-manifold of finite volume virtually fibers over the circle, i.e. such a manifold has
a finite covering that is a surface bundle over the circle.

This conjecture received a great deal of attention during the past few years, cul-
minating with the announcement of its proof by Ian Agol very recently (thanks
to works of Daniel Wise, Jeremy Kahn and Vladimir Markovic, Frédéric Haglund,
Nicolas Bergeron, and many other people). The proof is based on Daniel Wise’s
program.

The aim of this article is to provide explicit criteria for a given finite cover of a
closed hyperbolic 3-manifold to be a surface bundle. More explicitly, given a cover
M'" — M of M with finite degree d, a natural question is to wonder whether M’
contains an embedded surface that is a fiber, and to give an upper bound for its
genus. The idea is to start with surfaces that already exist in M’, like Heegaard
surfaces.

The method is inspired by Lackenby’s program to find surface bundles in towers
of finite coverings of a given closed hyperbolic 3-manifold.

Let us be more precise. If C' is a handlebody or a compression body, set y_(C) :=
X—(0,C). If S is a union of connected components of d_C', the definition implies
that x_(5) < x-(C).

Definition 0.1. An embedded surface S in a Riemannian 3-manifold M is called
pseudo-minimal if it is orientable, closed, and S is a minimal surface or the
boundary of a reqular neighborhood of a minimal non-orientable surface, possibly
with a little tube attached vertically in the I-bundle structure.
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The main result of this article is the following theorem.

Theorem A. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
Denote by Inj(M) the injectivity radius of M and set e = %Inj(M).

There exists an explicit constant k = k(e, Vol(M)) > 0, depending only on € and
the volume Vol(M) satisfying the following properties.

Let M' — M be a cover of finite degree d which contains a closed, orientable,
embedded and pseudo-minimal surface F, splitting M' into a disjoint union of q
handlebodies and compression bodies C1,...,C,. Suppose that:

(1) the union F~ of the components of F' corresponding to the negative boundary
components of C; is a union of incompressible surfaces, and
(2) the inequality k clnc < Inln g holds, where ¢ = max;—1,._,{x-(C})}.

Then one of the components of F'~ is the fiber of a surface-bundle structure for
M’ (corresponding to a bundle over the circle or a twisted I-bundle).

The proof of this theorem leads to the following corollary.

Corollary 0.2. Under the assumptions of theorem A, the volume of a handlebody C;
(i.e. such that 0_-C; = 0), among the q compression bodies, must satisfy Vol(C;) <
Vol(M)d/q.

The topological assumption (1) of theorem A may not be necessary. We conjecture
that:

Conjecture (x). Theorem A is still true even if assumption (1) is not a priori
satisfied.

If N is a connected, compact and orientable 3-manifold, the Heegaard Euler char-
acteristic x" (V) of N is the minimum over all Heegaard surfaces I of the negative
part x_(F) = min{—x(F),0} of the Euler characteristic of F'. Likewise, the strong
Heegaard Euler characteristic x*"(N) is the minimum of y_(F) over all the strongly
irreducible Heegaard surfaces F' of N. By convention, if the manifold N does not
contain any strongly irreducible Heegaard surface, x*"(N) = +o0. For further defi-
nitions and details about the theory of Heegaard splittings, see section 1.

As a Heegaard surface divides a 3-manifold into two compression bodies, after
some work, this general theorem applies in the setting of Heegaard splittings. A
consequence is the following result, which gives a stronger and explicit version of a
theorem of J. Maher [Mah], stating that an infinite tower of finite coverings of M
with a uniform bound on the Heegaard genus does contain surface bundles. This
theorem of Maher and its proof were the starting point of this work.

Theorem 0.3. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
Denote by Inj(M) the injectivity radius of M and set € = $Inj(M).
(1) There exists an explicit constant k = k(e, Vol(M)) such that for every cover-
ing M' — M with finite degree d such that k x" (M') Inx" (M’) < Inlnd,
M’ is a surface bundle with fiber of genus at most g(M").

(2) Moreover, for every covering M' — M with finite degree d, one always has
Exs"(M')Inx*"(M’) > Inlnd.
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Lackenby [L] in his program introduced the notion of Heegaard gradient.

Definition 0.4. [L, p. 319 et 320]

Let M be a compact, connected and orientable 3-manifold. One defines the in-
fimal Heegaard gradient of the collection of finite coverings (M; — M );en with
degree d; as:

h
h . X2 (M;)
M; = M);ey) = inf .
v (( i )ZEN) },Iell{ dz }
Likewise, the infimal strong Heegaard gradient of the collection (M; —
M)iEN 18!

sh
VA ((M; = M)en) = inf {M} :
where x*"(M;) is the strong Heegaard Euler characteristic of the finite covering
(M; = M)jen.
If the family of finite covers is not specified, by convention it is the family of all
finite covers of M. The corresponding gradients are called the Heegaard gradient of
M, denoted by V"(M), and the strong Heegaard gradient of M, denoted by V*"(M).

Results of Lackenby show that those two quantities provide information about the
existence of incompressible surfaces in finite covers of a manifold M with sufficiently
large degrees. They led Lackenby to formulate the following conjectures.

Conjecture 0.1 (Heegaard gradient Conjecture). [L, p. 320]
The Heegaard gradient of a compact, connected and orientable hyperbolic 3-manifold
is zero if and only if the manifold M wvirtually fibers over the circle St.

This conjecture would follow immediately from the announcement of Thurston’s
virtual fibration conjecture.
A second conjecture deals with the strong Heegaard genus, and remains open.

Conjecture 0.2 (Strong Heegaard gradient Conjecture). [L, p. 320]
The strong Heegaard gradient of a closed, connected and orientable hyperbolic 3-
manifold is always strictly positive.

Theorem 0.3 leads to a "sub-logarithmic” version of conjecture 0.1 (for given col-
lections of finite coverings) and conjecture 0.2. As there exist infinite towers of
non-fibered finite coverings of a hyperbolic 3-manifold M (see [BW]), it makes sense
to asks for a condition to ensure that a given collection (M; — M);cy of finite covers
of M contains surface bundles.

Definition 0.5. Let n € (0,1).

The n-sub-logarithmic Heegaard gradient associated to a sequence of finite
covers (M; — M );en with finite degrees d; is defined by :
X! (M)
(Inlnd)n |

One can also define the strong n-sub-logarithmic Heegaard gradient of M
by

V;‘Ogm((Mi — M)iGN) = inf {

sh M)
sh M) = inf X—( 2
vlog’”( ) =in (Inlnd;)" |’
where the infimum is over the (countable) collection of all finite covers (M; — M );en
of M.
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Corollary 0.6. (1) If the n-sub-logarithmic Heegaard gradient VI ((M; — M );cn)

log,n
is zero, then for infinitely many @ € N the finite covering M; is a surface bun-

dle.
(2) The strong n-sub-logarithmic Heegaard gradient of M is always positive:
Vih (M) > 0.

log,m

Theorem A also applies in the setting of circular decompositions associated to a
non-trivial cohomology class, to give a sufficient condition for this class to be fibered.

Definition 0.7. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
If « € HY(M) = H'(M,Z) is a non-trivial cohomology class, let us denote by |||
the Thurston norm of a. By definition,

le] = min{x_(R), [R] = P(a)},

where R is an embedded surface and P(a) the Poincaré-dual class of a. We will call
such a surface R realizing the Thurston norm of a a ||a||-minimizing surface.

If R is a non-separating and ||a||-minimizing surface for a given non-trivial coho-
mology class « € HY (M), take N(R) = R x (—1,1) a regular neighborhood of R in
M, and denote by Mr = M \ N'(R). Set

h(M; o, R) = min{x(R) — x(5)},
where S is a Heegaard surface for (Mg, R x {1}, R x {—1}). Said differently,

%h(M,a,R) is the minimal number of 1-handles we need to attach to a regular

neighborhood of R x {1} in Mg to get the first compression body of a Heegaard
splitting of (Mg, R x {1}, R x {—1}). Set

h(M, ) = h(a) = min{h(M, a, R), [R] = P(a), x_(R) = |al]}.

For each non-trivial cohomology class a € H (M), let x° (a) = ||a|| + h(a) be the
circular characteristic of a. It is the negative part of the Euler characteristic
of a minimal genus Heegaard surface for Mg, where R is a ||c||-minimizing surface
such that the number h(M, o, R) is minimal among all ||a||-minimizing surfaces.

In this setting, theorem A leads to the following corollary, which is analogous to
theorem 0.3 for circular decompositions associated to a non-trivial cohomology class.

Corollary 0.8. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
Set € = Inj(M)/2. There exists an explicit constant ¢' = ¢'(e, Vol(M)), depending
only on € and the volume of M, satisfying the following property. Let M’ — M be a
covering of M of finite degree d, and o/ € H*(M') a non-trivial cohomology class.

If U x° (/) In x° () < Inlnd, then every ||/||-minimizing surface R' in M’ is a
fiber.

Thus we have a criterion to ensure that a non-trivial homology class can be rep-
resented by a fiber. If R is an incompressible embedded surface in M, its homology
class is trivial if and only if R is separating. We have also established a sufficient
condition for an incompressible surface R to be a virtual fiber.

Definition 0.9. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
Suppose that R is an incompressible, orientable and connected embedded surface in
M. If R is non-separating, the homology class [R] € Ho(M) is non-trivial. Let the
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Heegaard characteristic of the surface R be the minimum of |x(S)|, where S
is a Heegaard surface for (Mg := M\ N(R),R x {1}, R x {—1}).

If the surface R is separating, the manifold My := M\ N (R) is the disjoint union
of two connected components M; and M,. Let the Heegaard characteristic of
the surface R be the mazimum of {x" (M), x" (M,)}.

In both cases, let us denote by X" (R) the Heegaard characteristic of the incom-
pressible surface R.

In the following corollary, the surface R can either be separating or non-separating.

Corollary 0.10. Let M be a hyperbolic, connected, oriented and closed 3-manifold,
and set € = Inj(M)/2. There exists an explicit constant £ = {"(e, Vol(M)), depend-
ing only on € and Vol(M) and satisfying the following property. Let R be an incom-
pressible, connected, orientable and closed embedded surface in M. Let M' — M
be a covering of M of finite degree d. Let also R’ be a connected component of the
preimage of R in M'.

If 0" X" (R In x" (R') < Inlnd, then the incompressible surface R is a fiber. More-
over, if R’ is non-separating, R' is the fiber of a bundle over the circle, and the same
holds for R if it is non-separating. Otherwise, it is the fiber of a twisted I-bundle.

Remark 0.11. The explicit expression of constants k, k, ' and " involved in the-
orem A and corollaries of this work allows us to study their behavior. If the volume
Vol(M) is fized and that € tends to zero, or if € is fized and Vol(M) tends to infinity,
all those constants tend to infinity. Thus, the sufficient conditions become more and
more difficult to satisfy when the injectivity radius decreases, or if the volume grows.

Outline of the paper: After some definitions and generalities about Heegaard
splittings in the first section, we prove theorem A in the second section. The third
section is dedicated to the application of theorem A to Heegaard splittings and the
proof of theorem 0.3 and corollary 0.6. The last section deals with applications to
circular decompositions and the proof of corollaries 0.8 and 0.10.
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1. BACKGROUND ON HEEGAARD SPLITTINGS.

In this section, we briefly summarize the theory of Heegaard splittings. We also
refer to [Sc] for a survey on the subject.

A handlebody is the regular neighborhood of a connected graph. Its boundary is
a connected, orientable and closed surface. The genus g of this surface is called the
genus of the handlebody. The original graph is called a spine for the handlebody. If
an orientable 3-manifold M is closed, a Heegaard splitting of M is a decomposition
of M as the union of two handlebodies with the same genus, glued together by a
diffeomorphism of their boundaries. A compression body is a connected and
orientable 3-manifold H with boundary, obtained from a regular neighborhood S x
[0, 1] of a closed surface S, not necessarily connected. One glues some 1-handles to



6 CLAIRE RENARD.

the surface S x {1} to get the compression body H. The surface S x {0}, denoted by
0_H, is called the negative boundary of the compression body H. The boundary
of H minus the negative boundary 0_H is a connected surface 0, H, called the
positive boundary of H. The genus of the closed surface 0, H is called the genus
of the compression body H and denoted by g(H). By convention, a handlebody
as defined above is a compression body H for which 0_H = (). A spine for a
compression body H is the union I' of the negative boundary 0_H together with a
graph whose vertices lie on 0_H, such that H deformation retracts on I'.

Definition 1.1 (Heegaard Splittings). Let (M, Ny, N1) be a cobordism of M, with
possibly Ny = 0 or Ny = 0. In particular, if M is closed, Ny = N, = (). A Heegaard
splitting of M associated to the cobordism (M, Ny, N1) is a decomposition of M
into two compression bodies Hy and Hy such that:

(1) 0_Hy = Ny, 0_H; = Ny,

(2) 04Hy = 04 Hy = S where S is a closed surface, and

(3) M = HoUg H; is obtained from Hy and Hy by gluing their positive boundaries

by a homeomorphism of S.

The surface S is called a Heegaard surface for M and its genus is called the
genus of the Heegaard splitting M = Hy Ug H;.

Every compact and orientable 3-manifold M admits a Heegaard splitting. The
Heegaard genus of the manifold M, denoted by g(M), is the minimal genus of all
Heegaard splittings of M. The Heegaard Euler characteristic of M is " (M) =
2g(M)—2, the negative part of the Euler characteristic of a minimal genus Heegaard
surface for M.

A meridian disc for a Heegaard splitting of M is a properly embedded disc in
one of the compression bodies, which bounds an essential curve in the Heegaard
surface. A Heegaard splitting (or a Heegaard surface) is said to be strongly ir-
reducible if there does not exist any pair of disjoint meridian discs, one in each
compression body. In other words, in a strongly irreducible Heegaard splitting, the
boundaries of any two meridian discs each in one side of the Heegaard surface neces-
sarily intersect. For any orientable 3-manifold M, one defines the strong Heegaard
Euler characteristic y**(M) of M as the minimum over all strongly irreducible
Heegaard surfaces F' of the negative part x_(F') of the Euler characteristic of F.
If the manifold M does not have any strongly irreducible Heegaard splitting, then
X(M) = +oo.

Note that in the case of hyperbolic 3-manifolds, the Heegaard Euler characteristics
and the strong Heegaard Euler characteristics are always at least 2.

A Heegaard splitting can be seen as a handle decomposition for a closed 3-manifold
M. Starting from a collection of 0-handles, one attaches some 1-handles to them,
then a collection of 2-handles, to finish by 3-handles. The first handlebody corre-
sponds to the 0- and 1-handles, to which the 2- and 3-handles that compose the
second handlebody are attached. More generally, a generalized Heegaard split-
ting for a 3-manifold M corresponds to a handle decomposition: starting from
0-handles and possibly collars of some boundary components of M, one attaches
some 1-handles, then a collection of 2-handles, then another collection of 1-handles,
and so on, alternating 1- and 2-handles, to finish after the last collection of 2-handles
with a collection of 3-handles. If one stops during the process, the object obtained
after attaching the j-th batch of 1- or 2-handles is a 3-manifold embedded in M.
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Let Fj be its boundary, after discarding any 2-sphere component that bounds a 0-
or a 3-handle. After a small isotopy to make all the surfaces F} disjoint, one gets
a collection of 2n — 1 disjoint surfaces F; in M. The surfaces F5;, called the even
surfaces, separate the manifold M into n 3-manifolds, for which the surfaces Fy;_1,
called the odd surfaces, form Heegaard surfaces.

My I3

M, Fy

To each 1- and 2-handles of a generalized Heegaard splitting, one can associate a
meridian disc. If the splitting of the region between two even surfaces is not strongly
irreducible, two disjoint meridian discs can be used to change the order in which the
handles are attached. A 2-handle corresponding to one of the meridian discs can be
attached before a 1-handle corresponding to the other meridian disc. We will call
this operation a surgery of generalized Heegaard splitting.

Let F' be a closed and orientable surface. If F' is connected, one defines the
complexity of F as ¢(F) = 0 if F is the 2-sphere S?, and ¢(F) = 2¢g(F) — 1 =
1 — x(F) otherwise. If F'is not connected, the complexity of F is the sum over all
components of F' of the complexity of the component.

If H ={F,Fs,...,Fy,_1} is a generalized Heegaard splitting of M, the width
of this decomposition is the set w(H) = {c(F1),...,c(Fon—1)} of the complexities
of the odd surfaces, with repetitions and arranged in monotonically non-increasing
order. Widths are compared using the lexicographic order.

Starting from a generalized Heegaard splitting H = {F}, F5, ..., F5, 1} in which
at least one of the surfaces Fy; 1 is not strongly irreducible, one can do a surgery of
generalized Heegaard splittings to change the order in which the 1- and 2-handles
are attached, to get a new generalized Heegaard splitting H' with w(H') < w(H).
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If H is a generalized Heegaard splitting for M, let Sy be the set of all generalized
Heegaard splittings obtained from H by surgery. An element H' € Sy of minimal
width is called an H-thin generalized Heegaard splitting.

Proposition 1.2. Let M be a connected, oriented and compact 3-manifold, and H
a generalized Heegaard splitting for M.
Every H-thin generalized Heegaard splitting H' = (Fi, ..., Fon_1) satisfies the fol-

lowing properties.

(1) The odd surfaces Fy;_1 correspond to strongly irreducible Heegaard surfaces.

(2) The even surfaces Fy; are incompressible surfaces in M.

(3) Furthermore, if the manifold M is irreducible, then no component of any

even surface is a 2-sphere.

O
The proof of this proposition is a consequence of the definition of a surgery of
generalized Heegaard splittings. See for example [CG] and [ST].
A generalized splitting of minimal width among all generalized Heegaard splittings
of M is called a thin position (see [ST]).

2. FINDING A FIBRATION.

2.1. Main theorem. The aim of this section is to prove theorem A.

If S is a surface, let us denote by y_(S) = max{0, —x(S)} the negative part of
the Euler characteristic of S.

If C'is a compression body, set x_(C) := x_(0;C). If S is a union of connected
components of _C the definition implies that y_(5) < x_(C).

Definition 2.1. An embedded surface S in a Riemannian 3-manifold M s called
pseudo-mainimal if it is orientable, closed, and S is a minimal surface or the
boundary of a reqular neighborhood of a minimal non-orientable surface, possibly
with a little tube attached vertically in the I-bundle structure.

Proof of theorem A.
Suppose that there exists a finite cover M’ — M of degree d satisfying the hy-
potheses of theorem A. The proof relies on three key propositions, the proof of which
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we postpone to the three next subsections. Let us denote by g = 5+ 1. It is an
upper bound for the genus of the compression bodies of M.

Lemma 2.2. There exists a compression body C among the q compression bodies

Ch,...,Cq of M' such that

d
Vol(C) > Vol(M) —.
q
Proof of lemma 2.2.
The proof is straightforward, as there are ¢ compression bodies Cf,...,C,, and
Vol(M") = dVol(M). O
Let C be a compression body as in lemma 2.2.
Lemma 2.3. Let ky = max{%, 1+ ln(1+ln(1221‘;32/V01(M))}, where V3 is the

mazximal volume of an ideal hyperbolic tetrahedron in H?, and o’ = 6(21/4 + 3/4m +
3/4e + 2/ sinh?(e/4)).

If ko x—(C)Inx_(C) <Inlnd/q and Vol(M) > w/2, then there is a way of replac-
ing the boundary surfaces of C' by simplicial surfaces, to obtain a new compression
body C" with:

1 Vol(M)d
1(C") > ~Vol(C) > —————.
Vol(C") > 4Vo () > 10

This lemma is proven in subsection 2.2.1. To simplify notations, this new com-

pression body C” will still be denoted by C.

Definition 2.4. Let x be a point in C' and S an immersed surface in C. We say that
S separates x from 0,C if every oriented path from x to 0,C has its algebraic
intersection number with 0,C' equal to +1.

If two surfaces S and T immersed in C are such that S separates every point of
T from 0,.C, we say that T separates S from 0,C. In this case, the surfaces S
and T are said to be nested.

We will denote the ceil function of the real number z by [z], i.e. the smallest
integer not less than x. Similarly, |x] is the floor function of z, and represents the
largest integer no greater than z. By convention, we set [z]| and |z] equal to zero
if x is non-positive.

The following proposition is a step towards the construction of a certain amount
of parallel surfaces in the compression body C'. It is an adaptation of Lemma 4.5 p.
2251 of [Mah]. We postpone its proof to section 2.2.

Proposition B (of Nested Surfaces).
Let 0 be the diameter of the compression body C of M', ¢ = Inj(M)/2, K =

4 (3 + ) g(C) — 10 and K' = 2a'x_(C). Moreover, suppose that ko x_(C')

s €2
sinh 5

Iny_(C) < lnlng.
s 2 ﬁ} orientable,

Under those assumptions, there exist at least n = [z — § — 35
disjoint and nested surfaces, immersed in C. All of those surfaces are homotopic to
components of surfaces obtained by compressing 0,.C. Moreover, the e-diameter of
those surfaces in M’ is bounded from above by K and they are separated from each
other by a distance greater than or equal to 10K .
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’ .
0 — 2 _ K7 pested immersed

With this proposition, we obtain at least n = [557% — § — 37
surfaces in the handlebody C'. Those surfaces are all disjoint and homotopic to com-
ponents of surfaces obtained from 9, C by surgery. This implies that the the genus
of those surfaces is between 0 and ¢g(C'), the genus of C' (which is, by assumption,
less than or equal to g). We can thus find at least Lg((?ﬁJ such nested immersed
surfaces of the same genus. The next step is then to replace those nested immersed

surfaces by parallel embedded surfaces.

Proposition C (of Parallel Surfaces).
Let § be the diameter of the compression body C in M', ¢ = Inj(M)/2, K =

4 <3+ 3 )9(0) — 10 and K’ = 2d'x-(C). Suppose that ko x-(C)Inx-(C) <

. €2
sinh 5

Inln g.

Under those assumptions, there ezists at least m = (LW (52 —2-— f—[ﬂj —4)
oritentable, parallel and connected surfaces embedded in C, separated from each other
by a distance greater than or equal to €K, and each of those surfaces can be covered
by at most K embedded balls in M’ of radius 2¢. In particular, their diameter in the

manifold M’ is uniformly bounded from above by 4eK.

For the proof of this proposition, see section 2.3.
Let

1
— 23+ ——,
¢ sinh2(§)>

2
b = 2|14+ ——— d
Sinh2(§)> o

a = 6 21+3+3+ :
B 4 4r  4e  sinh’(S) )

Lemma 2.5. Under assumptions of theorem A, according to proposition C, there
exist m parallel surfaces embedded in the compression body C of M’, with

ol
.2 In (4) +1n (“52) 20,800
e X-(C)+4 72e(ax_(C) +b) 9 a '

Proof of lemma 2.5.
The number m of embedded parallel surfaces in C' obtained by proposition C is
equal to:

1 5 2 K
= e T
m Lg(C’)+1(366K 5 3xl %
where
K — 4(3 ) — 10
( +sinh§2)g( )

= ax-(C) +b,
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and
K' =2dx_(C).

The diameter ¢ of the compression body C' and the ratio d/q are related. On the
one hand,

Vol(C') < Vol (Bgs (5)) = m(sinh(26) — 26) < ge%.

Remark 2.6. The second logarithm of the expression In lng comes from this esti-
mation linking the diameter with the volume of a hyperbolic 3-manifold.

On the other hand, lemmas 2.2 and 2.3 give the lower bound
d
Vol(C') > Vol(M) —,
4q
which leads to the inequality
1 d 1 Vol(M)
1 >—In|— —In|{ ——=|.
® oz (5) (%)

In particular, if d/q tends to infinity, ¢ tends also to infinity.
The expression of m involves the ratio % Now,

K 2dx-(C)
3K 3ax_(C)+3b
B 2a’
~ 3a+3b/x_(C)

2a’
< —.
- 3a

Replacing the ratio K'/3K by 2d’/3a and taking inequality (1) into account, one
obtains

> _Z_Z77 =
o= LX,(C)—HJ 72e(ax—(C)+b 9 3(1”
Vol(M
2 In <§>+1n 2(7r )> 2(1 3a’) _5
x-(C)+4 72¢(ax—(C) +b) a ’
which ends the proof of lemma 2.5. O

Those m parallel surfaces obtained by proposition C are candidates for a fiber.
But we still have to select some of them to get a virtual fibration of the base manifold
M.

Let D be a Dirichlet fundamental polyhedron for M in its universal cover M ~ T3,
Translates of D by the covering transformations give a tiling of the universal cover
M. This tiling descends to a tiling of the finite cover M’ by d copies of D. Each of
the m parallel, connected and embedded surfaces in M’ obtained by proposition C
intersects a finite and connected set of copies of D. We call such a set a pattern
of fundamental domains. We can suppose that each of the embedded surfaces is
transverse to the 2-skeleton of the tiling. More precisely, we can suppose that each



12 CLAIRE RENARD.

surface does not meet the vertices of the fundamental polyhedra, that it intersects
the edges in isolated points and it is transverse to the 2-dimensional faces of the
polyhedra. Thus a pattern of fundamental domains is a connected set that is the
union of copies of D glued along some of their 2-dimensional faces.

Lemma 2.7. Let D be a Dirichlet fundamental polyhedron for M in H3. Let a be
the number of faces of D of dimension two.

For each ¢ € N, the number of possibilities to glue together at most { copies of D
to form a pattern of £ fundamental domains is less than or equal to (04\/5 E)ag.
Proof of lemma 2.7.

For every ¢ € N, let us denote by B(¢) the number of possibilities to glue together
¢ copies of D to form a pattern of ¢ fundamental domains. We have to find an upper
bound for the number of possibilities to identify pairwise some 2-dimensional faces
of at most ¢ Dirichlet polyhedra.

First, let us notice that there are at most a/ such 2-dimensional faces. Thus, there
are at most (af)! < (af)** ways to match pairwise those faces.

If (Fy, Fy) is a pair of such faces, we can choose to glue them together by an
orientation-reversing isometry h : F; — F, (if such an isometry between those
two faces exists). This isometry corresponds to a "pairing transformation” (see for
example [Mar, Proposition 3.5.1 p. 117]). It is a reflection in H? and its hyperplane
contains one of the faces of D. Thus, if such an isometry exists, it is unique. We
can also decide not to glue those two faces together: by convention, we will say that
we glue them by the empty gluing. Therefore, there are at most 2 ways to glue F
and F, together, including the empty gluing.

Thus there are at most (cvf)!Q%lZ < (a\/§ é)ag ways to glue together at most ¢

copies of fundamental domains to form a pattern of fundamental domains, which
ends the proof of lemma 2.7. O

The following lemma is a way to bound the number « of 2-faces of a fundamental
polyhedron D and its diameter in H? in terms of the volume of the manifold M and
a lower bound for its injectivity radius.

Lemma 2.8. Let D be a Dirichlet fundamental polyhedron for the manifold M,

embedded in the universal cover M ~ 3. Let D be an upper bound for the diameter
of D in H? and o be the number of its 2-faces. We have the following estimates:

, 8eVol(M)
2) diam(D) < o — 29 ~
and
3) o< m(sinh(4D) —4D) L

Vol(M)

If S is an embedded surface in the finite cover M' of M, which can be covered by
at most K embedded balls in M’ of radius € < Inj(M), then S intersects at most L
images of D in M', with
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m(sinh(2D + 2€¢') — 2D — 2¢)
Vol(M)

(4) L=| K.
Proof of lemma 2.8.

To prove inequality (2), first notice that diam(D) < 2diam(M). To prove it,
recall that there exists w € H? such that D = {x € H?, d(y(w),z) > d(w,x) Vv €
m(M)}. If x and y € D satisfy d(x,y) = diam(D), then

diam(D) = d(z,y) < d(z,w) + d(y, w) < 2diam(M).

Take x and y € M such that d(z,y) = diam(M), and let v be a minimizing
geodesic from x to y. By definition, length (y) = diam(M). Let B be a collection
of points in v which is maximal among collections of points of v such that two balls
of radius ¢ and whose centers are two distinct points of B have disjoint interiors.
Then, by maximality of B, the union of balls with centers in B and radius 2¢ cover
the geodesic 7.

Thus, |B| > %. As balls of centers in B and radius e have disjoint interiors,
considering volumes, we deduce:

Vol(M) > ) Vol(B(u,e))
ueB

- length (7)
- 4e

diam(M)
- 4e

Vol(Bys (€))
7(sinh(2¢) — 2e¢),

proving inequality (2).

Let us show inequality (3). To each 2-face of D, one can associate a unique
translate gp(D) of D adjacent to D along F. As the diameter of gp(D) is also
diam(D) < D, every point z € gp(D) lies at distance at most dist(x, F')+diam(D) <
2D from w € D. Thus, the ball of center w and radius 2D contains the fundamental
polyhedron D together with the union of all its translates gr (D), where F' is a 2-face
of D. As those polyhedra have disjoint interiors, for volumes, we obtain:

(o + 1)Vol(D) < Vol(Bys (w, 2D)),

and thus
7(sinh(4D) — 4D)
Q
- Vol (M)

The proof of inequality (4) is similar. Denote by B the set of the centers of
a collection of K embedded balls in M’ of radius ¢ covering the surface S. Let
N = UgepB(z,D + €'). Those balls are not necessarily isometric to hyperbolic
embedded balls in H? as D + € > Inj(M). However, let us show that A/ contains
every fundamental polyhedron of M’ intersecting S.

To prove it, let 2 be a point in a fundamental polyhedron of M’ intersecting S.
Take y € S such that d(z,y) = dist(z,S) < D. As y is a point of S, there exists
x € B such that the ball B(x,€') contains y. Therefore d(z,x) < d(z,y) +d(y,z) <
D + ¢, showing that z € Bz, + D) C N.

— 1.
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Comparing volumes, we get:
LVol(D)
LVol(M)

Vol(N)

|B| Vol(Bys (¢ + D))

m(sinh(2¢' +2D) — 2¢ — 2D)
Vol(M)

proving inequality (4), as L is a natural integer. O

<
<

L <

K,

The following key proposition is a quantitative version of Lemma 4.12 p. 2258 of
[Mah]. We postpone its proof to section 2.4.

Proposition D (Pattern Proposition).

Assume that in the cover M’ we have m connected, orientable, embedded, disjoint
and parallel surfaces, at distance at least r > 0 from each other. Moreover, suppose
that each of those surfaces can be covered by at most K embedded balls in M' of
radius € < Inj(M).

_LetD be a Dirichlet fundamental domain for the manifold M in its universal cover
M ~ 3. Let us denote by D an upper bound for the diameter of D and o an upper
bound for the number of its 2-dimensional faces.

For all ¢ € N, let B({) be an upper bound for the number of possibilities of patterns
obtained by gluing together at most { fundamental domains that intersect a connected,
orientable and embedded surface. Let I, = | WEmh@DA20) 22D =3¢ p-

Vol(M)
Ifr/(2D+1) > 1 and gy = 4, orifr/(2D+1) < 1 and (s55m — 1) mppmy 2
4, then the manifold M virtually fibers over the circle S*, and the m parallel surfaces
in M' are fibers of a bundle over the circle or of a twisted I-bundle.

Remark 2.9. The first logarithm in the expression In lng and the function of the
complezity cln(c) in the assumption kcln(c) < In lng arise from the use of lemma
2.7 (providing an estimate of the number B({)) in the proof of this proposition.

We can now finish the proof of theorem A assuming propositions B, C and D,
which will be proved in next sections.

The aim is to apply Proposition D to the m parallel surfaces obtained in Propo-
sition C, with

K =ax_(C)+b, and
r=eK =e(ax_(C)+D).

Set
8eVol(M)
D = - ,
7(sinh(2¢) — 2¢)
7(sinh(4D) — 4D)
= -1
« Vol(M) , and
_ 7(sinh(2D + 4e) — 2D — 4e)
7= Vol(M)

From lemma 2.8, D is an upper bound for the diameter of the fundamental polyhe-
dron D, and the number of 2-faces of D is at most a.
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7(sinh(2D+4€)—2D—4e¢) K

ol(A) |. In particular,

In addition, from lemma 2.8 again, L = |

7(sinh(2D + 4€) — 2D — 4e)
- Vol(M)

(ax-(C) +b) = a(ax_(C) + ).

Claim 1. There exist c; > 2 and ky > 0, depending only on € and Vol(M), such that
if x-(C) < ¢ and ky x—(C)Inx_(C) < Inlnd/q, then assumptions of Proposition
D are satisfied. In particular, M virtually fibers over the circle and the m embedded
surfaces in M’ are fibers.

Furthermore, one can take ¢i := % (%&ge) —|— = — b) and
1
ky = 53 In (72(2D + 1)(c1 + 4) (3 + 2(a0)*(acy + b)*(V2a0 (ac, + b))a"(“cler))
n
3a’ Vol(M)
16€(1 + — b) —1 )
+ 66(+a)(acl+) n( > ))

Proof of claim 1.

Recall that r = e(ax,(C) +b) and 2D + 1 = #215())25) + 1. Thus, if x_(C) <

= i <$§6))26) + 2 b) then » < 2D + 1. Assumptions of the second case of

Proposition D are then satisfied if (mm 1) a2L+B(L) > 4.

Taking lemma 2.5 and the expression of r into account, one obtains the sufficient
condition:

s @+ (M) ) 2 s} N1
2D + 1)(x_(C)+4) \  72e(ax_(C) +b) 5( * 7) o2I2B(L) =

Replace L by its upper bound o(ax_(C)+b). From lemma 2.7, one can chose for
B(L) the function B(L) = (v2aL)*F < (vV2ao(ax_(C) + b))2o@x-(€)+0),

Thus one obtains the sufficient condition

(2D + 1)(x-(C) +4) 72e(ax—(C) +b) 9 a

4(a0)*(ax—(C) +b)*(V2a0 (ax—(C) + b)) 27X (),

sax () +y) [ (3) +m (") 214 3%)

Under assumptions of claim 1, 2 < x_(C) < ¢;. One can then easily check that if
ki x-(C)lnx_(C) <lnlnd/q, the sufficient condition above is satisfied. O

Claim 2. Suppose that Vol(M) > 2. There exist ca > ¢; and ky > 0, depending
only on € and Vol(M), such that if x_(C) > co and ke x—(C)Inx_(C) < Inlnd/q,
then assumptions of Proposition D are satisfied. In particular, M wvirtually fibers
over the circle and the m embedded surfaces in M’ are fibers.
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Furthermore, one can take ky := 4aoa, and

In5 — In(4a?0?
o — max{cl,a<n5 n(4a?0?(2a + b)?) b),

oo In(2v2a0a)
In(1+ 22) — In(108a%0%(2a + b)*
1 n(l+757) — In(108a0™(2a + ))—b ,b/a,4,2\/§a0a,
a ao In(v2a0(2a + b))
b N 4 In(18432ea’0%a®(2v/2a0a)7?)
a aoa’ acaln?2 ’
1 1 (’—m%jﬂ—g(u%’)

5| —o|y

In
ao In(v2a0(2a + b)) 4020%(2a + b)? 216€(2a + b)

e |

Proof of claim 2.

As x_(C) > ¢y > ¢4, from the proof of the first claim, » > 2D+ 1. Assumptions of
the first case of Proposition D are then satisfied if #}3@) > 4. Now, taking lemma
2.5 into account, together with the inequalities L < o(ax_(C) + b) and B(L) <
(V2ao(ax_(C) 4 b))*7@x=(+b) " one obtains the following sufficient condition:

2 In (4) +1n (Y20 2 s o

x-(C)+4 72e(ax—(C) +b) 9 a

40602 (ax_(C) + b)2(V2ao (ax_(C) + b)) (@x-()+b),

which can also be written

d x-(C)+4, 4, )
In (E) > T2e(ax-(C) + b)(T(ﬁla o*(ax—(C)+b)
(V2a0(ax-(C) + b)) 1+ 5) 4 5(1 + 37@)) —In —VO;STM),
or also
d X-(C) +4 2 2 9
Inln (5) > In(72e(ax—(C) + b)( 5 (4”0 (ax_(C) +b)
(V3ag(ax_(C) + e @49 1 5) 1 21 4 20y gy YOI,

When x_(C) becomes very large, the dominant expression in the right hand side
of last inequality behaves like acay_(C)Inyx_(C). In fact, an explicit calculation

shows that if x_(C) > ¢y and VOl ) > 1, then

—X_(C) + 4(404202(@)(,(0) + b)?

2
(V2a0(ax-(C) + b)) 4 5) 4 §<1 + 37@» —In _VO;STM)

< dacax-(C)Inx_(C).

In(72e(ax_(C) + b)(

)

(see [R2, Chapter 1] for explicit details and calculations).
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Thus, if ky := 4aoa, if x_(C) > ¢, assuming that ks x_(C)Inx_(C) < Inlnd/q
implies that the sufficient condition above is satisfied, hence conclusions of the Pat-
tern Proposition D. O

Claim 3. If ¢; < x_(C) < ¢9, conclusions of Proposition D still hold if ks x_(C)
Iny_(C) < lnlng, with

1
ks = 1 In (36€(acs + b)(ca + 4) (4(ao)?(acs + b)2(V2a0 (acy + b))2o@2+d) 4 5>
C11nc
3a’ Vol(M
+ 16¢e(acy + b)(1 + —a) 2 (M)
a 2m

).

Proof of claim 3.
As x_(C) > ¢, it is the case where r > 2D + 1, and we proceed as above, using
like during the proof of claim 1 that one has the bounds ¢; < x_(C) < ¢s. O

Set k := max{ko, k1, k2, k3}. It follows from the last three claims that if k& x_(C')
Iny_(C) <Inln g, then conclusions of Proposition D hold. In particular, M virtually

fibers over the circle and the m embedded surfaces in M’ are fibers. Furthermore, the
constant k = k(e, Vol(M)) depends only on € = Inj(M)/2 and the volume Vol(M),
and its expression is explicit. This ends the proof of theorem A. O

Proof of corollary 0.2.

If C; is a handlebody and Vol(C;) > Vol(M)d/q, the proof of theorem A shows
that one can construct in C; surfaces that are fibers. In particular, the handlebody
C; contains incompressible surfaces, which is a contradiction. O

2.2. Proof of Proposition B: finding nested surfaces.

Let C' be the compression body of M’ obtained in lemma 2.2. The boundary of
(' is a union of pseudo-minimal surfaces, the genus of each boundary component is
at most g, and Vol(C') > Vol(M)g.

2.2.1. Some modifications of the compression body.

Instead of the manifold with boundary C, we need to work in a complete Rie-
mannian manifold of sectional curvature at most —1. This is the aim of the following
lemma.

Lemma 2.10. Up to modifying the compression body C without significant changes
of volume, one can add collars to boundary components of C' to obtain a (non com-
pact) Riemannian 3-manifold homeomorphic to the interior of C'. This manifold is
equipped with a complete metric of sectional curvature at most —1, which coincides
on C with the induced metric given by the embedding of C in M'.

Proof of lemma 2.10.

We start with the compression body C' embedded in M’ and its non complete
induced hyperbolic metric. If necessary, we need to modify slightly the compression
body C' in order that each boundary component of C' has its intrinsic sectional
curvature at most —1.
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That is not a problem for boundary components which are minimal surfaces, as
their sectional curvature is always at most this of the ambient hyperbolic manifold,
le. —1.

If a boundary component of C'is the boundary of a small neighborhood of a non-
orientable minimal surface, we can choose this neighborhood small enough in order
that the sectional curvature of this pseudo minimal surface is bounded from above
by —1/2. This is a consequence of the continuity of the intrinsic sectional curvature
in a neighborhood of the minimal surface (because of the continuity of the Gauss
curvature). By rescaling the metric of the covering M’ and the metric of M by a
factor 1/2 (which multiply sectional curvatures by a factor 2), we can suppose that
the intrinsic curvature of the boundary components of C' which are the boundary of
a small regular neighborhood of a non-orientable minimal surface is at most —1.

If 0, C is the boundary of a regular neighborhood N(.5) of a non orientable minimal
surface S with a small tube attached vertically in the I-bundle structure, we have
to consider two cases. If this tube ID? x I belongs to the compression body C, we
can remove it. More precisely, we compress C' along the disc D? x {1/2} to get a
new compression body of lower genus. We lose the tube D? x I during this process,
but as we can make this tube as small as we like, this compression does not change
significantly the volume of the compression body. As the positive boundary of this
new compression body C’ is then the boundary of a small regular neighborhood of
the minimal non orientable surface S, the previous argument shows that we can
suppose that the intrinsic curvature of 9, C" is at most —1.

Otherwise, in the second case the tube D? x I lies outside C, meaning that C
is contained in N(S). We can then collapse the small tube to an arbitrarily small
geodesic arc 7 in the regular neighborhood of the minimal non orientable surface S.
The positive boundary 0,C' becomes the union of the boundary of N(S) and the
arc 7. As before, we can suppose that the sectional curvature of the surface ON(5)
is at most —1.

For each boundary component F' of C, we glue a copy of F' x [0, +00) equipped
with a warped product metric. A computation of the sectional curvature of a warped
product (see for example Bishop and O’Neil [BO, p. 26]) shows that as we start from
a surface F' with sectional curvature at most —1, there exists a warped product
metric on S x [0, +00) such that this Riemannian manifold is complete of sectional
curvature at most —1. If we are in the last case where F' is the boundary of a
regular neighborhood N(S) of a minimal non orientable surface S with a small
tube attached, and this tube is lying outside C, then we forget the arc v for this
construction and we just glue a copy of ON(S) x [0, +00) with a Riemannian metric
of curvature at most —1. We perturb slightly this metric to make it smooth, and we
obtain thus a complete Riemannian metric for the interior of C' (union v if we are
in this last case) with sectional curvature at most —1. UJ

The boundary surfaces of C' are pseudo minimal surfaces. This fact is crucial as
one can homotop a minimal surface of genus g to a simplicial surface not too far
away in C. This can be done by the following lemmas.

Definition 2.11. Let € > 0. The (intrinsic) e-diameter of a Riemannian surface S
s the minimal number of balls of radius € for the metric of S needed to cover the
surface S.
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Lemma 2.12. Suppose S is a pseudo minimal surface in a closed Riemannian 3-
manifold N of sectional curvature at most —1. Let € < Inj(N) and

a =6 21 + ; + k + :
N 4 4 4de sinhQ(i) ’

Then the surface S has e-diameter at most a'|x(S)|, and it admits a one-vertex
triangulation in which each edge has length at most 2ea’ |x(S)|.

Proof of lemma 2.12.

This lemma is a direct consequence of [Mah, Lemma 4.2 p. 2249] and [L, Propo-
sition 6.1] in the case the surface S is minimal and orientable, and we can take
a'/6 instead of o’. If S is minimal, but not orientable, its homology class [S] is
non zero in Ho(N,Z/2Z). By Poincaré’s duality, it corresponds to a non-trivial el-
ement o € H'(N,Z/2Z). As the homology class of the double cover of S can be
represented by the boundary of a small regular neighborhood of the non-orientable
surface S, we have 2[S] = 0 in Hy(N,Z). If we take the double cover N’ of N
corresponding to the kernel of a, the surface S lifts to a minimal orientable surface
S’. 'We can apply the stronger version of lemma 2.12, and bound the e-diameter
of §" by a'/6 |x(5")| = d'/6 x 2|x(S)| = d’'/3|x(5)], and the length of a one-vertex
triangulation for S’ by 2ea’/3|x(S)|. As those numbers bound also from above the
e-diameter and the length of a one-vertex triangulation of S, this proves the lemma
for a minimal non orientable surface, with a’/3 instead of a'.

If the surface S is just pseudo minimal, it is the boundary of an arbitrarily small
regular neighborhood of a minimal surface S’. As the diameter and the length of the
edges of a one-vertex triangulation are at most a’/3|x(S")| and 2ea’/3 |x(S")|, with
IX(S)] < 2]x(S")|, this ends the proof of lemma 2.12. O

As from lemma 2.10, the boundary components of C' are pseudo minimal surfaces,
lemma 2.12 applies to bound from above the e-diameter and the length of the edges
of a one-vertex triangulation those surfaces. Furthermore, if some geodesic arcs need
to be added, they can be made as small as necessary.

Recall some definitions and results of [Mah, Sections 2 et 3].

Definition 2.13. A coned n-sitmplex in a compact Riemannian manifold N of
sectional curvature at most —1 is defined inductively as follows. A coned 1-simplex
Al = (vg,v1) is a constant speed geodesic from vy to vi. The speed is allowed to
be zero, and in this case the 1-simplex degenerates to the point vy. A coned n-
simplex is a map ¢ : A" — N such that ¢jan—1 is a coned (n — 1)-simplex and for
all v € A" 1, Ol{ta+(1—t)on |te[0,1]} 1S a constant speed geodesic. The map ¢ depends
on the order of the vertices (vy,...,v,) and its image may not be embedded in N,
Just immersed.

A sitmplicial surface is a continuous map ¢ : S — N where S is a triangulated
surface, such that the restriction of the map ¢ to each triangle A of S is a coned
2-simplex.

Lemma 2.14. Let N be a complete Riemannian manifold with sectional curvature
at most —1. Suppose that T is a connected and orientable pseudo-minimal surface in
N with diameter bounded from above by N and admitting a one-vertex triangulation
in which the length of the edges is at most N'. Then T can be homotoped to a
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simplicial surface T" with diameter at most 2N and such that any point x € T and
¥ €T are at distance at most N+ N’ from each other. Furthermore, every point
of T' is at distance at most N' from the vertex of the one-vertex triangulation of T.

Proof of lemma 2.14.

Let v be the vertex of the one-vertex triangulation of T'. First, we homotop each
edge e of the triangulation of 7" to its closed length-minimizing geodesic representa-
tive €’ in (N, v). If the homotopy class of e is zero (meaning that the surface T is
compressible in N), we homotop e to the degenerate constant speed geodesic {v}.

Let T be a triangle in T'. If all edges of T are null-homotopic, 7" is the degenerate
2-simplex corresponding to {v}. If at least one edge of T corresponds to a null-
homotopic curve, then we build a simplicial triangle 7’ containing the closed geodesic
at v corresponding to this edge, coned from v. More precisely, the 1-skeleton of T~
is the union of closed geodesics corresponding to its non homotopically trivial edges.
To build the 2-skeleton, we choose one of those non trivial edges and we cone v to
this edge with constant speed geodesics. In this case, each point in 7" is at distance
at most N/’/2 from the vertex v (as it is on a closed geodesic of length at most AN”).

If all the edges of T are non zero in 7 (N, v), they correspond to three non trivial
closed geodesics ¢, ¢2 and c¢3, starting and ending at the point v. In the universal
cover N of N, we can choose lifts a;, as and as of ¢;, ¢a and ¢3 that bound a
totally geodesic triangle T. By definition, the covering projection maps a; to ¢;
for ©+ = 1,2,3. The simplicial triangle 7’ corresponding to 7T _is the image under
the covering projection of the totally geodesic triangle T in N. As the covering
projection is an isometry from the interior of T to the interior of 7', and as each
point in the interior of T lies at distance at most A/ (which is an upper bound for
the maximum of the lengths of the sides a;, ay and as), each point 2’ in the interior
of 77 lies at distance at most N’ from the vertex v.

Therefore, starting from the triangulated surface 7', we can build a simplicial
surface T such that v is the only vertex of the simplicial structure of 7" and each
point 7’ in T” is at distance at most N’ from v. In particular, the diameter of T" is
at most 2/N’. As the diameter of T' is at most A and that v is also a point of T', for
any points ' € T" and x € T, we have:

d(z,x")

d(z,v) +d(z',v)
diam(7T") + N’
N+ N,

which proves lemma 2.14. O

IA A IA

Given a spine I' for the compression body C which is a union of simplicial sur-
faces corresponding to 0_C' joined by geodesic arcs, there exists a simplicial surface
homotopic to this spine, by a homotopy that does not sweep out too much volume.
More precisely, this follows from the next lemma, proven in [Mah, Lemma 4.3 p.
2250].

Lemma 2.15. [Mah, Lemma 4.3]

Let oy, ...,0, be a collection of simplicial surfaces, with basepoints v; in N, a com-
plete Riemannian 3-manifold of sectional curvature at most —1. Join the basepoint
vy to each of the other basepoints by at least one geodesic arc to obtain a geodesic 2-
complex T homotopic to a surface of genus g. Then, there exists a homotopy of I to
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a simplicial surface ¥y of genus g, and this homotopy sweeps out a volume of at most
3(2g + 2)V3, where V3 is the maximal volume of an ideal hyperbolic tetrahedron. [

Recall that € < Inj(M)/2, and ' = 6 (2 +2+ 2+ M). The constant

2¢ is a uniform lower bound for the injectivity radlus of any finite cover of M. In
particular, Inj(M’) > 2e.

Lemme 2.3. Let ky = max {111(4(22165/2“)), 1+ (1““(1221‘;32/\/01(]\4))

If ko x—(C)Inx_(C) <Inlnd/q et Vol(M) > ©/2, then applying lemmas 2.14 and
2.15 to replace the boundary surfaces of C' to simplicial surfaces, one obtains a new
compression body C" with:

Vol(M)d

1
1 > - >
Vol(C") > JVol(€) > =

Proof of lemma 2.3.

Let 0-C' =T, U...UT, be the components of 0_C, with g(T1) + ... + g(T,,) <
9(0+C). As in lemma 2.14, replace 0, C =: Sy and 0_C' = S;U...US, by simplicial
surfaces S and 77 U ... UT), close to the previous surfaces. If v; € T} is the vertex
of the one-vertex triangulation of 7}, then lemmas 2.12 and 2.14 show that every
point of T} lies at distance at most N = 2ea’ [x(7})| < 2¢a’x—(C) from v;. Thus,
each new surface 77 is contained in the ball of center v; and radius 2ea’x_(C). If C
is the new compression body obtained by replacing the surfaces 7T by the surfaces
T7, the modification of volume is at most

Vol(C") > Vol(C)—iVol(B(vj,Qea'X(C)))

> Vol(C) — )Vol(BHa(QeaX (@)))
)+ 4)(sinh(4ea’x_(C)) — 4dea’x-(C))
= Vele ( oIV d/q )

Let us show that Vol(C’) > Vol(C')/2, which is the same as proving that

m(x-(C) + 4)(sinh(4ea’x_(C)) — 4ea’x - (C)) < 1

2Vol(M)d/q -2
It suffices to prove that In T C)H)(Smi}g(m >)<d /(qc)) 1c'x-(O) < (. But

(- (€) + )sinb(dea'y- (O)) - deax-(C))) <

T (x_(C) +4)exp(dea’x_(C))
n (QVOI(M) d/q ) =

i (v ) 1 (0-(€) + Dexplteay- (€)) ~ n(af) <
In(x_(C)+4) +4ea’x_(C) — 1In(d/q),
as by assumption, Vol(M) > 7/2.
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As for every x > 2, In(z + 4) < 2z, it suffices to prove that
(2 + 4ea’)x-(C) < In(d/q),
which is the same as

In(2 + 4ea’) + Inx_(C) < Inln(d/q).

Now by assumption, % > ko > W. Thus,
In(4(2ea’ + 1
Inlnd/q ( (2 5 ))X_(C') Inx_(C)
In2+In(2 + 4ea’)
> I X-(C)Inx—(C)

X-(C)YInx_(C) N In(2 4 4ea’)x—(C) In x_(C)
2 2In2
> Inx_(C)+1In(2 + 4ed’)

as x—(C) > 2, showing that Vol(C") > Vol(C)/2.

v

From lemma 2.15, the volume swept out by the homotopy between I' and >,
is at most 3(x_(C) + 4)V3. As the volume of C is at least Vol(M)d/q by lemma
2.2, the volume of what remains after cutting the metric completion of C’ along
Yo and throwing off components containing the infinite products to obtain a new
compression body C” is at least

Vol(C") — 3(x_(C) + 4)V5 > Vol(C) /2 (1 — 3V(x_(C) + 4)L) .

Vol(M)d
Therefore, it suffices to prove that 3V3(x_(C)+4) Vol%Z/[)d < i, o0r IH(W) <
0, or also

In (ln v(l)i‘]/\:}) +In(x_(C) + 4)) <Inln(d/q).

As x_(C) > 2, In(x-(C) +4) >1n6 > 1. Thus,
12V, B
In (ln Vol(M) +In(x_(C) + 4)) =

In 12V3
In (m(X(C) )L+ (XE})ML 5 )) -

ln 12V3

Inln(y_(C)+4) +1In (1 + ln(X_\(/OCIS;\ﬂ)— 4)> < Inln(x-(C)+4)+In (1 +In Vil2(‘]/\:})> :

As soon as ¢ > 2, Inlnfetd) Then,

In (In 2% + In(x_(C) +4)) _ G0+ (1+1n 2%5)
X-(C)Inx—(C) — x-(O)Inx_(C)  x-(C)lnx-_(C)

12V:
- 1+ln <1+lnvol(]\34))
- 2In2
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Now, as x—(Ld/q) > ko> 1+ In(1+In(12V3 /Vol(M))

C)lnx—(C 21n2 )
mtndfg M (i + e (©)+ )
V(O (C) = Oy (©)

and so Vol(C") > Vol(C)/4 > Vol(M)f], which ends the proof of lemma 2.3. O

In the sequel, to simplify notations, we will still denote by C' the new compression
body C” and we work in the closure of the region of C' bounded by the two connected
simplicial surfaces ¥ (corresponding to 0_C' union some arcs, and forming a spine
for C'), and ¥; corresponding to 0, C.

2.2.2. Sweepouts.

Definition 2.16. Let C' be a compression body. Set S = 0, C. A sweepout of the
compression body C' is a I1-parameter family of surfaces {St}icio1) such that Sy is a
spine of C, Sy = S = 0,C, for all t € (0,1] the surface S; is homeomorphic to S,
and the application ® : S x I — C' is of homological degree one.

There exists a sweepout {S;}scp0,1) of the compression body C' such that Sy = X
and S; = ;. The sweepout surfaces S; for ¢ > 0 are of interest in order to construct
a long product in the compression body C. But, if we can control the diameter of
a minimal surface in terms of its genus and the injectivity radius of the ambient
manifold, we cannot control uniformly the diameter of all the sweepout surfaces S;:
there may appear some long and thin Margulis tubes, containing a closed geodesic
of the surface with length less than the injectivity radius of M’.

To face this problem, we work with the notion of e-diameter, for which non-
connected surfaces with small diameter components are considered as "small”. Recall
the definition.

Definition 2.17. Let € > 0. The (intrinsic) e-diameter of a non-necessarily
connected surface F' is the minimal number of balls of radius € for the metric of F
required to cover the surface F.

If F' is immersed in a Riemannian 3-manifold N, the e-diameter of F' in N is

the minimal number of 3-balls in N of radius € for the metric of N required to cover
F.

Remark 2.18. If F' is immersed in a Riemannian 3-manifold N, the e-diameter of
F in N is always at most the intrinsic e-diameter of F with respect to the induced
metric.

At this point, we recall the technique of Maher to construct from the original
sweepout {S;}er of C' what he calls a "generalized sweepout” {S'\t}te 7 in which the
e-diameter of good sweepout surfaces is uniformly bounded from above (see [Mah,
Sections 2 and 3]).

The first step is to straighten the sweepout {S; }; to a simplicial sweepout, using
results of Bachman, Cooper and White [BCW]. We recall terminology and results
stated in [Mah, Sections 2 and 3].

Definition 2.19. A stmplicial sweepout is a sweepout ® : S x I — N such that
each surface Sy is mapped to a simplicial surface with at most 4g(S) triangles, and
at most one vertex of angle sum less than 2m.
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The following lemma ensures that we can homotop the sweepout {Si}icio,1) be-
tween Y and ¥ to a simplicial sweepout. It is an improvement of [BCW, Theorem
2.3], and is proven by Maher [Mah, Lemma 2.5 p. 2236].

Lemma 2.20. [Mah, Lemma 2.5

Let N be a closed orientable Riemannian manifold of sectional curvature at most
—1. If ¥y and X3y are simplicial surfaces with one-vertex triangulations, which are
homotopic by a homotopy ® : S x I — N, then there exists a simplicial sweepout
®" . S x I — N homotopic to ® relative to S x O1I. O

Therefore, we can suppose that the sweepout in the compression body C' is sim-
plicial between the simplicial surfaces ¥y = Sy and ¥; = 5;.

After getting this simplicial sweepout in the compression body C, the next step
will be to get rid of the long and thin tubes in the sweepout surfaces to get a
"generalized sweepout” in which the e-diameter of all sweepout surfaces is uniformly
bounded from above.

Definition 2.21. [Mah, Definition 3.2 p. 2237]

Let N be a compact, connected and oriented 3-manifold. A generalized sweep-
out of N is given by a triple (3, f,h), where ¥ is an orientable and compact 3-
manifold, the map h : ¥ — R is a Morse function, constant on each boundary
component of ¥ and such that for all but finitely many t € R, the set f~1({t}) is
an immersed surface. Moreover, it is required that f : (X,08) — (N,0N) is of
homological degree one.

Of course, an ordinary sweepout ® : S x I — N is an example of generalized
sweepout: the Morse function h : S x I — R is given by the projection to the factor
I, and for all t € (0,1), h=*({t}) = S; is an immersed surface in N. By definition of
a sweepout, & : (S x I,S x 9I) — (N,0N) is of homological degree one.

For all x € ¥, we think of h(z) = ¢ as the time coordinate. A generalized sweepout
can be seen as a one-parameter family of immersed surfaces S; with singular times
t where the genus or the number of components of those surfaces change.

Starting from the simplicial sweepout {S; };r of C, we wish to obtain a generalized
sweepout in which each sweepout surface has bounded e-diameter. To this aim, we
follow Maher and introduce the notion of surgery of a generalized sweepout.

Definition 2.22. One can obtain from a generalized sweepout given by (3, f,h) a
new generalized sweepout (X', f',h') by an operation called a surgery of general-
ized sweepouts, as described below. (In fact, it is a special case of a more general
construction called a modification of generalized sweepout, described by Maher and

Rubinstein in [MR].)

Let (X, f, h) be a generalized sweepout of a 3-manifold N. Take a submanifold in
¥ of the form A X [a,b] where 0 < a < b < 1 and A is an annulus in the surfaces
S; for t € [a,b]. We do (0,1) surgery to this solid torus A X [a,b] in the following
way: choose two times ¢ and d such that a < ¢ < d < b. Take a chore geodesic ~y for
the annulus A in the surface S,. Shrink this geodesic : it gets shorter and shorter,
until it collapses to a point in a modification S’ of the surface S.. For all ¢t € (¢, d),
replace the surface S; by the surface S; obtained from S; by surgering along ~, i.e.
we cut S; along v and cap off the resulting surface with two discs. Do this in a
smooth way, such that the two discs of 5] get closer and shrink to a single point at
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time d. The new surface S is then singular, with a singular point corresponding
to the two former discs. This point becomes again the geodesic v that gets larger
when ¢ € (d, b] increases. Do this in such a way that you do not modify S, nor S,
nor A x [a,b]. In this way, we get a new generalized sweepout (3, f', h'), where >’
is obtained by replacing A x [a,b] C 3 by the new manifold where S, is replaced by
S; for all t € [a,b]. Let us denote by T' the small tube in N bounded by A, where
the surgeries take place. The new maps (f’, k') coincide with (f, h) outside T" x |[a, b]
and in O(T X [a,b]). As the modification of the sweepout takes place in a proper
compact subset of N, there exists a point z in the interior of N\ (7" x [a, b]). As the
map f is not modified in a neighborhood of f~!({z}), the homological degree of f’
is the same as the homological degree of f, so it is still equal to one. Thus the triple
(X, f', 1) is still a generalized sweepout.

Original sweepout

Modified sweepout after surgery

Set Ny = N(0,.C) ={xeC,dx%) <e/2}.
Let K =4 (3 + 1/sinh®(¢/8)) g(C) — 10 and K’ := 24’ |x(9;+C)|.

Proposition 2.23. Let > 0. There exists a constant n > 0 as small as wanted,
depending only on the simplicial sweepout {S;}ie; and p, and a finite sequence of
surgeries of the simplicial sweepout giving a generalized sweepout {§t}t61 of C' and
satisfying the following properties.

For every regular time t € [n,1 — )|, the intrinsic e-diameter of every component
of §t disjoint from N is less than or equal to K. In every case, the diameter of any
connected component of S, in the compression body C' is at most (1 + 2K’ + 2K).
Fort > 1 —mn, each point on the surface g't lies at distance at most eK’' from %.
For t <m, any point on one of the original surfaces S; is at distance at most /2
from ¥o. Furthermore, for each reqular time t, the surface §t s homotopic to an
embedded surface obtained from 0,.C' by surgeries.

Proof of proposition 2.23.
In order to prove this proposition, the general idea is to cut the simplicial surfaces
S; along curves that are too short, namely of length less than or equal to €, and to
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replace them by ruled discs, to get rid of long and thin tubes. This is described by
Mabher in the third section of [Mah, p. 2238 to p. 2245]. We recall here the proof,
and we bring some precisions when they appear to be necessary.

Let t be a regular time. The simplicial surface S; is composed of ruled triangles
with at most one vertex of angle sum less than 27, denoted by v;. Let S, be the
completion of the universal cover S; of S;\{v;}. As it is a metric 2-complex composed
of triangles of curvature at most —1 and with vertices whose cone angles are all
greater than or equal to 27, S, is a complete CAT(—1) geodesic metric space. Those
spaces satisfy some useful properties, see [BH| and [Mah, p. 2239].

Let a be a homotopy class in S; \ {v:}. To «, we can associate a covering trans-
formation of the universal cover of S; \ {v;}, which can be extended to an isometry
of S;. As the completion of a fundamental domain for S, \ {v;} is compact, this
isometry cannot be parabolic. Thus it is hyperbolic or elliptic. Let 7, be the set of
points in S; which are moved the least distance by the isometry. This is a geodesic
if the isometry is hyperbolic, or isolated points if the isometry is elliptic. We denote
by ~; the projection of 7, under the covering map, in the sense that if 7, is a geo-
desic and does not meet S; \ Sy, 7, is a closed piecewise geodesic homotopic to « in
Sp\ {v,}. If 7, is a geodesic meeting S, \ S;, then we perturb it slightly and in an
equivariant way such that it avoids S, \ S, and its projection ; in S; \ {v;} is an
embedded closed curve in the homotopy class of a. Finally, if 7, is a set of points,
it corresponds to the constant loop ~; of length zero and equal to the point v;. By
extension, in any case we will call v, the geodesic representative of «. Notice
that 7, is an embedded curve or a point in C.

As the negatively curved triangles that compose the surfaces S; vary continu-
ously with the time ¢, we can expect the geodesic representatives v; to vary also
continuously. This is proven by Maher [Mah, Lemma 3.4 p. 2240].

Lemma 2.24. [Mah, Lemma 3.4]
Let v be a simple closed curve in S\ {v} where v is a point of S mapping to the

point v, for each time t. Then the geodesic representatives v, of v vary continuously
with t. O

Definition 2.25. A geodesic representative v, is said to be short if its length is less
than or equal to €.

For all t, let T'; be the set of short geodesic representatives of S;. This is a finite
set and it is not empty, as the geodesic representative of the homotopy class of the
loop around v; has length zero.

Let ~; be a short geodesic representative. Pick up a connected component 7; of 7,,
the preimage of v, in S;. Choose an orientation for 4; so that the distance function
from 7; has a well defined sign. In the special case where the length of ~; is zero, the
distance from 7; will always be non negative. If [p, ¢] is an interval of R, let Ny, (V)
be the set of points x € S; such that p < d(z, %) < ¢q. Let Nj, 4(7:) be the image in
S, of N, in,q](7¢) under the covering projection. If the interval is the single point {r},
we will denote this neighborhood by Ny ().

Definition 2.26. Let A(v:) be the mazimal neighborhood Ny, q(v:) such that for
every length v € [p,q], Npj(ve) is an embedded simple curve of length at most e. The
set A(y) is called the annular neighborhood of ;.
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Define E(v) = Nipte/2,q—c/21(Ve) to be the surgery neighborhood corresponding
to i, with the convention that E(~y;) is the empty set if g—p < €. This neighborhood is
the subset of A(7:) corresponding to the union of all curves Niy(v:) lying at distance
at least 5 from the boundary of A(7,).

As the annular neighborhood A(;) contains 7, = Njg (), it is not empty. The
annular neighborhood and the surgery neighborhood vary continuously with ¢, but
the surgery neighborhood £(7;) can be empty, and it does not necessarily contain
the geodesic representative ;.

The following lemma is proven by Maher in [Mah, Lemma 3.7 p. 2242].

Lemma 2.27. [Mah, Lemma 3.7]
If o and B, are short geodesic representative of distinct homotopy classes in Sy\ vy,
then their surgery neighborhoods £(cy) and E(B;) are disjoint. OJ

We notice that this lemma implies that for each time ¢, there are at most 2g — 1
surgery neighborhoods, where ¢ is the genus of the sweepout surface S;.

Lemma 2.27 allows us to do surgeries on the sweepout surfaces S; to get a gen-
eralized sweepout where the diameter of the thin tubes can be controlled. More
precisely, the idea is to remove the surgery neighborhoods from _the sweepout sur-
faces each time it is possible, to get a new generalized sweepout (S;);e;. We describe
this construction in details.

Let £(;) be a surgery neighborhood, and [a, b] a maximal time interval on which
E(:) is not empty. We have 0 < a < b < 1. First, suppose that 0 <a <b < 1, i.e.
that [a, b] is contained in the interior of I. Then £(v,) and £(7,) are two embedded
simple curves Np,j(7a) and Np,j(7) for lengths 7, and 73, and the union of the
surgery neighborhoods &£ (V) = {€(v), t € [a,b]} is a solid torus in X, on which
we wish to do a surgery of generalized sweepouts. When it is possible, we follow
Maher’s construction.

There is a difficulty here, as the surgery of generalized sweepouts described above
is possible only if the geodesic 7; bounds an immersed disc in the compression body
C. Therefore, we need to make a distinction between two cases of surgery neighbor-
hoods.

Definition 2.28. A persistent surgery neighborhood of S; is a surgery neigh-
borhood E(7;) for which the corresponding geodesic ~y; is not homotopically trivial in

C.

Lemma 2.29. Lett € (0,1) and E(y:) be a persistent surgery neighborhood for Sy.
If the corresponding surgery curve v, is homotopically trivial in C, then E(7y) is
entirely contained in N .
In particular, for every points x and y in the union of the persistent surgery
neighborhoods of Sy, the distance in C' between x and y is at most € + diam(%;) <
e(1+2K").

Proof of lemma 2.29.

For each r € [p, ¢, as the curve Nj,j(7;) is of length at most € < Inj(A’), it is null-
homotopic in M’ and is contained in a hyperbolic 3-ball B, isometrically embedded
in M’ and of diameter €/2.

The curve 7; is not homotopically trivial in C' and Np(7;) is homotopic to v,
so BNoC # (. By assumption (1) of theorem A, the negative boundary 9_C
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is a union of incompressible surfaces. Necessarily, B N 0,.C # (), which, with the
simplicial surfaces, writes B N X # (. Thus, as the curve Ny(7;) is contained in B
and that B intersects 3, each point of Npy(v;) is at distance at most €/2 from ¥;.
It follows that the surgery neighborhood £(7;) is entirely contained in A, .
Noticing that the diameter of A in the manifold C' is at most € + diam(%;) <
€(1 4 2K’) finishes to prove lemma 2.29. O

Remark 2.30. Let E(yy,) be a surgery neighborhood for a given time ty € (0,1) and
[a,b] a maximal time interval on which E(~y;) is not empty. If one of the surgery
neighborhoods E(y,) is persistent, the all surgery neighborhoods E(v;) are persistent
for every time t in [a,b].

Indeed, for ¢ € [a, b], the curves ~; are homotopic, so if one of them is homotopically
non trivial in C, it is the case for each of them. O

We can now carry on with the proof of proposition 2.23. Suppose that £(v;) is a
non persistent surgery neighborhood. We describe the operation of surgery on £(7;),
following Maher [Mah, p. 2242 and 2243].

Choose a continuous family of basepoints on the boundary of £(;) such that the
two basepoints agree at times a and b. We modify the sweepout by expanding times
a and b to short intervals I, and I, on which the map is constant for the moment.

On the interval I,, the curve Nj.,)(7,) is an embedded simple curve homotopic to
the geodesic ;. As by assumption, v, is null-homotopic in C, the curve Np j(7a)
bounds an immersed disc in C.

In the interval I,, we replace in a continuous way the curve Ny, j(7.) = £(74) by a
pair of ruled discs in C' coned from the basepoint x,. More precisely, as the metric of
C' is complete, the ruled disc is the union of all minimizing geodesics between each
point of N, j(7.) and the basepoint x,. Its curvature is then at most —1. In the
interval (a,b), we remove the surgery neighborhood £(;) and we replace it by a pair
of such ruled discs in C' coned from the basepoints of the boundary of the surgery
neighborhood. Finally, in the interval [, we paste the discs together to come back
to the original surface. This is a surgery of a generalized sweepout as defined above.

The following lemma directly follows from Lemmas 3.8 to 3.10 and is proven in
[Mah, p. 2243 to 2246].

Lemma 2.31. Suppose that all surgery neighborhoods E(7y,) of Sy can be replaced by
pairs of ruled gf\iscs as described above and let S; be the resulting surface. Then the
e-diameter of S; is at most K =4 (3 + 1/sinh® (¢/8)) g(C) — 10. O

The construction is now the following. Let ¢ € [,1 — n]. From remark 2.30, the
fact that a given surgery neighborhood £(;) of S; is persistent or not depends only
on the maximal time interval [a,b] on which it exists. If it is not persistent, then
applx the surgery procedure described above. If it is persistent, leave it unchanged.
Let S; be the new generalized sweepout surface obtained.

If none of the surgery neighborhoods £(7;) of S; are persistent, they have been
removed by the surgery procedure. From lemma 2.31, the intrinsic e-diameter of §t
is at most K.

Otherwise, lemma 2.29 ensures that the diameter of the union of all persistent
surgery neighborhoods in C' is at most €(1 + 2K”), as they are contained in N.

~

As the intrinsic e-diameter of each component of S; cut along persistent surgery
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neighborhoods is at most K from lemma 2.31, the diameter in the compression
body C of each connected component of S is at most e(1+2K' 4+ 2K).

Furthermore, if a component of §t does not intersect A, it does not contain
any persistent surgery neighborhood, and its intrinsic e-diameter is at most K from
lemma 2.31.

An other difficulty is that Maher’s construction does not take the boundaries of
the time interval I into account. However, it may happen that a = 0 or b = 1,
and in this case we might be obliged to modify the starting and finishing simplicial
sweepout surfaces Sp = Yy and S; = ¥, which we want to avoid. Therefore, if this
case occurs, we need to refine the construction to modify the simplicial sweepout in
a small regular neighborhood of Sy U S} in such a way that we do not modify the
surfaces Sy and S7. As we will lose control on the diameter of the sweepout surfaces
in this regular neighborhood, we have to choose it small enough in order that the
sweepout surfaces we will pick up later to be some of the nested surfaces are not in
this neighborhood. Thus we can control their diameter well. The constant u has
been introduced in assumptions of proposition 2.23 in order to take care of that, and
its value will be defined later.

To finish to modify the original simplicial sweepout to get the desired generalized
sweepout, there remains to consider the case when @ = 0 or b = 1. If () is a
non persistent surgery neighborhood and just a single closed curve, we can apply
the previous construction, replacing the time 0 by an interval [, and doing surgery
on this interval, without modifying the starting boundary surface Sy = >. It works
similarly if £(v1) is a single closed curve. The problem is when E(7g) or (1) have
non empty interior and are non persistent surgery neighborhoods. As the two cases
are similar, let us suppose for instance that the interior of £(7) is not empty. As
everything is continuous, there exists a maximal time b € (0, 1] such that £(v;) is a
non empty and non persistent surgery neighborhood for all ¢ € [0, b].

As the sweepout surfaces (S;);e; vary continuously with ¢, there exists a constant
n > 0 as small as we like, depending only on the original simplicial sweepout (S)ser
and the choice of the point zy and the geodesic arc ¢, such that for every ¢ € [0, 7],
each point of S; lies at distance at most u/2 from ¥y = Sp, and that for every
t € [1 —n, 1], each point in S; is at distance at most eK’/2 from ¥, = S;. If b <7,
we do not modify the sweepout. Otherwise, if n < b < 1, we apply the surgery
construction for all ¢ € [n, b]: we replace the surgery neighborhoods (=) by a pair
of ruled discs coned from basepoints in the boundary of £(7;) in a continuous way.
On the interval [0, 7], we replace the surgery neighborhoods by a pair of discs for
t near 7, that get pasted to the initial surgery neighborhood £(7,) as the time is
decreasing to 0, not too far from the original surface S; and in a continuous way. We
can do this in such a way that it is still a modification of a generalized sweepout. If
b =1, do the same for all t € [1 —n,1]. As the diameter of the ruled discs is less
than € and K’/2 > 1, one can suppose that every point in §t is at distance at most
eK' from ¥ for all t € [1 —n, 1].

This ends the proof of proposition 2.23. U

2.2.3. Sweepout surfaces and nested surfaces.
To go on with the proof of proposition B, we now need a lemma to precisely
determine the constant p, which corresponds to the size of the collar neighborhood
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of Sy one has to take into consideration. Set K’ := 2a’x_(C). From lemma 2.12,
the number 2¢K’ is an upper bound for the diameter of the simplicial surface X,
identified with 0, C'. Let § be the diameter of the compression body C'.

Lemma 2.32. There exists a point xo in the interior of C' and lying at distance at
least (£ — 2¢K) from 0,.C.

Proof of lemma 2.32.
Suppose that the lemma is false: for every point z in the interior of C, dist(z, 0,C) <

g—QGK ’. For every point z of C, the following inequality remains true: dist(z, 9, C) <
8 — 2eK’. Take two points z and y in C such that d(z,y) = diam(C) = §. Then,
d(z,y) =6 < dist(z,0:C) + diam(04C) + dist(y, 0;.C)
< (g —2eK') + 2¢K' + (g —2eK’)
< 0 —2eK' <9,
which is a contradiction, proving lemma 2.32. OJ

Let ¢ be a length-minimizing geodesic arc between zy and d,C. Let u be the
distance between the geodesic ¢ and ¥,. As ¢ is embedded in the interior of C
(excepted for one extremity which belongs to 0,C' = ¥;), the constant p is strictly
positive.

Now, for completeness of the proof of proposition B, we state and prove a few
lemmas which are implicit in [Mah, proof of Lemma 4.5 p. 2251].

We recall from definition 2.4 that if z is a point in C' and S an immersed surface
of C, we say that S separates x from 0, C' if every oriented path from z to 0, C
has its algebraic intersection number equal to +1.

If two surfaces S and T immersed in C' are such that S separates every point of
T from 0,C, we say that S separates T from 0,C. In this case, the surfaces S
and T are said to be nested.

Lemma 2.33. A point x lying in the interior of C' is separated from 0,.C by §t

if and only if there exists a path v from x to 0,C intersecting the surface S; with
algebraic intersection number +1.

Proof of lemma 2.33.

It suffices to show that if there exists a path + from x to 0,C with algebraic
intersection number with §t equal to +1, then every path +/ from z to 0, C intersects
:S'\t with algebraic intersection number +1.

Let +" be another path from z to 0,C in C. As the immersed surface §t is
homologous to d_C', the homology class of [§t] is equal to zero in Hy(C,0_C). The
composition a = v~ -+ is a 1-cycle in H,(C,9,C).

As 9C = 0_CUI.C, [a]-[S)] =[] -0 =0, and thus +/ - S, = v+ 5, = +1, proving

lemma 2.33. 0J

For all t € [0, 1], let D; be the closure of the set of points z € C separated from

0,C by §t. As the immersed surfaces <§t> o are generalized sweepout surfaces
t€[0,1

of the compression body C, Dy is the starting sweepout surface §0, and D, is equal
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to the whole compression body C. Let E; be the component of D; containing xy.
As before, Ej is a complex of dimension at most 2, and E; = C.

Lemma 2.34. The boundary of the set D, is the surface §t.

Proof of lemma 2.34.

Let x be a point in §t. As §t is a generalized sweepout surface for the compression
body C, there exists a path ¢ from x to 9, C such that for every point y of ¢ distinct
from x, the path ¢, obtained from ¢ by deleting the interval [x,y) does not intersect

the surface ;. So in particular, for every point y on ¢ distinct from z, the algebraic
intersection number between ), and §t is zero, and y is in the complement of D, in
C'. As the point z is a limit of such points y, x is in the closure of the complement of
D; in C'. But as x is on the surface :S’\t and that this surface separates the compression
body C', every point close enough to x and on the other side of §t with respect to y
is separated by S, from 0, C. As the set D, is closed and that x is a limit of points
of Dy, the point x also belongs to D;. Therefore, the point x lies in the boundary of
Dy, and the surface §t is a subset of the boundary of D;.

To get the reverse inclusion, let us assume that there exists a point x in the
boundary of D; which does not belong to the surface §t, and seek for a contradiction.
The distance d = dist(z, §t) is then strictly positive. As the point x belongs to the
boundary of D,, there exists a point y in the complement of D; in C' such that
d(z,y) < g. As y is in the complement of D, there is a path ¢ from y to the
boundary 0, C' with algebraic intersection number with S, different from +1. Let
¢ be a minimizing geodesic from z to y: as the length of ¢/, which is equal to the
distance between = and y, is strictly less than the distance of = to §t, the geodesic
¢ does not intersect the surface S;. If ¢/ = ¢ Uc, ¢ is a path from z to 8,C with
algebraic intersection number with §t not equal to +1. Therefore, the point x is not
separated from 9,.C by S,.

But as the point x belongs also to Dy, there exists a point z in C' separated from
0,C by S; and such that the distance between z and x is less than g. Take a
minimizing geodesic a from z to x. Let us denote by b = a U ¢’. The path b is

linking z to 0, C, which implies that the algebraic intersection number of b with
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§t is equal to +1. From the other hand, the distance between 2z and z is at most
% < dist(x, S;), which implies that the minimizing geodesic a does not intersect the

surface §t. But then, the algebraic intersection number of the path b = a U ¢ with
the surface §t is not equal to +1, which contradicts the fact that z is separated from
0.C by S,. Thus, the point x necessarily belongs to the surface §t, which ends the
proof of lemma 2.34. O

Lemma 2.35. For every time t, the boundary of E; is connected.

Proof of lemma 2.35.

Indeed, if the boundary of E; would not be connected, it would have at least two
components S and T of §t. But then, S and T would be two disjoint and separating
surfaces in the compression body C. If they are not nested, the set of the points
separated from 0,C by S is disjoint to the set of points separated from 0, C by
T, which contradicts the fact that E; is connected. Therefore, the surfaces S and
T are nested. But the surface S, is homotopic to a surface obtained from 0,C' by
surgeries and as surgeries preserve the algebraic intersection number in homology,

two components of the same surface S; cannot be nested, which ends the proof of
lemma 2.35. O

To prove proposition B, we will pick up the desired nested surfaces among the
family of connected surfaces (0E}):cp,1]-

End of proof of proposition B.

Let ¢ be the length-minimizing geodesic arc from the point zy obtained in lemma
2.32 to 0,.C. As before, denote by u the distance between the geodesic ¢ and .
Let L be the length of c. One has L > ¢ — 2eK’. Take { — c¢({) an arc-length
parameterization of ¢, such that ¢(0) = xy and ¢(L) = yo € 0,C.

First, let us show that E; = () for ¢ € [0, 7], where 7 is the constant given by propo-
sition 2.23. As every original sweepout surface S; is contained in a p/2-neighborhood
of Sy = Sy for all ¢ < 71, and that the distance between ¢ and Sy is at least u, the
geodesic ¢ does not meet the sweepout surfaces S; for every t < 7. As the new
sweepout surfaces S; are obtained from the surfaces S; by surgery, the intersection
number between ¢ and S; is the same as the intersection number between ¢ and S,
so it is zero for t < 7). ThAerefore, the geodesic ¢ is an arc joining xg to 0, C with

intersection number with S; equal to zero for ¢ < n. By definition, the surfaces S;
do not separate xy from 0, C for t < 7, showing that there is no component of D,
containing x¢. Thus, E; = 0 for every ¢ € [0, 7).

Let us assume that g — 6eK’ > 5eK. As the sets F; vary continuously with the
time ¢, the function £ which maps the time ¢ to the length of ¢ N E; is a continuous
map. From the fact that £(n) = 0 and £(1) = L the length of ¢, we deduce that there
is a time t; € (n,1) such that £(t;) = L — 2¢(1 + K + K’). Let S; be the boundary
of E,. From lemma 2.35, the immersed surface S; is a connected component of §t1.
As ¢ is a minimizing arc-length parametrized geodesic, for every a and b € [0, L], we
have d(c(a),c(b)) = |b — a|. Thus, the intersection point ¢(L(t1)) between S; and ¢
is lying at distance 2¢(1 + K + K’) from 0, C. Since by construction every point
in the surface S, for t > 1 — n is at distance at most €K’ from 0, C, necessarily
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t1 < 1 —mn. As the sets F; are empty for t < n, in fact n < t; < 1 —1n. By
definition of Ej , the surface S; separates xq from 0,.C. By proposition 2.23, S;
is connected. Let us show that its e—cEameter is at most K. By proposition 2.23,
the diameter in C' of a component of S; is at most €(1 + 2K + 2K’). Furthermore,
if S} contains a persistent surgery neighborhood, it means that S; intersects N .
That implies that every point of S is at distance at most €(1 + 2K + 2K') + ¢/2
of 0,C, contradicting the fact that the intersection point between S; and c is at
distance 2¢(1+ K + K') > ¢(1+2K +2K') +¢€/2 of 0, C. Thus, S; does not contain
any persistent surgery neighborhood. Proposition 2.23 ensures that its intrinsic
e-diameter is at most K and its diameter in C is at most 2¢/K. Therefore, the
surface Sy cannot meet {c¢(¢), 0 < ¢ < L —2e(14+ K + K') — 2¢eK)} U {c(¥), L —
2¢(K + K') < ¢ < L}. Let ¢, be the smallest value of ¢ such that ¢(¢) € S;. We
have L —2¢(1 + 2K + K') < ¢4 < L —2¢(1+ K’). As K’ > 1, this implies that
L—2e(1+2K+K')>L—4e(K + K') > % — 4eK — 6K’ > €K > 0.

Let ¢; = {c(f), 0 < ¢ < ¢, —14eK}. Replacing ¢ by ¢1, we can iterate the previous
process. If K is small enough compared to §, there exists a time ¢, such that the
length of ¢;NEy, is equal to: length (¢;) —2eK = {1 —16eK > L—20e K —2¢(1+K') >
L —20eK — 4eK'. For the same reasons as before, the boundary of E}, is a surface
S5 which is a connected component of §t2 separating x, from 0, C, and it intersects
¢; only on the set {¢1(f), (¢1 — 14eK) — 4eK < ¢ < ¢; — 14eK}. Furthermore,
the surface Sy is too far from the boundary 0,C to contain a persistent surgery
neighborhood, and its intrinsic e-diameter is at most K by proposition 2.23.

Let us prove that the distance between the surfaces S; and S; is less than or equal
to 10e K. Let ¢5 be the smallest real number ¢ such that ¢(¢) € Sy. From the former
discussion, o < ¢ — 14eK. As ¢(¢1) € Sy and ¢(f3) € Sy, we have:

dist(Sy, S2) > dist(c(¢y), c(f2)) — diam(S;) — diam(Ss)

> (0 —ly) — 4eK

> 14eK — 4e K = 10eK.

We can iterate the process with ¢y = {c(¢), 0 < ¢ < {5 — 14eK}, on condition

that fo — 14e K > 4eK, so for example if L — 2 x 18¢ K — 4e K" > 4eK.
The iteration process stops when L —18¢K (n—1) —4eK’ > 4eK but L —18cKn —

4e K' < 4eK, so for n = [%] Astg—eK’, n > [36(;( —%—f—lﬂ,which

proves proposition B. 0

2.3. Proof of Proposition C: from nested to parallel surfaces.

With proposition B, we know that we can find n = [52- — 2 — f—lﬂ immersed
surfaces in the compression body C' of the cover M’. All those surfaces are nested,
their e-diameter is at most K and they are at distance at least 10eK from each
other, where K = 4 (3 +1/sinh*(¢/8)) g(C') — 10. Furthermore, all those surfaces
are homotopic to embedded surfaces obtained from 0, C' by surgery.

Thus the genus of those immersed surfaces is between 0 and g(C') = g(0+C). So
there are at least n’ = [n/(g(C) + 1) surfaces Sy, ..., S, with the same genus, and
this genus is at most g(C). We take the indices j such that S, separates S; from
0,C.

We then follow the proof of Maher [Mah, p. 2252-2257]. Let S = S; be one of the
previous immersed and nested surfaces with the same genus. A collection Ag of
compression discs of J,C to get S is a finite set of properly embedded discs in
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C', such that the sweepout gives a homotopy from S to a subset of 0, C' U Ag. The
first step is to show that for two connected and nested sweepout surfaces, one can
choose collections of compression discs such that one of them is a subset of the other
one. This is done in [Mah, Lemma 4.6 p. 2252]. In particular, if the two surfaces
have the same genus, they are homotopic.

Lemma 2.36. [Mah, Lemma 4.6]

Let S7 and be two of the immersed surfaces obtained in proposition B. Suppose
for example that Sy separates Sy from 0,C. Then we can choose a collection of
compression discs of 0.C, say Ag, to get S1 and Ag, to get So, such that Ag, is
a subset of Ag,. In particular, if the two surfaces Sy and Sy have the same genus,

Ag, = Ag,. O

This lemma shows that all the nested surfaces 57, ..., S, are homotopic, as they
have the same genus.

The following lemma is crucial: we wish to replace the nested immersed surfaces
by embedded surfaces of the same genus in an arbitrarily small neighborhood of the
original immersed surfaces. This lemma is proven in [Mah, Lemma 4.7 p. 2253].

Lemma 2.37. [Mah, Lemma 4.7]

Let S be one of the surfaces obtained in proposition B. Let T be a least genus,
connected and embedded surface, separating S from 0, C. Then T is incompressible
in C'\ S and the genus of T is greater than or equal to the genus of S.

Proof of lemma 2.37.

We recall here Maher’s proof.

If the surface T" were compressible in C'\ S, it could be compressed along embedded
discs in C'\ S to obtain a new surface 7" embedded in C'\ S. But one component of
T’ would be an embedded surface in C' separating S from 0, C, with genus strictly
less than the genus of T, which is a contradiction. So the surface 7" is incompressible
inC\S.

The surface S is homotopic to 0, C' compressed along a collection Ag of embedded
discs. Thus, if ¢’ is the component of C'\ Ag containing the surface S, C’ is a
compression body and we can find for it a spine I' that is homotopic to the immersed
surface S. The map on first homology H;(I') — H;(C) induced by the inclusion of
I’ in C' is injective.

The surface T is an embedded surface in the compression body C, so it is sepa-
rating and there exists a set Dy of embedded compression discs for 7" such that T'
compressed along Dr is parallel to some components of 9_C' (c.f. [B, Lemma 2.3]).
As T is incompressible in C'\ S, the compression discs of Dy for the surface T" are
only in one side of T'. So the surface T" bounds a compression body C” in C. As the
composition of the maps induced by the inclusions H(I') — H,(C") — H;(C) is
injective, the map H;(I") — H;(C"”) is injective. Thus the rank of H;(C"”) is greater
than or equal to the rank of H;(T'), and necessarily the genus of T is greater than
or equal to the genus of S. 0J

A consequence of lemma 2.36 is that all the nested and immersed surfaces
S1,...,S, are homotopic. We want a little more: we need to find for all j between
1 and (n' — 1) a homotopy between S; and S, that is disjoint from Sy for all k < j.
We follow the arguments of the proof of [Mah, Lemma 4.8 p. 2254], but we compute
precise upper bounds.
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Lemma 2.38. From the surfaces Si, ..., Sy, one can construct a collection of im-
mersed surfaces Sy, ...,S), 1, S, which are disjoint, nested and homotopic, and the
homotopy from S}, to S} is disjoint from Sy for 1 < k < j. Furthermore, the diam-
eter of the surfaces S’ is at most 8¢K, they are at distance at least 2¢K from each
other, and the e-diameter of S5,...,S!, | is at most K.

Proof of lemma 2.38

Each surface S; admits a one-vertex triangulation with edge-length bounded by
4eK, and its diameter is at most 2¢K. Therefore, by lemma 2.14 the surfaces S
and S, are homotopic to simplicial surfaces S| and S/, with diameter at most 4e K’
and such that for every points = € S; and 2’ € S’ (where j = 1 and n'), the distance
between x and 2’ is at most 6¢/. In fact, by construction of S}, each point of S} is
at distance at most 4eK; from the original surface S;.

The homotopy between the two simplicial surfaces S| and S/, can be modified
into a simplicial sweepout as in section 2.2. By proposition 2.23, there exists a
finite sequence of surgeries of generalized sweepouts, starting from this simplicial
sweepout and ending to a generalized sweepout in which all the sweepout surfaces
S; for t € [n,1 — n] have e-diameter bounded above by K. We can use the same
constant K as before since the genus of the surfaces S; is at most g(C). Moreover,
the surfaces S} are homotopic to the surface S, after some compressions if necessary.
For j between 2 and (n' — 1), let S} be the first sweepout surface S intersecting Sj.
As S} is a generalized sweepout surface, its e-diameter is at most K.

We know from the construction of a generalized sweepout that the genus of the
surface S’ is at most the genus of the surface S;. In fact, we show that those two
genera are equal.

Claim . For all 1 < j <n'—1, the genus of the surface S; is the same as the genus
of the original sweepout surface S;.

Assuming the claim, since the modified sweepout surfaces S’ have the same genus
as the original sweepout surfaces S;, in fact there is no compression to obtain the
surfaces S} and they were already sweepout surfaces of the original simplicial sweep-
out between S} and S,. So the surfaces S} are homotopic to the surface 5}, and
by definition of a sweepout, this homotopy is disjoint from the surfaces S}, for every
k<j.

Proof of claim.

Suppose that there exists some j such that the genus of S7 is strictly less than the
genus of ;. By a result of Gabai, we can then replace our simplicial surface S} by an
embedded surface T} in an arbitrarily small neighborhood of the immersed surface
S%. More precisely, take a small regular neighborhood N(S%) of the immersed surface
S%. This neighborhood contains embedded surfaces in the same homology class as
S%in Ho(N(S7%),ON(S7)). Gabai showed that the singular norm on homology is the
same as the embedded Thurston norm [G1], hence there exists an embedded surface
T} in N(S}) with the same homology class as S and of genus less than or equal to
the genus of 7. If we choose sufficiently small neighborhoods N(S%), we can ensure
that the diameter of the embedded surface TJ’ is less than 3eK. In particular, as
the surfaces S] and S}, are too far away, the embedded surface T is disjoint from
Si and S),, and it is separating S7 from S,. Applying lemma 2.37, we see that the
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genus of 77 must be at least the genus of Sj: g(7}) > g(S57). But as the genus of S}
is the same as the genus of S, and that the genus of T} is at most the genus of S,
which we have supposed strictly less than the genus of S;, we have g(T7) < g(S}),
which is a contradiction. 0

As the surfaces S; were at distance at least 10e/C from each other and that every
point of S} is at distance at most 4K from the original surface S; forall j = 1,..., 7/,
the new surfaces S’ are at distance at most 2¢K from each other (which also shows
that the surfaces S’ are all disjoint). Furthermore, their diameter is bounded from
above by 8¢K and the e-diameter of S5,...,S5),_, is at most K.

There remains to show that the surfaces S7,...,S!, are nested. In the spirit of
the proof of proposition B, let us denote by D, the closure of the subset of the
points of C' separated from 9, C by },. For all j </, the surface S’ intersects the
surface S;, which lies in D,,. As S} is at distance at least 2¢K from S}, = 0D,, S}
is contained in the interior of D,,. So it is separated from 0, C by S!,. Therefore, if
we denote by D; the closure of the points of C' separated from 0, C by S%, D; C D,y
Let 1 <k < j<n'. If we take a point x in Dy, as D, C D,, every path v from x
to 04 C has its algebraic intersection number with 0, C equal to +1. As the surface
S’ is homotopic to S;, by a homotopy that is disjoint from S, this homotopy does
not change the intersection number, so the intersection number of  with S} is still
equal to +1, and z is in D;. Thus Dy C D, for 1 < k < j < n/, showing that the
surfaces S7,...,S), are nested. This ends the proof of lemma 2.38. O

In the sequel, we replace the family Sy, ..., S,y by the new family S7,..., S, _,, S,
of surfaces obtained by lemma 2.38, and for simplicity, we will still denote this family
by Sl, c. ,Sn/.

We then wish to replace our immersed surfaces by embedded surfaces in an arbi-
trarily small neighborhood of the immersed surfaces. It is the aim of the following
lemma.

Lemma 2.39. For every j from 1 to n', there exists an embedded surface T; in
a small reqular neighborhood of S;, with the same genus as S;, and which can be
covered by at most diam.(S;) < K embedded balls in M' of radius 2e. Furthermore,
two surfaces T and Ty, for j # k are at distance at least €KX from each other.

Proof of lemma 2.39.

Take a small regular neighborhood N(S;) of one of the immersed and nested
surfaces S;. As in the proof of the claim, by Gabai [G1], this neighborhood contains
an embedded surface Tj in the same homology class as S; in Ho(N(S;),ON(S;))
and of genus less than or equal to the genus of S;. If we choose sufficiently small
neighborhoods N(S;), we can ensure that the diameter of the embedded surfaces T}
in the ambient manifold M is less than 9¢ K, and two embedded surfaces T; and T},
are at distance at least e/{. Furthermore, if we take a set B of diam.(S;) embedded
balls of radius € and centers on the surface S;, one can choose N(.S;) small enough
such that it is contained in the union of corresponding balls with the same center
and radius 2e. Thus, the surface T can be covered by at most diam.(S;) embedded
balls of M’ with radius 2e.

The genus of 7 is at most the genus of .S;, but we wish to show that in fact, the
genus of 7 is the same as the genus of S;.
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With lemma 2.37, we know that the genus of the embedded surface T} for j =
2,...,n is greater than or equal to the genus of the immersed surface S; that it
separates from 0;C. But as the genus of T} is at most the genus of S}, which is
equal to the genus of Sj, in fact the genus of 7} is equal to the genus of S;: the
surfaces T, ..., T, have the same genus as the immersed surfaces Ss, ..., S, . This
proves lemma 2.39. [

The final step in the proof of proposition C is to show that some of the embedded
surfaces are actually parallel.

Lemma 2.40. The embedded surfaces Ty, ..., T,_1 are parallel.

Proof of lemma 2.40.

This lemma relies on homological arguments, see [Mah, Lemmas 4.9 to 4.11]. For
completeness, we give here a shorter proof, based on classical 3-manifold topological
results.

Let V be the 3-complex in C' bounded by the immersed surfaces S; and 9, .
There is a sweepout ¢ between S; and S, such that for each 1 < j < n/, the
surface S; is a sweepout surface. In other words, the application induced by the
map ¢ : S x I — V in homology ¢. : H3(S x I,0(S x I)) — H3(V,0V) is an
isomorphism and for each j, there exists a time ¢; € I such that S; = ¢(S x {¢;}).
Moreover, we have 0 = t; <ty < ... <t = 1.

By a classical construction (see [St, point 3. p. 96] for example), we can homotop
the sweepout ¢ to a map ¢ which is still degree one, and such that for every 2 <
j </, ¢"}T;) is an embedded incompressible surface (not necessarily connected)
inS x1I.

Take 3 < j < k <n’ — 1. As the homology class of the surfaces T; and T} is the
same as the homology class of S3, the homology class of the preimages ¢'~'(T}) and
¢ (Ty) in Hy(S x [t3,1],0(S x [t3,1])) is the same as the homology class of the fiber
S x {t}. As those preimages are incompressible embedded surfaces, ¢'~'(7;) and
¢'~1(T}) are each composed of an odd number of connected surfaces isotopic to the
fiber S x {t} with total algebraic intersection number with any path from S x {t3}
to S x {1} equal to +1. Up to isotopy, we can suppose that there exist times t3 <
<. < ténjﬂ and t3 <t} <...<t§ ., such that ¢'"'(T}) = U?ZJ'IHG“Z(S x {t]})
and ¢/~}(T}) = U?Z’j“ef(S x {t§}), with ez and €f equal to +1 or —1, depending on
the orientation of the component of ¢'~*(T}) or ¢'~*(T}) corresponding to the fiber
Sx{ti} or Sx{th}. As ST el = 41 and S el = 11, there exists £ and £ such
that €, = +1 = €5,. Suppose for example that ¢; < t},. Then ¢/ : S x [tJ,t)] = V
is a homotopy between the embedded surfaces 7 and T}, contained in the region
in V bounded by S3 and S,/. As the embedded surface T, is not in this region, if
we denote by Y the submanifold of C' bounded by 7T, and 9, C, the two embedded
surfaces T and T}, are homotopic in the interior of Y.

By lemma 2.37, the surfaces 7; and T} are incompressible in C'\ S;. As they
are contained in the interior of Y and Y is included in the component of C'\ S}
containing 7 and T}, the surfaces T and T} are incompressible in Y. Thus, by
a result of Waldhausen [W, Corollary 5.5 p. 76], they are in fact isotopic in Y.
Therefore, T; and T} are parallel in C, for 3 < j < k < n’ — 1. Thus we have
m = n’ — 4 embedded surfaces Tj,...,T,,_; parallel in the compression body C,
which ends the proof lemma 2.40. As the e-diameter of Sy, ..., S, _1 is at most K
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and the surfaces T}, ..., T, _1 can be covered by at most K embedded balls in M’
of radius 2¢, this ends also the proof of proposition C. 0
O

2.4. Proof of Proposition D: from patterns of fundamental domains to
virtual fibration.

This part is dedicated to the proof of Proposition D, which is based on [Mah,
Lemma 4.12 p.2258]. This proof is much involved than the one of Lemma 4.12 in
[Mah], which is too quick for our purpose since we need explicit bounds and precise
constants.

Assume that there are m connected, orientable, embedded and disjoint parallel
surfaces in M’. Furthermore, suppose that each of those surfaces can be covered
by at most K embedded balls in M’ of radius 2¢ and that any two surfaces are at
distance at least » > 0 from each other. In particular, there exists an embedded
product 7" x [0, m — 1] in the manifold M’ in which the surface T} coincides with the
fiber T x {j} for all j from 0 to m — 1.

__Let D be a Dirichlet fundamental domain for the manifold M in its universal cover
M ~ Iﬁl\g The translates of D by the covering maps form a tiling of the universal
cover M. This tiling descends to a tiling of the cover M’ by d copies of D. Each of
the m embedded and parallel surfaces T1,...,T,, in M’ intersects some copies of D.

Definition 2.41. The union in M’ of copies intersected by one of the surfaces S;
is called a pattern (of fundamental domains) for S; and denoted by P;.

As the surface is connected, a pattern is a connected 3-complex. We can suppose
that each of the embedded surfaces intersects the 2-skeleton of the tiling transver-
sally. More precisely, we can suppose that each surface does not meet the vertices
of the fundamental polyhedra, that it intersects the edges in isolated points and it
is transverse to the 2-dimensional faces of the polyhedra. Therefore, a pattern is a
connected union of some copies of D glued along their 2-dimensional faces. Let D
be an upper bound for the diameter of D, and « an upper bound for the number of
its 2-dimensional faces.

For all ¢ € N, we recall that B(¢) is an upper bound for the number of possibilities
of patterns obtained by gluing together at most ¢ fundamental domains. Let L =
L”(Sinh(z\Df(ﬁ?ﬁ;zD*%) K| as in lemma 2.8. The integer L is an upper bound for the
number of fundamental domains a given surface can intersect. Thus, a pattern is
the union of at most L fundamental domains.

Suppose that r/(2D + 1) > 1 and 73575

(a)), or that r/(2D + 1) < 1 and (zgm — 1) m

> 4 (which will be called condition
> 4 (called condition (b)).

Lemma 2.42. If conditions (a) or (b) are satisfied, there are at least 4a*L*B(L)
surfaces for which the corresponding patterns of fundamental domains are disjoints.

Proof of lemma 2.42.

If two surfaces T} and T}, are at distance strictly more than 2D, the patterns of
fundamental domains associated to 7T} and 7}, are necessarily disjoint, as the diameter
of a fundamental domain is at most D.
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If r/(2D+1) > 1 as in condition (a), any pair of surfaces T; and T}, with j # k are
at distance strictly more than 2D, and all the m patterns associated to the parallel
surfaces are disjoint.

Otherwise, 7/2D < 1. In this case, there are at least |s5m| > s5m — 1
surfaces T; which are separated from each other by a distance at least 2D +1 > 2D.
Thus, every corresponding patterns of fundamental domains are disjoint.

As in condition (a), m > 4a*L*B(L), or in condition (b), z5mgm—1 > 4a*L*B(L),
there are at least 4a2L? B(L) surfaces whose corresponding patterns are disjoint. [J

Lemma 2.43. There exist an “abstract” pattern of fundamental domains P and
at least 4a*L? patterns of fundamental domains P;, which are disjoint and home-
omorphic to P. More precisely, for at least 4a?L? of the previous indices j for
which the corresponding patterns of fundamental domains are disjoint, there exists a
homeomorphism ¢; : P; — P which preserves polyhedral decomposition and gluing
isometries between the faces of the fundamental domains belonging to the patterns.

Proof of lemma 2.43.

The proof is straightforward. Indeed, as a pattern is the union of at most L funda-
mental domains, there are at most B(L) possible patterns. Among the 4a*L*B(L)
disjoint previous patterns, there are at least 4a2L? of them corresponding to the
same “abstract” pattern P. [l

From now on, we only consider 4a?L? indices j satisfying the conclusions of last
lemma.

Lemma 2.44. The number of boundary components of the pattern P is between 2
and oL.

Proof of lemma 2.44.

Each fundamental polyhedron in the pattern P has a 2-faces. As P is the union
of at most L polyhedra, it has at most aL 2-faces. It is an upper bound for the
number of boundary components of P.

To see that there is at least two boundary components in P, it suffices to show
that for example P; has at least two boundary components. But as the surface T} is
contained in the interior of the pattern P;, P,N(T'%[0,1]) # @ and P,N(T'x[1,2]) # 0.
The pattern P is disjoint to Ty and T3, so the product regions T x [0, 1] and T'x [1, 2]
are not contained in P;. By connexity of T' x [0,1] and T x [1, 2], the boundary of
the pattern Py has at least two components, one as a subset of 7' x (0,1) and the
other one in 7' x (1,2). This proves lemma 2.44. O

Set OP = F1 U Ey U ... U E,, where the immersed surfaces F; are the boundary
components of the pattern P, with 2 < s < aL.

Definition 2.45. For every index j between 1 and 4a?L? — 2, the pattern P; inter-
sects T'x (j—1,7) and T x (j,j+1). At least one component of the boundary of P;
is in the boundary of the component of (T'x [j—1,7])\ (T x [7 — 1, j]) N P; containing
the fiber T x {j — 1}, which we will call a “left” component of the boundary
of the pattern P;. Similarly, at least one component of the boundary of P; is in
the boundary of the connected component of (T % [j,7 + 1))\ (T x [1,7 + 1]) N P,
containing the fiber T'x {j+1}. We will call this component a “right” component
for the boundary of P;.
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Lemma 2.46. For every index j between 1 and 40>L? — 2, choose a left and a right
component for the pattern P; (arbitrarily if there exist at least two such components).
Those two component correspond to components E; and E;r in the boundary of the
abstract pattern P. There are at least two indices j and k for which the pairs of left
and right components corresponding to the patterns P; and Py, coincide in OP.

Proof of lemma 2.46.

As there are at most s(s — 1) < aL(aL — 1) < o?L? pairs of left and right
boundary components of P, there are at least (4a?L? — 2)/(a?L?) > 2 surfaces T}
and T}, with 1 < j < k < 4a2L? — 2, for which the pairs of left and right components
corresponding to the patterns P; and P}, coincide. O

In the sequel, in order to simplify notations, let us denote by 7} the surface 7},
T5 the surface T}, and T3 the last surface Ty,272_1. The surfaces T, and T3 bound
a product 7" x [0,3] in M’, such that T} = T x {1} and Ty = T x {2}. The two
patterns Py and P, are contained in the interior of the product 7" x [0, 3]. Denote by
Y := ;! o ¢ the composed homeomorphism between patterns P, and P,. Let T}
be the image of the surface 77 in the interior of the pattern P, under the action of
Y T) =y o (T)) = (Ty). Tt is an embedded surface in the product T x [0, 3].
Clearly, the surfaces T7 and T5 are parallel, but they may not be embedded in their
patterns in the same way. However, the surfaces T and 7] are embedded in the
patterns P, and P, in exactly the same way, but there is no evidence to say a priori
that those two surfaces are parallel. It is in fact true, thanks to the following lemma.

Lemma 2.47. The surfaces Ty and T| are parallel in M’.
Proof of lemma 2.47.

E, ET E,
N
|
X

b
\ |
Y, . /f//x}/“/z\ }
X/g,/\\l/q\ v, | . /X
00— Pl “‘r é \‘\ 3 _
[V \ *s
. | /@ \ Y
A Q | e‘ @ / /
VY ‘

[

. @ \ \ % .

T, T, T

T

2 3

Claim . The homology class of T} in the product T x [0, 3] is equal to the homology
class of the fiber [T] = [T1] = [T5].

Proof of claim.

By choice of the surfaces 77 and T3, the left component E; of the boundary
of the pattern P, and the left component E, of the boundary of the pattern P
have the same image in the pattern P: ¢ (E;) = pa(Ey ), so By = oy o p1(E;).
By definition, E; is a boundary component of the connected component of (7' x
[1,2])\ (T x [1,2]) N P, containing the fiber T3, and the component E; is a boundary
component of the pattern P in the boundary of the component of (7" x [0, 1]) \ (7" x
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[0,1]) N P, containing the fiber Ty. As P, N (T x [0,1]) is connected, there exists a
path ~4, properly embedded in P, N (7 x [0, 1]) and joining the component E| to the
surface 7). The image by the homeomorphism ¢, ' o ¢, between the patterns P, and
P, of the path 74 is a path 75 = ,' 0 ¢1(74) in P, from the boundary component
E5 to the surface T]. The interior of the path v, is contained in the interior of the
component of P, \ T} containing F5 . Let x5 be the extremity of v, belonging to the
boundary component F , and x3 the other one, on the surface 77.

Similarly, there exists a path 3 from 3 to a point x4 lying on the right component
Ey of the boundary of P, and such that its interior is contained in the interior of
the component of P, \ T} containing E .

As Ej5 isin the boundary of the connected component of (7'x[1, 2])\ P.N(T"x[1, 2])
containing the fiber T3, there exists a path y; with its interior contained in the
interior of this component, and joining a point x; of the fiber T to the point x5 of
E5 . Similarly, by choice of £, there exists a path 4 with interior contained in the
interior of the component of (7' x [2,3])\ PoN (7" x [2, 3]) containing the fiber T3 and
linking the point x4 of E to a point x5 of T3. Eventually, as the product T' x [0, 1]
is connected, there exists a path ~ with interior contained in 7" x (0, 1) joining the
point x; of T} to a point xq of Tj.

Let v be the path obtained by concatenating the paths vy, 71, 72, 3 and 4. The
path v joins the point z( of Ty to the point x5 of 75 and intersects the surface 77
only once, at the point x3. As the orientations of the patterns P; and P, coincide,
the intersection number of v with the surface 7] is +1. So it is the same as the
intersection number of vy with the fiber 7. By Poincaré duality, as the homology
group Hy(T x [0, 3], Z) is of rank one, generated by the class of the fiber [T'], the class
of the surface 7] is equal to the class of the fiber in the homology of the product,
showing the claim. O

As the surface T7 is embedded in the product 7" x [0, 3], by a result of Waldhausen
[W], it follows that the surface T] is parallel to the fiber T}, possibly after performing
a finite number of compressions on 7. But as the surface 77 is homeomorphic to 77,
it is of the same genus as the fiber T}. So in fact there is no compression. Therefore,
those two surfaces bound a product in M’. O

Lemma 2.48. The manifold M admits a cover N of finite degree at most d which
fibers over the circle, and the embedded surface Ty in M' is an (incompressible)
wirtual fiber.

Proof of lemma 2.48.

One can cut the manifold M’ open along those two disjoint surfaces 77 and 77.
We keep only the component corresponding to the product region between the two
parallel surfaces, and we identify the two surfaces via the homeomorphism ¢ =
(p3to 1)y, to obtain a manifold N fibering over the circle, with fiber T, = (Ty ~

T!). The homeomorphism ;' o ¢; identifies the left” part of the pattern P, with

the "left” part of the pattern P;, so we get a pattern P; corresponding to 7T} in
N homeomorphic to the pattern P: the "left” part of this pattern corresponds to
the left part of the pattern P, via the homeomorphism ¢y, and the "right” part of
the pattern corresponds to the right part of P, via the homeomorphism ¢;. As
those homeomorphisms preserve the gluings between the 2-dimensional faces of the
fundamental domains, the gluings between the fundamental domains in the pattern
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E are the same as the gluings in the model pattern P. Therefore, we obtain a tiling
of N by finitely many copies of fundamental domains homeomorphic to D and with
matching gluings. Thus, N is a finite cover of the original manifold M, and N is
fibered over the circle, with fiber fl

Sl

The two covers M’ and N admit a common regular finite cover W, which fibers
over the circle as it is a finite cover of N. A component of the preimage of T7 by the
covering projection W — N is a fiber F' for the fibration of W over the circle. As
the diagram is commutative, it is also a component the preimage of the embedded
surface 77 in M’, as T} and T; have the same image in M, which is an immersed
surface. As F' is incompressible in W, the surface T} embedded in M’ we started
from is also incompressible. Thus the embedded surface 77 is a virtual fiber in M’,
and is incompressible. O

Therefore, the m initial parallel surfaces are virtual fibers for the manifold M.
In fact, they are fibers of a bundle over the circle or of a twisted I-bundle. Indeed,
if T is one of those surfaces, the complement M/ of an open neighborhood of 7" in
M’ admits a finite cover that is the product of a 7" by an interval I. In particular,
the fundamental group of the compact manifold M/, contains a finite index surface
subgroup. By [H, Theorem 10.6], it is a I-bundle, possibly twisted. This ends the
proof of the Pattern Proposition D. O

3. HEEGAARD GENERA AND FIBRATION.

The proof of theorem 0.3 is the starting point for the proof of the main theorem A.
The aim was to establish a virtual fibration criterion standing between Lackenby’s
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conjecture 0.1 and Maher’s theorem. Maher himself suggested in [Mah] the possibil-
ity to get explicit constants and upper bounds at each stage of the proof of Theorem
1.1 of [Mah], but without precise statements.

This section is dedicated to the proof of theorem 0.3 and corollary 0.6.

3.1. Proof of theorem 0.3 (1) and corollary 0.6 (1): Heegaard genus.
Proof of theorem 0.3 (1).

Suppose that M’ — M is a cover of M with finite degree d. Let S C M’ be
a minimal genus Heegaard surface for M’: ¢(S) = g(M’). The aim is to construct
from S a pseudo-minimal surface which satisfies assumptions of theorem A. We start
with the following lemma.

Lemma 3.1. Let N be a connected, oriented and closed hyperbolic 3-manifold. Let
S be a minimal genus Heegaard surface for N and H the Heegaard splitting of N
with Heegaard surface S. Let F be the union of the even and odd surfaces of a
‘H-thin generalized Heegaard splitting for N. Then F is a pseudo-minimal surface,
which divides the manifold N in q < x" (N) + 2 compression bodies C4, ... ,C, with
X—(C;) < X" (N) for all j between 1 and q.

Furthermore, if F~ is the union of the negative boundary components 0_C;, then
it s a union of incompressible surfaces.

Proof of lemma 3.1.

The topological part (1) of the following theorem is a consequence of works of
Casson and Gordon, Scharlemann and Thompson ([CG] and [ST]). The metric part
(2) comes from results of Frohman, Freedman, Hass and Scott about incompressible
surfaces ([FHS| and [FH]). The last part (3) is a result of Pitts and Rubinstein
([PR], see also [So], [CDL] and [P]).

Theorem 3.2. Let N be a connected, oriented and closed hyperbolic 3-manifold,
and H a H'-thin generalized Heegaard splitting for some Heegaard decomposition
H'. Then H satisfies the following properties.

(1) Each of the even surfaces is incompressible in N and the odd surface are
strongly irreducible Heegaard surfaces for the components of the manifold N
cut along the even surfaces.

(2) Each even surface can be isotoped to a minimal surface or the boundary of a
small neighborhood of a non-orientable minimal surface.

(3) each odd surface can be isotoped to a minimal surface, or to the boundary
of a small regular neighborhood of a non-orientable minimal surface, with a
small tube attached vertically in the I-bundle structure.

O
Thanks to theorem 3.2, up to isotopy, one can assume that the surface F' is
pseudo-minimal, and it is immediate that F'~ is a union of incompressible surfaces.
As described in section 1, surgeries of generalized Heegaard splittings are a modi-
fication in the order of attachment of the 1- and 2-handles of a corresponding handle
decomposition of the manifold. Therefore, surgeries do not change the number of 1-
and 2-handles. As it is equal in the starting Heegaard splitting to 2g(S) = x" (N)+2,
there are also (" (N) + 2) 1- and 2-handles in a handle decomposition associated
to the surface F'. As this number is an upper bound for the number of compression
bodies in the complement of F, the inequality ¢ < x" (N) + 2 holds.
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Furthermore, as each component of F' is obtained from S by surgery, the charac-
teristic y_(C) of each compression body is at most |y(S)| = x" (V). O

End of the proof of theorem 0.3 (1).

Recall that S is a minimal genus Heegaard surface for the cover M’ — M of finite
degree d. Let F' be the pseudo-minimal surface obtained in lemma 3.1. The aim is
to apply the main theorem A to F'. With notations of theorem A and this choice of
surface F', one has ¢ = x" (M') and ¢ = x" (M’) + 2.

Set € = Inj(M)/2 and let k = k(e, Vol(M)) be the constant obtained in theorem
A. To satisfy assumptions of theorem A, one needs to have

d
(M) +2°
If the ratio x" (M')Inx"(M’)/Inlnd tends to zero, then the ratio x"(M’)/V/d
tends also to zero. Therefore, there exists an explicit constant k1 > 0 such that if

Eyx™ (M) Inx" (M) < Inlnd, then x" (M’) + 2 < v/d. Under this assumption, one
has

Ex" (M) Inx" (M) <Inln

d
lnlnm Z 111111\/3
= In <llnd)
2

= Inlnd—In2 > %lnlnd

if Inlnd > 2In2, which is the fact for example if Inlnd > x" (M’)Inx" (M’) as
X (M) > 2.

Therefore, if x* (M')Inx" (M) < Inlnd, k; X" (M")Inx" (M') < Inlnd and
2k X" (M")Inx" (M") < Inlnd, then

EX (MY Iny" (M) <lnlpn ————

and assumptions of theorem A are satisfied. This proves theorem 0.3 with k
max{1,2k, ki }.

o

Proof of corollary 0.6 (1).

It is obvious that if M virtually fibers over the circle, then the n-sub-logarithmic
Heegaard gradient of M is zero for every n € (0,1), as M admits an infinite family
of finite degree covers with bounded Heegaard genus.

If the n-sub-logarithmic Heegaard gradient of M is zero for some n € (0, 1), this
means that M admits an infinite family of covers (M; — M );cn with finite degrees
d;, and such that

lim —XUMZ) =0
i—+oo (Inln d;)" ’
which can be also written
1 XE(Mi)l/n _
im =———— = 0.

i—+oo  Inlnd;
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As 1/n > 1, this implies that

5 X" (M;) In x (M)
11m

iSFoo Inlnd, =0

Thus, for 4 large enough, on has k x” (M;) In x" (M;) < Inlnd; and the assumptions
of theorem 0.3 are satisfied. In particular, the manifold M virtually fibers over the
circle, which proves corollary 0.6 (1). O

3.2. Proof of theorem 0.3 (2) and corollary 0.6 (2): strong Heegaard
genus.
Proof of theorem 0.3 (2).

Suppose by contradiction that in a finite cover M’ — M of degree d, one has
ExSM(M')Inx*"(M') < Inlnd. Let F be a strongly irreducible Heegaard surface for
M’ such that x*"(M') = x_(F).

Thanks to theorem 3.2, up to isotopy, one can assume that F'is pseudo-minimal.
This surface separates M’ into two handlebodies, so the volume of one of those
handlebodies C' must be at least Vol(M)d/2. But as kx_(F)Iny_(F) < Inlnd,
the proof of theorem 0.3 (1) shows that the surface I satisfies the assumptions of
theorem A. This is in contradiction with corollary 0.2. This proves theorem 0.3

2). 0

Proof of corollary 0.6 (2).

To prove corollary 0.6 (2), just notice that as Ex*M(M')In Xih(ﬂ/{’) > Inlnd, for
0 € (0,1), there is a constant kg > 0 such that x*"(M’)/(Inlnd)? > kg, proving that
the strong n-sub-logarithmic Heegaard gradient of M is strictly positive. 0

4. CIRCULAR DECOMPOSITION AND FIBERED HOMOLOGY CLASSES.

The aim of this section is to consider the case of circular decompositions, and to
prove corollaries 0.8 and 0.10.

4.1. Circular decomposition and thin position.

A circular decomposition is the equivalent of a Heegaard decomposition, but this
decomposition is associated to a Morse function that no longer takes values in I =
[0,1] but in the circle S'.

Definition 4.1. A circular Morse function is a Morse function f : M — S*.
If f : M — S! is a circular Morse function, the handle decomposition of M given
by the function f is called the circular decomposition associated to f.

See F. Manjarrez-Gutiérrez [MG], Matsumoto [Mat] and Milnor [Mi] for further
details about circular Morse functions. Let f : M — S! be a circular Morse function.
If we remove a small open neighborhood of a regular value # € S!, by restriction of
f, we obtain a Morse function g of Mr = M\ N (R), which is the manifold M minus
a small regular open neighborhood of the surface R := f~!({z}), on the interval I.
Thus, the theory of Heegaard splittings and generalized Heegaard splittings applies
to the function g, as recalled in section 1.

An other viewpoint is to see a circular decomposition as a handle decomposition of
the cobordism (M \ N (R), R x {1}, R x {—1}). Starting with a Heegaard splitting
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of Heegaard surface S for Mr = M \ N(R), one can change the order in which
1- and 2-handles are attached to get a new generalized Heegaard splitting (F; =
R x {1},51,F,,...,Sn, Foy1 = R x {—1}) for (Mg, R x {1}, R x {—1}). Gluing
back R x {1} to R x {—1}, one obtains a circular decomposition for the manifold
M. Denote it by H = (Fy, 51, Fy, ..., Sn, Fry1), with Fy = F,,1; = R. The surfaces
F; divide M into n 3-manifolds with boundary Wi,..., W, and surfaces S; are
Heegaard surfaces for those manifolds. For 1 < j < n, S; divides the manifold W
into two compression bodies A; and Bj, such that 0, A; = 0, B; = S, 0_A; = F;
and 0_B; = Fj44.

Let S be a closed surface. If S is connected, recall that the complexity of S is
c(S) = max(0,2¢(S) — 1). If S is the union of several connected components, the
complexity of S is the sum of the complexities of the components of S. There is a
definition of the complexity of a circular decomposition analogous to the complexity
of a generalized Heegaard splitting.

Definition 4.2. The circular width of a circular decomposition H = (Fy, Sy, Fy,
co oy Sny Fug1) is the set of the n integers (c(S1),...,c(Sn)), with repetitions and
arranged in monotonically non-increasing order. Widths are compared using the
lexicographic order.

The integer n > 1 is called the length of the circular decomposition H = (Fy, Sy,
Fy .o Sh, Fat).

Proposition 4.3. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
Let R be an orientable, closed, non-separating, incompressible and embedded surface
in M. Denote by S a Heegaard surface for M\ N(R). Starting from the circular
decomposition H = (R, S, R) of M, there ezists a finite number of surgeries to get
a circular decomposition H' = (Fy,S1, Fy, ..., Sy, Fy1) with Fy = F,.1 = R, such
that:
(1) the circular width of H' is minimal among the widths of such circular decom-
positions obtained by a finite number of surgeries of H,
(2) each surface F; is incompressible, no component of F; is a sphere, and
g9(F;) < g(5),
(3) each surface S; is a strongly irreducible Heegaard surface for the Heegaard
decomposition (Aj, B;) of W; and g(S;) < ¢(95),
() n < L(d(B) - (),

Definition 4.4. Let H be a circular decomposition. A circular decomposition H' =
(F1,S1, Fy, ..., Sy, Fu1) that is circular-length-minimizing among all circular de-
compositions obtained from H by a finite number of surgeries is said to be a thin
position. We will call such a decomposition a thin circular decomposition
associated to H.

Proof of proposition 4.3.

The proof of this proposition is essentially the same as the proof of [MG, Theo-
rem 3.2], which is itself an adaptation of techniques of [ST] to the case of circular
decompositions (see also [L]). See [R1], Proposition 1.1 and its proof. The proof is
based on an operation called a surgery of circular decompositions, which is analo-
gous to the surgery of generalized Heegaard splittings described in section 1. Again,
the crucial fact is that a surgery procedure strictly decreases the complexity of the
circular decomposition. 0
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Corollary 4.5. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
Take H = (F1,S1, Fo, ..., Sy, Fuy1) a thin circular decomposition of M. Then, up
to sotopy, one can assume that all surfaces F; and S; are pseudo-minimal.

Proof of corollary 4.5.

From proposition 4.3 points (2) and (3), the surfaces F} are incompressible for
cach j and the surfaces S; correspond to strongly irreducible Heegaard surfaces.
The proof is then the same as for theorem 3.2 (2) and (3) of section 3. O

4.2. Circular characteristic and fibered homology classes.
Recall definition 0.7 from the introduction. Corollary 0.8 is analogous to theorem
0.3 for circular decompositions associated to a non trivial cohomology class.

Proof of corollary 0.8.

Let M" — M be a cover of M with finite degree d, and a non-trivial cohomology
class o € H'(M'). The aim is to show that if the ratio x (a/)Inx¢ (a’)/Inlnd is
small enough, then the assumptions of theorem A are satisfied.

Let R’ be an embedded surface in M’ and ||¢/||-minimizing. First, suppose that
in addition h(M’,a’) = h(M', o/, R"). Take S’ a minimal genus Heegaard surface for
Mj,. By construction, x¢ (o) = |x(5")].

From proposition 4.3, starting from the circular decomposition (R', S”, R') of M’,
we can construct a thin circular decomposition H = (Fy, S1, Fs, ..., Sn, Fry1). Set
F:=U ; F5 U U ;5j. From corollary 4.5, one can assume that F' is a pseudo-minimal
surface.

Still from proposition 4.3, the surface F' separates the manifold M’ into ¢ <
S(X(R)—x(5") < x(c/)/2 compression bodies C1, . .., Cy, with x_(C;) < |[x(5)| =
X© (o) for every j.

As the surfaces F}; are incompressible, assumption (1) of theorem A is satisfied.

Let k = k(e, Vol(M)) be the constant given by theorem A. To satisfy assumptions
of theorem A, there remains to show that k x° (o) In x° (o) <Inln Xcz(da 7- But as in
section 3, one can find a constant ¢/ = ¢'(e, Vol(M)) such that if ¢ x¢ (/) In x© (/) <

2d

Inlnd, then k x° (¢/)Inx° (o) < Inln (o and all the assumptions of theorem A

are satisfied.

Therefore, if ¢/ x¢ (/) Inx® (/) < Inlnd, then from theorem A, the manifold M’
contains an embedded surface that is a virtual fiber.

Furthermore, all the constructions take place in fact in M'p = M\ N (R’). Thus,
the virtual fiber built in theorem A is in the complement of R’ in M’. This virtual
fiber lifts to a connected fiber T in a fibered finite cover M’ — M’ of M’. In this
cover, the incompressible surface R’ lifts to a surface R’ in the complement of the
fiber. Cutting along 7', this shows that the connected components of R/, which are
all incompressible, are parallel in the product to the fiber T' (see [W]). Thus, the
homology class of R’ is fibered. Still from Gabai [G2, Lemma 2.4], this implies that
the homology class of R’ is fibered. As the surface R’ minimizes Thurston’s norm,
it is also a fiber.

To end the proof of corollary 0.8, there remains to show that if R’ be an embedded
surface in M’, ||/||-minimizing, but that does not necessarily satisfy h(M' /) =
h(M' o/, R"), then R’ is still a fiber. But if one takes an embedded surface R” such
that R is ||o/||-minimizing, and satisfies h(M’', /) = h(M’', o/, R"), the proof above
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shows that R” is a fiber. As R’ is norm-minimizing, it is an incompressible surface
in the homology class of R”, hence also a fiber. This ends the proof of corollary
0.8. O

The following corollary is immediate from corollary 0.8.

Corollary 4.6. Let M be a hyperbolic, connected, oriented and closed 3-manifold.
Suppose that there exists an infinite family of covers (M; — M );en with finite degrees
d;, and for each i € N, a non-trivial cohomology class o; € H*(M;) such that:

o XS (i) In € (ay)
inf

ieN InInd; =0

Then, for infinitely many indices i € N, every embedded surface R; in M;, ||l -
minimizing and such that h(M;, o;) = h(M;, o, R;) is a fiber. In particular, the
manifold M wvirtually fibers over the circle S'.

4.3. Incompressible surfaces and fibrations.

In section 4.2, we have established criteria in order to show that a non-trivial
cohomology class of a hyperbolic 3-manifold M lifts to fibered classes in finite covers.
Now, if R is a non separating embedded surface in M, there is a dual cohomology
class associated to R. In some cases, we have seen that R could then be a fiber. But
the question can be asked for any embedded, incompressible and connected surface
R in M, separating or not.

Recall definition 0.9 from the introduction. Corollary 0.10 is different from last
section as the surface R is a priori not supposed to be non-separating.

Proof of corollary 0.10.

In the case where the surface R’ is not separating, it is a generalization of corollary
0.8. Indeed, if S is a minimal genus Heegaard surface for My, x" (R') = |x(9')]
and (R',S’,R’) is a circular decomposition of M’. As the starting surface R’ is
incompressible, we apply then proposition 4.3 to build a thin circular decomposi-
tion. From the proof of corollary 0.8, assumptions of theorem A are satisfied if
X" (R)Inx" (R') <1Inlnd, and in this case, the surface R’ is a virtual fiber. But as
R’ belongs to the preimage of R, the surface R is also a virtual fiber. Furthermore,
if the surface R is not separating, its homology class is non zero, and the same argu-
ment applies to prove that this class is fibered. As the surface R is incompressible,
it is itself a fiber.

In the case where the surface R’ separates the manifold M’ into two connected
components M; and M,, let S; and S, be minimal genus Heegaard surfaces for M,
and M, respectively. By definition, " (R') = max{|x(S))|, |x(S.)|}.

In each side of R/, we can then build a generalized Heegaard decomposition for M;
and M, in thin position starting from surfaces S; and S,.. We get then a surface F’
with one component which is the incompressible surface R’, separating the manifold
M’ into q¢ < 2¢(S;) + 2¢9(S,) < 2x"(R') + 4 compression bodies Ci,...,C, with
X-(C;) < x"(R') for all j.

As F is the union of incompressible surfaces and strictly irreducible Heegaard
surfaces, we may assume that F' is pseudo-minimal, and F'~ is the union of incom-
pressible surfaces.
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Thus, to satisfy assumptions of theorem A, it suffices to show that kx" (R')
Inx"(R) < Inln m. But as before, one can find a constant ¢’ > ¢’ such
that if ¢/ x" (R)Inx" (R') < Inlnd, then kx" (R')Inx" (R') <Inln m.
theorem A, in this case, the manifold M’ contains an incompressible surface that is
a virtual fiber. But as in the proof of corollary 0.8, this incompressible surface is
built in the complement of the incompressible surface R'. Thus, the surface R’ is

also a virtual fiber. As R’ is a lift of R, the starting surface R is a virtual fiber,
hence the fiber of a twisted /-bundle, which ends the proof of corollary 0.10. OJ

From
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