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Graph manifolds as ends of
negatively curved Riemannian manifolds

KoJ1 FUJIWARA
TAKASHI SHIOYA

Let M be a graph manifold such that each piece of its JSJ decomposition has the
H? xR geometry. Assume that the pieces are glued by isometries. Then there exists a
complete Riemannian metric on R x M which is an “eventually warped cusp metric”
with the sectional curvature K satisfying —1 < K < 0.

A theorem by Ontaneda then implies that M appears as an end of a 4—dimensional,
complete, noncompact Riemannian manifold of finite volume with sectional curvature
K satisfying —1 < K <0.

53C20; 57M50, 57N10

Dedicated to Professor Kenji Fukaya on his 60th birthday

1 Introduction and main theorem

1.1 Ends of manifolds of negative curvature

If a noncompact manifold N is the interior of some compact manifold with boundary,
then each boundary component is called an end of N. Let N be a complete, non-
compact Riemannian manifold of finite volume such that the sectional curvature K
satisfies —1 < K < 0. It is known by Ballmann, Gromov and Schroeder [4] that N is
diffeomorphic to the interior of a compact manifold, N, with boundary, 9N, that has
finitely many components, each of which is an end of N.

It is a wide open question to decide which manifolds M can appear as ends of such
Riemannian manifolds. An end is a closed manifold and one general obstruction by
Gromov [17, 0.5] is that the simplicial volume of dN, and hence of each end, is
zero. Also, the £2—Betti number and the Euler characteristic vanish (see Belegradek
[7, Corollary 15.7]). It is a theorem by Avramidi and Nguyen-Phan [3, Corollary 5]
that if the dimension of an end we consider is at most 4, then it is aspherical. In this
paper we address the question: which aspherical manifolds can appear as such ends?

For example, an n—dimensional torus appears as an end of an (n+1)—dimensional
hyperbolic manifold of finite volume. Other examples of ends are circle bundles
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over some hyperbolic manifolds of various dimension; see Fujiwara [16] (see also
Belegradek [5] and Minemyer [22] for the complex hyperbolic versions). In contrast to
tori, such bundles will not be ends of any complete, noncompact Riemannian manifold
of finite volume such that —1 < K < —c¢ < 0 for some ¢ > 0, since under this curvature
assumption, the fundamental group of an end has to be virtually nilpotent.

In dimension 2, if a closed, aspherical manifold has zero simplicial volume, then it is
a torus or a Klein bottle, and it appears as an end, for example in the figure-eight knot
complement and in the Gieseking manifold. In dimension 3, any closed aspherical
manifold M is irreducible, has an infinite fundamental group and its universal cover
is R3; see Liick [21]. If the simplicial volume of such A is 0 then it is a graph manifold.

A graph manifold is an aspherical, closed 3—manifold whose JSJ decomposition
along embedded incompressible tori/Klein bottles contains only Seifert fibered spaces.
Abresch and Schroeder [1] proved certain graph manifolds appear as ends. Our theorem
will provide a large class of graph manifolds that appear as ends, and their examples
are contained in our class (but for such a manifold M, their manifold N that has M
as an end is different from ours). Also, every 3—dimensional sol-manifold appears as
an end; see Nguyen-Phan [23].

Other known examples are infranilmanifolds; see Ontaneda [24] and Belegradek and

Kapovitch [8], and Belegradek [6] has an axiomatic construction from known examples.

1.2 Eventually warped product cusp metric

In this paper we show that a family of (3—dimensional) graph manifolds occurs as
ends of complete, noncompact, Riemannian manifolds of finite volume whose sectional
curvature K satisfies —1 < K < 0.

To explain our strategy, recall the following groundbreaking theorem by Ontaneda [24].
If a (not necessarily connected) manifold B is diffeomorphic to the boundary of a
connected, smooth, compact manifold N, then we say that B bounds N. We sometimes
say B bounds without specifying N.

Theorem 1.1 (Ontaneda) Let B be a closed manifold such that either dim B < 4 or
the Whitehead group Wh(B) vanishes.

Assume R x B admits a complete Riemannian metric g such that

(1) there exists a constant C < 0 with the sectional curvature of g satisfying
C=K<0,
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(2) (—00,0] x B has finite g —volume,

(3) there is D > 0 such that on [D,c0) x B, the metric g is of the form g =
dr? 4 e?" gp for some Riemannian metric gg on B.

Then B U B bounds a manifold whose interior admits a complete Riemannian metric
of finite volume and with sectional curvature in [—1,0).

A metric on R x B that satisfies the condition (2) is called a cusp metric and an
eventually warped (cusp) metric if it satisfies (3). This theorem is stated only implicitly
in [24] (see [6], where the result is quoted in this form), since it is an intermediate
claim, but a detailed argument is given. The actual value of C is not important and we
can take C = —1 by rescaling g.

We will show that for a manifold B in certain families there exists a Riemannian metric
on R x B that is an eventually warped cusp metric with C < K < 0 for some C < 0.
Then Theorem 1.1 implies that B is an end of a manifold of negative curvature.

This argument appears in [24] for the infranil manifolds (the existence of a desired
metric is known by Buyalo and Kobelsky [10]) then also is used in [6; 23] to construct
other examples of ends.

1.3 Graph manifolds and flip manifolds

To illustrate the first family we handle, let W be a 3—dimensional manifold which
is diffeomorphic to ¥ x S, where ¥ is a compact surface with nonempty boundary
and S'! is a circle. Each boundary component of W is a torus, S! x S, where the
first factor is a boundary component of ¥. We put an orientation to each factor. We
call such W a piece, and ¥ the base surface of W. We construct a closed, connected,
3—dimensional manifold M, which is a graph manifold, from a finite collection of
pieces by gluing a pair of boundary tori by a diffeomorphism, a gluing map. There are
two special maps for gluing: the trivial map mapping the first factor to the first factor
and the second one to the second; and the flip map interchanging the first and second
factors. We preserve the orientation of the factor. We say M is a flip manifold — see
Kapovich and Leeb [18] —if each gluing map is either the trivial map or the flip map.

Some remarks are in order. There are eight ways to glue a pair of boundary tori: two
ways to put an orientation on each of the two S, then a trivial map or a flip map. If
is a closed surface, then ¥ x S! is considered as a flip manifold made from one piece
of two boundary components, where the gluing map is trivial.
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More generally, maybe the S!—fibers are nonorientable, and/or a piece is a Seifert
fibered space, S'; see Scott [25, Section 3]. Let sq, ..., s, be the singular fibers of .S
where the twist at s; is by the ¢;/ p; of a full twist. The pair (¢;, p;) is called the orbit
invariant of s;, which is a pair of coprime integers with 0 < ¢; < p;. One can say that
a Seifert fibered space is an S!-bundle over a base orbifold, where the singular fibers
occur at the orbifold points, while X x S is a (trivial) S!-bundle over the surface X.

A generalized flip manifold is a generalization of a flip manifold where we allow Seifert
fibered spaces in addition to products ¥ x S! as pieces in the definition. Of course we
only consider gluing maps that are diffeomorphisms.

We call a base surface/orbifold X hyperbolic if we can put a complete hyperbolic
(orbifold) metric of finite area to the interior of ¥. We denote by X¢ the interior
of ¥. An S!-bundle over £° has a Riemannian metric that is locally a product of the
hyperbolic metric and S (see [25]). In other words, it has the geometry of H? x R,
or the metric is of fype H? x R. We only consider pieces of this kind in this paper.

We truncate a small neighborhood of each cusp of X° such that the each boundary
component of the universal cover of the truncated X with respect to the hyperbolic
metric is a horoline in H?. Since ¥ is diffeomorphic to the truncated X, we obtain
a Riemannian metric on the S'—bundle over ¥ such that each boundary torus/Klein
bottle is flat. We also say this metric is of rype H? x R.

We say a graph manifold M has a geometrization if one can put a Riemannian metric
of type H? x R on all pieces such that every gluing map along the boundary tori/Klein
bottle is an isometry. Some remarks are in order. We do not assume that each gluing
map is a trivial map or a flip map; see Example 2.9. A metric of type H? x R on a
piece is not unique. Without loss of generality, we may assume that there is a small
¢ > 0 such that the length of the fibers of the pieces and the length of the boundary
components of the pieces are c¢. The resulting metric on M after gluing the pieces is
only C!. In [10], they use the term isometric geometrization instead of geometrization
(see Remark 2.10).

We prove:
Theorem 1.2 Let M be a graph manifold such that each piece has the geometry of
H? x R. Assume M has a geometrization (ie the gluing is isometric). Then there is a

complete Riemannian metric g on R x M that is an eventually warped cusp metric
with the sectional curvature K satisfying C < K < 0 for some constant C < 0.
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Remark 1.3 The metric in the above theorem is taken to be C°°. This is always the
case for other results in this paper too.

By rescaling the metric g we may always take C = —1. Theorem 1.2 has a general-
ization to high-dimensional manifolds; see Theorem 1.6.

Since dim M = 3, combining Theorems 1.2 and 1.1, we immediately obtain:

Corollary 1.4 (graph manifolds with a geometrization) Let M be a graph manifold
such that each piece has the geometry of H? x R. Assume M has a geometrization.

Then there exists a 4—dimensional, complete, noncompact Riemannian manifold N
of finite volume, with sectional curvature K satisfying —1 < K < 0, and with M
appearing as an end. More precisely, there is a compact subset C in N such that
N \ C has two connected components, and that each component is diffeomorphic to
M x (0, 00).

It is known that among graph manifolds M whose pieces have the geometry of H? xR,
M has a geometrization if and only if it has a Riemannian metric of nonpositive sectional
curvature by Leeb [19] and Leeb and Scott [20]. Hence we can rephrase our results as
follows:

Corollary 1.5 (graph manifolds of nonpositive curvature) Let M be a closed graph
manifold such that each piece has the geometry of H? x R. Assume M has a Rie-
mannian metric of nonpositive curvature. Then the conclusions of Theorem 1.2 and
Corollary 1.4 hold.

1.4 High-dimensional graph manifolds

There are several notions of high-dimensional graph manifolds (see Frigerio, Lafont
and Sisto [15]) and one can prove a high-dimensional version of Theorem 1.2. The
main part of the proof of the theorem is by constructing a suitable Riemannian metric,
which is same for the high-dimensional case.

Fix n > 2 and m > 1. Let X be an n—dimensional complete, noncompact, hy-
perbolic manifold of finite volume such that the cross-section of each cusp is an
(n—1)—dimensional torus. Let ¥ C X be a compact manifold with boundary obtained
by truncating a sufficiently small neighborhood of each cusp from X so that each
boundary component is a flat torus. The interior of X is diffeomorphic to X. Take a
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Riemannian product W = ¥ x T™, where T™ is an m—dimensional flat torus. Each
boundary component of W is an (n+m—1)—dimensional torus. We call W a piece,
and X the base.

Suppose a closed (n+m)—dimensional manifold M is obtained from pieces with
various bases by gluing pairs of boundary components of the pieces by diffeomorphisms;
then we call M a high-dimensional graph manifold. We say M has geometrization if
all gluing maps are isometric with respect to the product metric on the pieces.

Theorem 1.6 (high-dimensional graph manifolds) Let M be an (n+m)—dimensional
high-dimensional graph manifold. Assume M has a geometrization. Then M carries a
metric of nonpositive curvature, so that Wh(M') vanishes. Also, there is a complete
Riemannian metric g on R x M that is an eventually warped cusp metric with the
sectional curvature K satisfying C < K < 0 for some constant C < 0.

Remark 1.7 We only consider a product metric on each piece, but we can formulate
the result for locally product metrics as in Theorem 1.2.

As before, a corollary follows from Theorem 1.1:

Corollary 1.8 Let M be an (n+m)—dimensional high-dimensional graph manitold.
Assume it has a geometrization. Then there exists an (n+m+1)—dimensional, complete,
noncompact Riemannian manifold N of finite volume, with sectional curvature K
satisfying —1 < K <0, and with M appearing as an end.

1.5 The other construction

We discuss the other family of examples of ends. This family contains manifolds of
various dimension, and in dimension 3, it contains all flip manifolds without a piece
whose base surface has genus at most 1. Although it is not necessary, we only treat the
orientable case to make the account simple and clear.

A manifold in this family is also obtained by gluing pieces along their boundary, and
each boundary component is a circle bundle over a circle bundle over a hyperbolic
manifold N. If dim N = 0, the boundary is a torus and we obtain graph manifolds.

Here is a precise description. Let M; for i = 1, 2 be n—dimensional closed hyperbolic
manifolds, and N; totally geodesic, closed submanifolds of codimension two in M;,
respectively, such that b: N; — N, is an isometry. For a sufficiently small € > 0, let
P; be S!-bundles over V; = M; \ Ne(Vi), respectively, with Riemannian metrics
which are locally product of the hyperbolic metric on the base manifolds and the circle.
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The dP; = P; | dV; are flat torus-bundles over Nj;, respectively. We glue Py and P,
along their boundaries by a bundle map whose base map is the isometry b: Ny — N,
and on the fiber it is a diffeomorphism, for example a trivial map or a flip map, as
in the graph manifold case. This gives an (n+1)—dimensional manifold, W. If the
bundle map is an isometry, then we say it satisfies the gluing condition and W has a
geometrization.

Then:

Theorem 3.1 Assume W has a geometrization. Then W carries a metric of nonposi-
tive curvature, so that Wh(W) vanishes. Also, R x W carries a complete Riemannian
metric that is an eventually warped cusp metric with C < K < 0 for some constant
C <0.

Combining Theorems 3.1 and 1.1 we obtain:

Corollary 1.9 (piecewise S!-bundles) Assume W has a geometrization. Then W
appears as an end of an (n+2)—dimensional Riemannian manifold Z that is complete,
noncompact, of finite volume, with the sectional curvature K satisfying —1 < K < 0.

1.6 Gluing condition

We examine the gluing condition for a geometrization in the case # = 3 in some detail,
where n is the dimension of M; for i = 1,2. Submanifolds N; for i = 1,2 are
simple closed geodesics, and we denote them by y;, respectively. By our assumption
they have same length. Let m; be the meridian curve for y; in M;. Each X; is an
S!_bundle over M; \ N(y;). We denote by o; the fiber circle of X;. With respect to
the Riemannian metric, we can measure the monodromy (ie rotation) along the curve y;
for o; and m;, respectively. We denote them by 0 < 6(0;), 0(m;) < 2n.

We now consider a bundle map ¢: dX; — X, such that the base map is the isometry b
and that it is a flip map on the torus fiber:

¢(my) =02, ¢(01) =m;.

Then we can arrange ¢ to be an isometry, ie the gluing condition is satisfied, if and
only if

(1-1) O(my) =0(0z), 6(o1) = 0(m3)
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We conclude the introduction with examples {(M;, N;)} that admit circle bundles X;
satisfying (1-1), which give W of dim W = 4 by Theorem 3.1.

Example 1.10 (S!-bundle with a given monodromy) Take a closed, oriented, hy-
perbolic 3—manifold M with a simple closed (oriented) geodesic y which is nontrivial
in H(M,R). Let m be a meridian curve around y in M. Namely, take an e—
neighborhood of y in M for a small € > 0. Its boundary is a torus, 7. Take a small
hyperbolic disc D in M perpendicular to y, then set m = D N T. Let 6(m) be the
monodromy of m along y. Another way to define 6(m) is using the universal cover
of M. Lift y to an (oriented) infinite geodesic ¥/, then take the element g € 71 (M)
such that /g = y, where g shifts to the positive direction. Then g rotates y by 8(m).

Set V = M \ Ne(y) with a small € > 0. We will construct an S!—bundle X over V,
and glue X and a copy of X along their boundary and obtain W. Let o denote the
fiber circle. For our construction, we need to arrange 6(m) = 6(0).

For example, let M be such that all of its closed geodesics are simple (such examples
exist; see Chinburg and Reid [13]). Taking a finite cover if necessary, we may assume
that H{(M,R) is nontrivial; see Agol [2]. Let p: w1 (M) — H{(M,R) be the homo-
morphism obtained from abelianization. Take any closed (simple) geodesic y with
p(yD # 0. Then Hy(y,R) injects to H;(M,R).

Set 8y = 6(m). Then there is a homomorphism /: 7y (M) — S such that 2([y]) = 6.
Indeed, we take a homomorphism f: Z — S! such that f(p([y])) = 6o then set
h=fop.

Now take an S!-bundle X over M, which is locally a Riemannian product whose
monodromy representation of 7y (M) to S' is 4. Then 6(c) = 6.

Now take (M, y) and its copy; then this pair satisfies the condition (1-1), so that
Theorem 3.1 applies.
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2 Proof of Theorems 1.2 and 1.6

We will prove Theorem 1.2. We first treat the case where every piece in a graph
manifold is the product of a circle and a surface, then discuss the general case.

We then prove Theorem 1.6. The main part of the proof overlaps with the proof of
Theorem 1.2, which is Proposition 2.5.

2.1 Geometric idea

Before we start the metric construction, we explain the difficulty and outline our method
to construct a desired metric on R x M, where each piece of M is a trivial bundle
over a surface.

As the first step, we put a Riemannian metric of nonpositive curvature on M. This part
is straightforward. We review the metric construction; see [18]. By assumption the
interior of the base surface ¥; of each piece P; has a hyperbolic metric g of finite
volume.

Choose a small constant ¢ > 0. Truncate the interior of ¥; with the metric g at each
cusp so that each boundary circle has constant geodesic curvature and has length c.
We identify this truncated surface with go and ;.

To express the idea clearly, we first assume M has a geometrization with respect to
a product metric on each piece, P; = ¥; x S', namely it is a Riemannian product
;i x S1(c), where S!(c) is a circle of length c. The curvature satisfies —1 < K <0.
Each boundary component of P; is S'(c) x S'(c), so that we can glue the P; along
their torus boundaries by the prescribed gluing homeomorphisms (up to homotopy),
which are isometries by our assumption, and obtain a metric of nonpositive curvature
on M. This metric has singularities along the tori where pieces are glued, but we can
smooth it out keeping the curvature condition C < K < 0 for some C < 0.

In the next step we want to put a desired metric on R x M. As a first attempt, we
consider a warped product
R Xer M

but it does not work in general for the following reason. Since M is compact, the
volume of (—o0, 0] x M is finite. Also, since M satisfies C < K <0, the curvature
on R x.r M satisfies K < 0, but as r — —o0, the diameter of M tends to 0 and the
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curvature K tends to —oo, while K tends to —1 as r tends to co. So, this construction
does not give a desired curvature bound from below for ¥ — —oo0.

As a second attempt, we next replace the warping function e¢” by a smooth convex
function, A(r), such that 2(r) =¢e” for r > 1 and h(r) = %(1 +e") for r < —1. Then
the curvature K is negative and bounded, but the volume of (—o0, 0] x M is infinity,
which is not good.

To suppress the volume at r — oo, we try to change the metric we have on M
depending the value of r € (—oo, 0], namely we rescale the S!—fiber of each P; so
as to shrink its length as r — —oo0. Remember that the metric on M was obtained
by gluing the pieces along their torus boundaries by isometries. The metric of each
boundary component used to be S (c) x S1(c), but after shrinking the S'—fiber, one
factor of S'(c) x S!(c) is rescaled. But the gluing homeomorphisms are, typically,
flipping the fiber circles and the boundary circles (of the base surfaces) of a pair of
neighboring pieces so that they are no longer isometric in general. In other words, on
each R x P;, the metric we consider here is a “doubly warped product” in the form of

R X (Zi x S1(e) Xg(r) S (0))

with g(r) some suitable function, but they do not match up along the gluing tori, so
that a doubly warped product metric on R x M will not do.

Therefore, as a remedy, we also modify the metric on the base surface of each piece
depending on r as well for » <0 so that the gluing maps are isometric. This modification
is not by rescaling the metric on the surface by a constant, but making its cusp part
longer as r — —o0, so that its boundary circle becomes smaller. Take a > 0 such that
e’ <c if r < —a. For each r € (—o0, —a], truncate the initial complete hyperbolic
metric g¢ on the interior of ¥; so that the boundary circle has length e”, which we
denote by X;(e”). Take a Riemannian product X;(e”) x S!(e”), which is the metric
structure on P; at r. Each boundary component is S'(e”) x S1(e”). Now glue them
by the given isometries and obtain the metric on M at r, which we denote by M, .
As before we smooth out near the gluing tori. In this way we obtain a metric on
(—o00, —a] x M, which we write as (—oo, —a] x M, . Notice that the volume of M, is
(more or less) proportional to e”, so that one expects the volume of (—oo, —a] x M, is
finite. Also, we arrange that the curvature satisfies C < K < 0 (see [16]).

In the final step, we interpolate (—oo, —a]|x M, and [a, 00) X+ M{ between r € [—a, a,
where M is M with a Riemannian metric, say, as constructed in the previous paragraph
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(maybe we rescale it by a constant). Note that the metric on M|, is fixed for r € [a, c0)
while M, keeps changing for r € (—oo, a]. Also, notice that the diameter of M, tends

to oo as r — —00.

Lastly, we address the issue that a metric on a piece is in fact only a locally Riemannian
product. It turns out that this is not a serious problem. The piece is topologically a
trivial S'-bundle, and it has a locally product metric such that the fiber circles have
the same length. The difference from the Riemannian product case is encoded in the
monodromy representation of the fundamental group of the base X into S, viewed as
a group, which acts on the fiber circles by rotations. By assumption, our manifold M
admits a geometrization, ie pieces are glued by isometries along the tori. In conclusion,
the method we explained above will work in this generality without any change because
we only use the property that the gluing maps are isometric.

2.2 Metric construction

We denote the group of isometries of R” by Isom(IR”). In the following we consider
a product

Y =R xR xR! xR™

and, for example, an element of Isom(R/) naturally acts on Y by an isometry that
is trivial except on R/. The Euclidean metrics on R! and R™ are denoted by dp?
and dt?, respectively. We denote a flat torus of dimension n by 7”. For n = 1, we
may also write it as S1.

The goal of the following few subsections is Proposition 2.5, which shows that a certain
Riemannian metric g that is invariant by Isom(R!) and Isom(R”) exists on Y. The
proof of Proposition 2.5 is by concretely constructing a metric g. If tori 7' I'and T™ are
given as quotients of R’ and R™ by isometric actions, then the metric g descends to

Xsz]R{lexT’",
which will be used later to prove theorems.

To define the metric g, we prepare several functions. Pick a C*° function, R, on R
such that
R(r) = {

r ifr <1,

: R'>0 on (1,5), —-1<R'<0.
3 ifr=5,
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We take a nonnegative C°° function, A, supported in [—1, 1] and with f_ll Ax)dx =1,
then define the convolution product of A and a locally Lebesgue integrable function ¢
on R by o
Ax(x):= / (A (x —1t)dt.
—00
Note that A * ¢ is also defined in the case where ¢ is a finite Borel measure on R, and
Ax @ isa C* function.

Since A x e’ satisfies (A * e?)” = A * ¢!, we have A x e’ = ce’, where ¢ := (A xe")(0).
We put

- 1 if s<0,
S(s) = {es if 50,
then define a C®° function by
fi=Ax f
By the definition,
1 if s <-—1
2-1 = - 7
@-1) /) {ces if s>1.
We observe
— 0 ifs<O
2-2 ! = ’
2-2) /) {es if s>0,
0 if s<0,
(2-3) () =18y if s=0,

eS if § >0,

where 8o denotes Dirac’s delta measure at 0 and we consider the distributional derivative
for f”. Note that f" = A« f” and f” = A= f”. It holds that ' > 1 and f’, /" > 0.

We pick a C® function, /, on R such that

1 ot r<-—1
h(r) = Te nr=—" h=>1, W.h" >0 onR.
2e” if r>1,

Let b be a positive constant and F the C® function on R? defined by
F(r,t) := beR®) £t — R(r)).

(We may take b := 1 in this section; b is needed in the later sections.) Note that
F;, Fy; >0, where F; and F;; are the partial derivatives of F. Note also that F = bce’
for all t > 4.
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On Y, we consider the metric
(2-4) g =dr? + h(r)2(de® + b2e*R0) dp? + F(r,1)? d7?),

where dp? = Z(lx=1 dp? is the [ —dimensional Euclidean metric and d 2 = Z"Ll d ‘L’é
the m—dimensional Euclidean metric. Let us set

n
g=> gidx},
i=1

e X1:=r,X2:=1, Xo4q:=pa, Xo4[+B: =18, &1:=1, 22:=h(r)?, g2r1a:=H(r)?,
H(r) := beRp(r) and 24148 = h(r)?F(r,t)?> for « = 1,2,...,] and B =

Note that, for ¢ > 4,
dt* + F(r,t)? d7* = dt* + bee? d<?
is a hyperbolic metric.

We calculate the Christoffel symbols:

4 F
2 24148 L't
Iy = n F2,2+l+ﬂ - F
1 1
I = —hh', F2+oe,2+oz =-HH'
2o L L) = —h?>FF, — hi' F?
L24a = fp° 2+1+B2+14+8 — r ’

48 _Fr B _
Uiovivs= 7t Dhisporiep=—FF

fora=1,2,...,/ and B =1,2,...,m. We have the symmetry I‘llj‘ = F]kl.. Except for
this, the rest of the FIIJ‘ are zero.

We then calculate the curvature tensor

n
Rijp! = 9iTfy =0T + D T/ = T1T0). Rijkr = Rijpan

m=1

in the following:

Ri221 = Rip4a 24,1 = —hh",
Rist1+p2+i+p1 = —hh"F* —h*FF,, —2hh' FF,,

Riati4pati+pr=—h*FFy,
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Ry rta24a2 =—hhHH',
Ry sti+patitpr=—1h FF,—h*(W)*F*—h*FFy,
Rytanta ptar2da = —H?(H')?,
Rayya24l+p2+1+p2+e =—h*FF, HH —hh' FPHH',
Rotipa+l4p otl+potiep = —h* FPF} =20 FPF, —h* (W) F* — h* F2 F}
fora,o’ =1,2,...,] witha <o’ and B,B' =1,2,...,m with B < /. We have the

(skew-)symmetry for R;jx;. Except for this, the rest of the R;jj; are zero. Note that
the nonzero R;jx; are only of the form R;jj; and Ryjj> up to the (skew-)symmetry.

The sectional curvatures for the plane spanned by {9/0x;,d/dx;} are

h//

K2 = 0
H//
Ki24a = —

F.. 20WFE W
Riories == 77 ~ W

Krpta =—77
Fu WF, (W)

K2,2+1+B=—h2F— E
(H')?

H? '’
F,H NH
Kovanti+p= “FH T hH

F} 2W'F,  Fp  (h)?

Koti+Bo+i+p = TF T hFE R 2

Krtao4ar =—

fora,a’=1,2,...,l and 8,8’ =1,2,...,m with @ <’ and < f’.

To estimate the sectional curvatures, we prepare a few lemmas.

Lemma2l (1) f'</.

@ fr=r"
Proof Wesee /' < f and f’ < f” from (2-2) and (2-3). Taking the convolution
product of them with A yields the lemma. a

Lemma22 (1) Ah>1and ' h">0.
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2 H,H,H">0.
3) F>0andFy, Fsy, Fr = 0.
(4) The following functions are all uniformly bounded:
S/ W w H O H' F Fy F Fy

f’ f’ E! 7’ H’ H’ F’ F? F’ F

Proof (1) is obvious.
We prove (2). The derivative of H = bhe® is
H' =bhe®R +bi'eX,
which is positive. Differentiating it again, we see
H" =beR(hR" + h(R)? +20'R' + ") > beR(hR" + 1").

If r <1,then hR" +h" =h">0.1f r > 1, then hR" +h" > —Lh+h" =" > 0.
Therefore H” is positive everywhere.

We prove (3). It is clear that F > 0. It follows from f”, f” > 0 that F;, F;; > 0. We
see
F =bR'e®(f(t—R)— f'(t—R)),

which is nonnegative by Lemma 2.1 and R’ > 0.

(4) is clear.

We prove (5). The boundedness of f/f and f”/f follows from (2-1). The bound-
edness of A'/h, h"/h, T'/T and T”/T are derived from their definitions. We
see

H  hR' 4+ 1 H" hR"+h(R)*+21'R' + 1"
H  h ' H h ’
Fr _R(f=S) For_ RS2+ +R'( =)
F o f  F / ’
Fe f T
T Fo
which are all bounded. This completes the proof of the lemma. a

Lemma 2.3 There is a constant C <0 such that C < K;; <0 forall i # j.
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Proof The lemma is readily seen from Lemma 2.2 except the negativity of Ky 5474 8.
We remark that F,, > 0 does not hold. We have
¥
Kipyi+p= T
where
¢ :=h(R(f=2f"+ [")+hR"([ = [)+2RH (f = /) + 1" ].

If r <1, then R =r, which together with Lemma 2.1 implies ¢ > 0. If » > 1, then
h =2e" and so

%=(R/)z(f—2f/+f")+R”(f—f/)+2R'(f—f/)+f-
By R’ >0, —% < R” <0, and by Lemma 2.1, we obtain

SR =)+ ZR [+ 2L >0

Therefore, Ky >1/4p is negative. O

Let o be any 2—plane (ie two-dimensional linear subspace) in the tangent space at any
point of Y, and take an orthogonal basis, {u, v}, of o. Since ||u x v| = ||u]| - ||v], the
sectional curvature for o is
k. - \R@vv.u) i g e WV 0Ru! Rij

T luxvl? Y )2(v8)2gags

where u =", u'3/0x;, v = > v/ 9/0x; .

Lemma 2.4 There is a constant C < 0 such that C < K5 <0 forall o.

Proof As we pointed out, the nonzero R;j; are only of the form R;jj; and Ryjj, up
to the (skew-)symmetry for our metric g. Also, R;jj; <0 by Lemma 2.3. Therefore,
for the proof of the negativity of K, it suffices to prove that

@")> (W) Ryjji +2u' (v))*u® Ryjjz + *)? (v/)* Rajjn <0
for all u', u?, v/ # 0, where j = 2+ [ + B. This is equivalent to
(2-5) (R1jj2)* < Rijj1R2jj2.
We see (R1jj2)* = h*F2F? and

Rijj1Rsjj2 = (hh" F* + h*FFyy 4 2hl FE,) (W3 W FF, + h?(W)* F* + h? FFyy).
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We first assume r < 1. Note that R = r in this case. For (2-5), it is sufficient to
prove F2, < Fy, Fyy. Since Fyp = beR(f' — f"), Frr = be®(f =2/ + f") and
Fir = beR 7 the inequality F?, < F,, F;; follows from Lemma 2.1 and f > 1.

re =

We next assume r > 1. In this case, we see h = 2e”, so that (2-5) boils down to

2-6) (R ("= /") <[f+R"+(R)[— ) +R)(f"=f)+2R (f— /)]
x[4e* (f = f)+4e* [+ 1.

We have f+(R"+(R")?)(f—f")>0by R"> —%. We also have (R")?(f"—f")? <
(R)2(f" — f") x f". Therefore, (2-6) is obtained. The negativity of K, has been
proved.

We prove the boundedness of K, . It suffices to prove the boundedness of each

Aoy = |u’v1vkulR,~jkl|
L Y p @2 (vP) 2 gagy

We have, for all i < j,

|Rijjil
vt 8i8j Y

which is bounded by Lemma 2.3. Let j :=2+/+ 8. If u'u? =0, then Ayjj2=0.
For u'u? # 0, setting s := |u'/u?|, we have
o WPRypl  (Rypl BRI _BRG = f7)

1jj2 = —_ - —_ ’

M Y w?gag; T (sg1+(1/9)g2)g (s +h2/9)f 2f
which is bounded since f’ — f” has compact support. This completes the proof of
Lemma 2.4. O

2.3 Properties of g

Let b and ¢ be the constants that previously appeared.

Proposition 2.5 For [, m >0, there is a Riemannian metric g on Y = RxRxR!xR"
that is invariant by Isom(R’) and Isom(R™) satisfying the following (1)—(7):

(1) Thereis a constant C < 0 such that the sectional curvature K satisfies C < K <0
onY.
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Let T! and T™ be flat tori obtained as quotients of R! and R™ by isometries.
Then g defines a metric on R x R x T! x T™ such that the volume of the
following subset is finite:

{(r.t,p.7) | r€(—00,—1], 1 €[r=1,2], pe T!, e T™}.
Forr <0andt<r—1,
g =dr? 4+ h(r)*(dr® + b%e* dp* + b%e* d1?).

Forr >0 and t < —1,

g =dr? 4+ h(r)2(di® + b2e* R0 dp? 4 p22R0) 4 12),
Forr eR and t > 4,

g =dr? +h(r)?(d* + b2e*R0) qp? 1+ p2c2e? d7?).
For r > 5, g is a warped metric of the form

g =dr* +4e%g,
where g is the metric on R x R/ x R™ defined by
gi=dir>+b%%dp> +b%eS (1 —3)? d<>.

The metric g in (6) has nonpositive curvature.

Remark 2.6 (i) C does not depend on / or m.

(ii)

(iii)

By (5), for all r and for ¢ > 4 the metric is
g = dr? + h(r)*(duyp + b2e*RT) dp?),
where dhyp := di* + b%e*' d1? is a hyperbolic metric with K = —1.

In the proof of Theorem 1.2, setting / = m = 1, g will be used to put a
Riemannian metric on a neighborhood of a boundary component of R x P, where
P =% x S! is a piece of the flip manifold M. Outside of the neighborhood, we
use a metric from a hyperbolic metric on ¥, which coincides with the metric g
at t =4 as in (ii). For Theorem 1.6, the general form of g is used.

Proof Let g be the metric given by (2-4).

(1) By Lemma 2.4.
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(2) Without loss of generality we may assume that vol(7’ Iy =1 and vol(T™) = 1
with respect to dp? and dt?, respectively, since the volume of the concerned set is
proportional to the product vol(7'!) vol(7™) because of the form of g.

For r < —1, we have h(r) = 1 + ¢” and R(r) = r. We divide the subset into two
according to :

(1) (the partfor t € [r +1,2]) Sincet— R(r)=t—r >1,wehave f(t—R(r)) =
ce!~R() hence

g=dr? + (1 +e")(dt* +b%e?* dp* + b*c?e* d1?).

Fix r. The metric dt? + b%c?e?' dt? is hyperbolic, and its volume for the part
t€[r+1,2], T € T™ is at most b™c™ f_zoo e™ dt = b™c™e?™ . Hence, the volume
of the part 1 €[r+1,2], pe T!, T € T™ for the metric d12+b2e?" dp?+b2c2e?! dr?
is at most b/ Me2Melr  Now the g—volume for the part r < —1, ¢ € [r + 1,2],

pE T! and 7 € T™ is, since 1+ e” <2, at most 2/ Tm+1pl+m m,2m f__olo elr dr =
2l+m+1bl+mcm62m—l/l.

(ii) (the part for z € [r — 1,7 + 1]) In this part, we have t — R(r) =t —r € [-1, 1],
so f(t — R(r)) < ce. The metric is

g=dr* +(1+e")?(dt* +b%e* dp* + b*e* f(t — R(r))* d7?).

Since the volume of be” f(t — R(r))T™ is at most b™e™" ¢ e™ | the volume for (¢, 7)
with t € [r — 1,r + 1] and t € T™ is at most 2b"c™e™e™’, so that the volume of
di? 4+ b2e2" dp* + b2e2" f(t — R(r))2 d1? is at most 2b! M cmemeU+m)r Eipally,
the volume of this part is, since 1 + e¢” < 2, at most

2l+m+2bl+mcme—l

—1
2l+m+2bl+mcm€m/ e(l—i—m)r dr =
—00

[+m
Combining (i) and (ii), the volume of the subset is at most
2l+m+1bl+mcme—l(€2_m 2 )
[ I+m/"

(3) Wefixr <0. Then R(r)=r.Fort <r—1,wehave t — R(r)=t—r <—1,s0
that f(t — R(r)) = 1. Thus, g = dr? + h(r)?(dt* + b%e?" dp* + b%e?" d1?).

(4) Fix r > 0. Note that then 0 < R(r) < 3. So,if t <—1 then t — R(r) < —1, so
that f(t — R(r)) = 1. Substitute them into the definition of g.
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(5) R(r) <3.Since t >4, we have t — R(r) > 1, so that f(t — R(r)) = ce! =R,
Substitute this into the definition of g.

(6) If r > 5, then R(r) =3, h(r) = 2¢" and f(t — R(r)) = f(t — 3), so that
g =dr? 4 4e? (dt?® + b%eb dp? + b%e® f(t —3)? dt?), which is a desired warped

metric.

(7) This follows from f” > 0.
This completes the proof. O

2.4 Proof of Theorem 1.2 where the pieces are products

Proof By assumption the graph manifold M has a geometrization, ie each piece has a
locally product Riemannian metric of type H? x R, and the gluing maps are isometries.
In the following, we first give an argument assuming that M has a geometrization
with respect to a product metric on each piece. Then we will explain that in fact our
argument applies to the locally product case as well.

Step 1 Let P; be the pieces of M. Suppose P; = %; x S'. We will put a Riemannian
metric on each R x P; so that they match up for gluing along the boundary, which
defines a Riemannian metric on R x M. First, put a complete, hyperbolic metric of
finite volume in the interior of each X;. Let volyy,(Z;) denote its volume. There
is a constant L > 0 such that the interior of each 3; contains a compact subset K;
homeomorphic to X; such that each connected component of X; \ K; is isometric
to an annulus (—oo, 0) x S!(bce? L) with the metric dt? + 2! dz?, ie the warped
product (—00,0) X, S!(bce?L), where S'(a) := R/aZ is a circle of length a > 0.

Step 2 For each r € R, we consider a Riemannian product
K;i x ST (beR)2L),
then further take a “generalized” warped product with R as follows:
Ji =R xp0) (Ki x ST (beRI72Ly),

where at each r, the metric of the fiber K; x S'(beR)=2L) is rescaled by h(r). We
say this is a generalized warped product since the metric on the fiber at » depends on r.
Then:

Lemma 2.7 (1) The subset of J; for the part r < 0 has finite volume, which is
bounded above by 8be L volpy,(Z;).
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(2) For the part r > 5, J; is a warped product,
(5, 4+00) X2er (Ki x S'(beL)).

(3) The sectional curvature of J; is bounded:

C <K <0,

where C < 0 is the constant from Proposition 2.5.
(4) Each boundary component of J; is isometric to
R x40 (ST (bee? L) x ST (beRI72L)).
Proof (1) Ateach r <0, R(r) = r, hence the volume of K; x S!(beR")=2L) is

< Volhyp(Ei)-be’_zL. Since h(r) < h(1) <2e for r <0, the volume of J; for the
part ¥ <0 is

0
< (2e)? Volhyp(Ei)Lb/ e" "2 dr = 8ebL volyyp(Z)).
—0o0

(2) Suppose r > 5. Then R(r) =3 and /(r) =2e”. Substitute them into the definition
of the metric on J;.
(3) The metric of J; is written as

g = dr? + h(r)*(duyp + e*RT) dp?),

where p is for S'(bLe™2). Now this metric and the metric that appears in Proposition
2.5(5) are locally isometric to each other (see Remark 2.6(ii)), but that metric satisfies
C < K <0 for the constant C in the proposition.

(4) This is because each boundary of K; is isometric to S!(hce?L). O
Step3 We set / =m =1 in Proposition 2.5. We prepare a manifold with boundary
A={rt,p.1)|reR, te[R(r)—2,4], pe S'(Le™?), e S'(Le™?)}

with the metric g given in (2-4):
g =dr? +h(r)2(dt* + b2e*R0) qp? 4 p2e2R0) £ — R(r))? d7?).

The manifold A has two boundary components, dgA and d; A, where d; A is the
component at =4 and dgA at t = R(r) —2. For t =4, we have f(t — R(r)) =
f(4—=R(r)) = ce* R 5o that 9; 4 is isometric to

2-7) R Xp(ry (S (beRM72L) x ST (bee®L)).
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Hence 01 A4 is isometric to each boundary component of every J; by Lemma 2.7(4),
so that we are able to glue A to the boundary component of J; along d;A. By
Proposition 2.5(5) (see also Remark 2.6(ii)), no singularity of the metric occurs by
this gluing. In this way we obtain a Riemannian manifold diffeomorphic to P; (or a
Riemannian metric on P;) such that

e P; is diffeomorphic to R x (Z; x S!), where the first parameter is r;

e every connected component of the boundary of P; is isometric to
(2-8) doAd =R xp(ry (ST (beRM2L) x S (beRM72LY),

and moreover the 1-neighborhood of dgA is isometric to the direct Riemannian
product dgA x [0, 1] since f(¢t — R(r)) =1 for t € [R(r)—2, R(r)—1];

¢ the volume of the subset P; for the part r < —1 is finite (by Proposition 2.5 for
the part isometric to 4 and for J; it is by Lemma 2.7(1));

e C <K<0on P; (for A by Proposition 2.5, and for J; by Lemma 2.7(3));

¢ the metric on P; is a warped product w.r.t. the function 2¢” for r > 5 (for A
by Proposition 2.5(6) and for J; by Lemma 2.7(2)).

Step 4 Now our metric on R x P; will give a Riemannian metric on R x M. Indeed,
by the second bullet in the above, the two boundary circles have the same length at
each r, so that we can glue the R x P; by the given gluing maps at each r.

We finish the proof by checking this metric satisfies all the properties in Theorem 1.1.
By the third bullet, the volume of the part (—oo, —1] x M is finite since there are only
finitely many pieces for M, which implies that the volume for (—oo, 0] x M is finite
since M is compact. The sectional curvature K satisfies C < K <0 on R x M by
the fourth bullet. The metric is a warped product for » > 5 w.r.t. the function 2e”
and some metric gas on M by the last bullet and Proposition 2.5(6). Now we rescale
the metric gps to % gum , which we still denote by gas, then the warping function
becomes e”. Then we have g = dr? + 2" gps for r > 5. Set D = 5. Finally, since
dim M = 3, we are done.

The proof of Theorem 1.2 is complete in the case without Seifert fibered spaces,
provided that M has a geometrization with respect to a product metric on every piece.

Locally product case Now, suppose some pieces are only locally Riemannian product.
We handle this case by following the product case, and we only explain the changes
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we need to make. Let P; = ¥; x S! (the trivial bundle) be a piece which is a locally
Riemannian product with respect to which M has a geometrization. Let

Oi: T (i) — S
be the monodromy representation defined by the Riemannian metric on P;.

No change is necessary in Step 1. In Step 2, instead of the Riemannian product
K; x SY(be®)2L) we take the locally Riemannian product with respect to 6;,
which we denote by

K;xg, S'(beR2L),

Accordingly we also use K; xg, S1(beR)~2 L) in the statement of Lemma 2.7, but the
proof is nearly same: for example in the proof of (3), g =dr?+h(r)? (dhyp—i—ezR(’) dp?)
does not hold any more, but g is only locally isometric to the right-hand side. But this
is enough since the sectional curvature depends only locally on g.

In Step 3, when we define the manifold A, we use the same definition, but the metric
on A is a locally product metric with respect to the monodromy 6; on the fiber circle
for p. We call this circle p—circle in the following. Accordingly, in the description (2-7),
d1 A becomes only a locally Riemannian product with respect to 8; on the p—circle
(which is the first ST acted by the second S via p). This also happens in the metric
description of dgA4 in (2-8).

Finally, in Step 4, the two circles in (2-8) have the same length in this case, and we
keep using the same monodromy 6; on each piece P;; therefore, the given gluing maps
are all isometric. This finishes the proof in this case, and the proof of Theorem 1.2 for
flip manifolds without Seifert space pieces is complete. |

2.5 Proof of Theorem 1.2 for the general case

We now handle a graph manifolds such that possibly some pieces are Seifert fibered
spaces or fibers are nonorientable (from now on we consider a Seifert fibered space
contains the latter case). The argument is identical to the previous case with nontrivial
monodromy representation 6; of w1 (X;), where X; is the base surface of a piece P;.
The only difference is that X; is maybe an orbifold and 7 (X;) is the orbifold fun-
damental group. In the following we only explain that part. A good reference for the
geometry of Seifert fibered spaces is [25].
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Proof Let P be apiece in M. Suppose P is a Seifert fibered space; otherwise we do
not have to change anything. We remember that when P is a trivial circle bundle over
a surface, we can choose the length of the fiber circle when we put a locally product
Riemannian metric.

Let X be the base orbifold of P. Let x, ..., x, be the singular points of ¥ such that
the twist parameter at x; is ¢;/p;. Since P has nonempty boundary, P admits the
geometry of H? x R [25, Theorem 5.3(ii)]. We explain this part in some detail (see
[25, Proof of Theorem 5.3(ii); 19, Lemma 2.5]). We put on ¥ a complete hyperbolic
orbifold metric of finite volume, then view P as an S'—bundle over the orbifold X
with a Riemannian metric that is locally isometric to H? x R. The global geometry
is described by the monodromy representation of 7;(X) into the group S! if the
fibers are oriented, otherwise into S! x Z,, the isometry group of a circle. Here the
fundamental group is in the orbifold sense, and Z, means Z/27..

First, assume X is orientable. Let X; denote a loop around the singular point x;, and
bi,..., by the curves around the punctures (boundary components) of X. Let g be the
genus of X then take loops a1, B1;...;ag, Bg associated to the genus such that X;,
bi, a; and B; generate the fundamental group of X satisfying a well-known relation
(after choosing orientations of the loops suitably),

[l [ [ X[ Joi =1

Let 0(;), 6(Bi), 60(X;) and 6(b;) denote the monodromy along those loops for the
S!_fiber. We set, for each i,

0(Xi) = 2mqi/ pi.

We choose 0(b;), O(c;) and 6(B;) for each i such that, in S xZ,,
Q(H[ai’ﬂi]nxz’ l—[bi) =1
i i i

Then there is a locally product Riemannian metric on P whose monodromy represen-
tation is 6. Note that if 6(c;), 8(B;) € S! then, since S! is abelian, we always have

([ 1;[ei. Bi]) =0 in S!.

Conversely, the monodromy representation induced by a locally product Riemannian
metric is obtained in the above way.
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If ¥ is not oriented, the relation in the fundamental group is slightly different, but the
rest is the same and we omit repeating it.

Note that when we put a Riemannian metric on P, as before we can choose the length
of the S!—fiber (at a regular point) as we want. Also each boundary component of P
is a flat torus/Klein bottle.

We take a compact subset K homeomorphic to ¥ such that all singular points are
contained in K, and that each connected component of X\ K satisfies the same metric
property as the nongeneralized case described in Step 2 in the previous section. We do
not need to alter the argument since we modify the metric only outside of K, then that
3 is an orbifold does not cause any difference.

Now we proceed in the same way as the previous case, and complete the proof of
Theorem 1.2 in general. a

We give an example of a flip manifold with a geometrization made from a Seifert
fibered space.

Example 2.8 (Seifert fibered space as a piece) We give an example of a Seifert
fibered space that can appear as a piece in a flip manifold with a geometrization. Let
I be a three-punctured sphere. There is an obvious action of G = 7Z /37 rotating the
three punctures with a generator p. Put a complete hyperbolic metric on I" which
is p—invariant. Now set ¥ = I'/ G, which is a hyperbolic orbifold with two singular
points, p; and p,, and with one puncture. Take the product ' x S! and let G act
on it such that p acts on S! by the rotation of 27” This is a free action and the
quotient (I' x S')/G is a three-dimensional manifold P, which is a Seifert fibered
space over X such that the twists at p; and p, are % and %, respectively. (One can
say that the twist at p, is —% ) Now P has only one boundary component, which is a
Riemannian product of the fiber circle and a loop around the puncture of ¥ since the
monodromy is trivial. Now, for example, we prepare another copy of this, then glue
the two along their boundary by a trivial or flip map, and obtain a flip manifold which
admits a geometrization.

We also record an example of a graph manifold M with a geometrization whose gluing
map is neither a trivial nor a flip map; see [11, Example 1.5].

Example 2.9 (graph manifold of nonpositive curvature) Consider the parallelogram

of side length 1 with the angles of the corners equal to %, ZT”, 7 and ZT” Choose
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a vertex of angle Z and call it O, then call the adjacent vertices A4 and B. The last
vertex is called D. We obtain a flat torus 7" by gluing the sides OA and BD, and OB
and AD. We regard T as a circle bundle over a circle where the base circle is OB and
the fiber circle is OA. The monodromy with respect to the flat metric is 7.

The torus 7" has an interesting isometry ¢ that is defined by mapping
OA— BA, OB~ OA.
Notice ¢ is not homotopic to the trivial map nor the flip map of 7.

We define a graph manifold using ¢. Let ¥ be a compact orientable surface of genus
one with two boundary components, a4+ and a—. Orient those two curves using the
orientation of X. Let P be a trivial circle bundle over ¥ and we put a locally product
metric of type H? x R on P such that the monodromy satisfies 6(a+) = 7 and
0(a—) = . We arrange that there is a small constant ¢ > 0 such that the two boundary
tori T+ and T— of P at a+ and a—, respectively, are isometric to 7" with the metric
rescaled by ¢. Now we glue T+ to T— by ¢, which is an isometry. The map ¢ is
not a flip nor trivial. In this way we obtain an oriented graph manifold M that has a
Riemannian metric of nonpositive curvature.

Remark 2.10 As we said, the property that a graph manifold M has a geometrization
formulated differently in [10]. Although we put a complete, finite-volume hyperbolic
metric on the base surface/orbifold of a piece, they put a hyperbolic metric with a
geodesic boundary (ie if you lift it to the universal cover, then it is a geodesic in H?).
In both settings we can see the piece as a circle bundle over the base, and it defines
a monodromy representation of the fundamental group of the base into S!, which
coincides for the two settings. So, if M admits isometric geometrization, then its
monodromy representation can be used to put a locally product Riemannian metric on
each piece that gives a geometrization on M in our sense.

2.6 Proof of Theorem 1.6

Proof The proof of Theorem 1.6 is nearly identical to the proof of the version of
Theorem 1.2 where each piece is a product of a surface and a circle, which is exactly the
case where / =m =1 in Theorem 1.6. The main body of the argument for Theorem 1.2
is Proposition 2.5, which is already shown for general / and m. So we do not repeat the
argument, except we make one remark. Suppose Wy = Xy x T{" and W, = X, x T)"
are pieces such that .S f x T and Sé x T are glued by an isometry, where Sil isa
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boundary torus of X;. Also, suppose X; C X;. By taking X; larger in X; if necessary,
one may assume the metric on S; is rescaled by any constant 0 < ¢ < 1. Also one can
rescale the fibers 7;" by the same constant ¢, which leaves the gluing isometric.

It follows from Proposition 2.5(7) that M carries a metric of nonpositive curvature, so
that Wh(M') vanishes. This completes the proof. |

3 The other family

We discuss the other examples of manifolds that will be ends.

3.1 Construction

Let M; and M, be n—dimensional closed, orientable hyperbolic manifolds with
totally geodesic, orientable submanifold N; and N, respectively, of codimension two.
Assume that Ny and N, are isometric by an isometry b: Ny — N,.

The unit normal bundle of N; in M; is an S'-bundle, (X7, Ny, S'), with oriented
fibers, which we also denote by

Xi=Nix8 or X;=S8;xN;.

We will use this notation for bundles in this paper, which does not mean a semidirect
product of group structures.

The metric of M induces a Riemannian metric on this bundle which is locally a
Riemannian product of the hyperbolic metric on N; and S!. Similarly we have an
ST _bundle over N, (X5, N>, S1), which is locally a Riemannian product.

For a sufficiently small constant € > 0, the boundary of V; = M1\ N¢(V) is canonically
identified with (X7, N1, S'). Also, Vo = M, \ Ne(N) is identified with (X5, Na, S1).

Suppose S ! -bundles over M; and M, with Riemannian metrics which are locally prod-
uct of M; and M,, respectively, and S! are given. We denote them by (Y;, M, S1)
and (Y, M5, S1), and the restriction of them to N; and N, by (Y7 | Ny, N;,S!) and
(Y2 | N2, Np, S1).

We assume (X7, Ny, S!) is isometric to (Y5 | No, N2, S!) by a bundle map ( f7,b),
where b is the isometry between N; and N,, and also (Y7 | Ny, Ny, S 1) is isomet-
ric to (X2, N>, S') by a bundle map (f>,b) in the same manner. It then follows
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that the fiber product (X; x Y; | N1, N;, S! x S!) is isometric to the fiber product
(X3 x Y5y | Ny, No, ST x S1) by the flip map

¢: (n. (s1.52)) > (b(n). (f2(52), f1(51))), m€ Ny, (s1.52) € S x ST,

or the trivial map

¢ (n, (s1,52)) = (b(n), (f1(s1). f2(52))), n €Ny, (s1.82) € S' xS,

Note that the metric on the fiber S! x S of the two bundles is a product metric since
X; are defined over M;.

The fiber products (X7 x Y7 | N1, N1, S x S1) and (X, x Y5 | Na, N», ST x S1) are
identified with the boundary of Y; | V7 and Y, | V5.

Now we define
W= 1|V, V1,8 ) Uy (Y2 | V2, V2, ST

by identifying their boundaries (X; x Y7 | Ni, N1, S1) and (X5 x Y5 | N5, N», S1)
using ¢.

For example, if n = 2 then Ny and N, are points and W is a flip manifold.

‘We recall the theorem from the introduction:

Theorem 3.1 Assume W has a geometrization (ie the gluing maps are isometric).
Then W carries a metric of nonpositive curvature, so that Wh(W') vanishes. Also,
R x W carries a complete Riemannian metric that is an eventually warped cusp metric
with C < K < 0 for some constant C < 0.

Remark 3.2 As in the construction of 3—dimensional graph manifolds, as a general-
ization of the theorem, one can use a finite collection of codimension 2 submanifolds
Ny, ..., Ny, each of which appears two times in the union of n—dimensional closed
hyperbolic manifolds My, ..., M} as totally geodesic, mutually disjoint submanifolds.
For a sufficiently small € > 0 we remove the e—neighborhoods of the N;, then glue
the two boundaries of N¢(N;) by either the trivial map or the flip map. In this way we
obtain a closed manifold W for which Theorem 3.1 holds.

Note that Theorem 1.2 follows from the generalized version of Theorem 3.1 if all of
the base surfaces have genus at least two.
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3.2 Gluing condition

We discuss the condition for a flip map to be isometric in the case » = 3 in some detail.
The N; are simple closed geodesics, and we denote them by y;. By our assumption
they have same length. Let m; be the meridian curve for y; in M;. We denote by o;
the fiber circle of X;. With respect to the Riemannian metric, we can measure the
monodromy (ie rotation) along the curve y; for o; and m;, respectively. We denote
them by 0 < 6(o;), 0(m;) < 27.

Notice that the flip map ¢ is an isometry if and only if
(3-1 0(my) =06(02), 6(o1) =0(m>).

In general, ie if dim N > 1, then let pp () be the monodromy representation of
71 (N) to S, in terms of the meridian curve m;. Let py(o;) be the monodromy
representation in terms of 0. Similarly we define py(m,) and ppn(02). We then
assume

(3-2) pn(my) =b*pn(02),  pn(o1) =b*pn(m2).

It is an interesting question if the bundles X; satisfying this property exists for given
(N;, M;). One sufficient condition is that Hy(N;, Z) injects into Hy(Mj, Z) for both
i = 1,2. Indeed, if so then first define a circle bundle over N, using py(m;) =
b*pn(03) (here, we use that S 1 is abelian), then extend it to M, (use that H; injects),
which will be X,. Similarly we can define X .

We realize that it is enough if X; are defined over V; for our construction. But in this
case we need an additional condition since the metric on the fiber S! x S! is flat, but
not a Riemannian product any more. Hence the monodromies 6, (0;) and 6y, (m;)
are not trivial in general, and we need

(3-3) Om,(01) = O5,(m2), 05, (m1) = Om,(02).

It turns out that if one is satisfied then the other one follows. We will assume this
condition if we consider bundles that are defined only on V;.

Example 3.3 We discuss the case that dim M =2 and dim N = 1. If X is defined
over M, then the boundary of V is a torus which is a Riemannian product. But if X
is defined only on M \ N¢(N), then maybe 6,,(0) # 0, and the boundary of V is a
flat torus, but not a product. Then we need to arrange that 6,,(c) coincides for a pair
of tori which are identified.
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3.3 Outline of proof of Theorem 3.1

The proof of Theorem 3.1 is parallel to Theorem 1.2.

We denote Y; | V; by P; and call it a piece. The N; are isometric to each other by the
isometry b, so we may write them as N.

We will put metrics on J; = R x P; so that they match up for gluing by id x ¢, which
gives a desired metric on R x W to apply Theorem 1.1. Each J; has a product metric
using the (noncomplete) hyperbolic metric on V;, but there will be singularity when we
glue them. So we deform the original metric near dJ;. A small neighborhood of 9.J;
is diffeomorphic to R x [0, 00) x ((S' x S') x N). In view of that we will construct a
complete Riemannian metric g of negative curvature on

RxRxSlelxN,

which is invariant by a rotation on each S'. We arrange that there is a constant a
such that for every r € R the metric on {r} x [a,00) x S! x S x N is identical to
the original product metric on P; up to scaling by a constant depending on r (see
Proposition 3.4(5)). Here, the identification of the metric is canonically done between
the fiber bundle (S x S')x N and S! x S x N since the metric on the product is
invariant by rotations on both the S —factors.

Moreover, the metric g will be defined on R xR x ST x S! xR”~2. The factor R”2 is
identified with N and g is invariant by the action by 71 (N) which acts trivially on the
other factors. In this way, (R x S x R"~2) /7 (N) is identified with Ne(N)\ N. The
other S'! is for the fiber circle in P;, and we can regard g as a metric on J; = R x P;.

We show the following (see Proposition 2.5). Recall that S'(«) is a circle of length a.
Proposition 3.4 Let ¢, cy > 0 be constants. Then there is a Riemannian metric g on

R xR x S!(c;) x S'(cy) x N that is invariant by rotations on each S satisfying the
following (1)—(7):

(1) There is an absolute constant C < 0, which does not depend on ¢y and c;, such
that C < K <0 onRxRxS(c;)xS(ey) x N.

(2) The volume of the following subset is finite:

{(r.t,p,t,n)|re(—oo,—1],telr—1,2], pe S'(c1), T € S'(c;), ne N}.
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(3) Forr <0andt=<r—1,

n—3
g=dr*+h(r)? (dt2 +b%e?" dp? + b2%e? di? + dw? + Z eV dw}).
j=1
(4) Forr>0andt <-—1,
n—3

g=dr’+h(r)? (dl2 +52e2R0) 152 4 p22RO) G2 4 qu? + Z eV dwjz).

Jj=1
(5 ForreRandt>a,

g =dr*+h(r)? (dz2 + b2e2R0) g2 4 ginh?(1 — 5) d 12

n—3

+ cosh?(t — 5) (dw2 + Z e2v dwjz))

j=1
(6) Forr > 5, the metric g is a warped metric of the form
g =dr*+4e*g,
where g is the metric on R x S'(c;) x S'(c2) x N defined by

n—3

gi=di®> +b%%dp* + F(r,t)?d* + T(t)z(dwz +Y e dwf).

j=1
Here, F(r,t) (and hence g too) is independent of r for r > 5.

(7) The metric g in (6) has nonpositive curvature for r > 5.
We postpone proving this proposition and prove Theorem 3.1 using it.

3.4 Proof of Theorem 3.1

Proof First, W carries a metric of nonpositive curvature by Proposition 3.4(7). This
implies that Wh(W) vanishes [14].

We now show the claim for R x W. We closely follow each step of the argument for
Theorem 1.2. But there is one additional issue and we make a remark on that. For
Theorem 1.2, each piece P is a trivial bundle £ x S (for the nongeneral case). We glue
pieces along boundaries by isometries, and a boundary component of P is S! x S!,
where the first S is a boundary component of X. On the other hand, for Theorem 3.1,
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a boundary component of a piece P will be an S!—bundle over an S!-bundle over a
hyperbolic manifold N, S' x (S! x N). But notice that any metric g on S! x S! x N
that is invariant by rotations on both circles gives a metric to the boundary which is
locally isometric to g. In view of this, when we construct a metric (see Section 3.5),
we consider only rotationally invariant ones on a product space then descend it to a
space with circle bundle structures, so that the bundle issue is not an extra problem for
us. In the following, we may write S' x (S! x N) simply as S x ST x N.

Step 1 Fix a small constant € > 0. Set X; = M; — N¢(N;). The boundary of ¥; is a
circle bundle over N;. Set P; = (M; — N¢(N;))x S1.

Step 2 We will put a metric on P; and glue them along the boundary. Set K; =
M; — N2(N;). Then X; — K; is isometric to [e, 2€) x (S1(27) x N) with the metric

dt* + sinh(¢) dt? + cosh(t)g .

Step 3 For each r € R, we consider an S'—bundle which is locally a Riemannian
product,
(M; = Ne(Ni)  S! (e 72 L),

then further take a “generalized” warped product with R as follows:
Ji = R xp(r) {(M; — Ne(Ny)) x ST (beRD=2 L)y,

where at each r, the metric of the fiber K; x S!(beR()=2L) is rescaled by h(r). We
say this is a generalized warped product since the metric on the fiber at r depends

onr.
Then we have the following lemma. The argument is similar to Lemma 2.7 and we

skip it.

Lemma 3.5 (1) The subset of J; for the part r < 0 has finite volume, which is
bounded above by 2" t1e"~1pL VOlnyp (M;).

(2) For the part r > 5, J; is a warped product
(5, 400) Xzer (Rx STx ST xN).

(3) The sectional curvature of J; is bounded:

C <K <0,

where C < 0 is the constant from Proposition 3.4.
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(4) Each boundary component of J; is isometric to

R Xy (ST (bee* L) x ST (beRI2L) i N).

Step 4 Similar. We use Proposition 3.4. We skip the details.
Step 5 Similar. We use Proposition 3.4. We skip the details.

Theorem 3.1 is proved. O

3.5 Metric construction

We are left with proving Proposition 3.4. It is done by constructing g. For any constant
a>>5,weputd:=6(a):= %(a —5)and b :=b(a) := ¢ le @D sinh(a — § — 5),
where we recall ¢ = (A * ?)(0). There is a C* function, F, on R? such that

(i) forall r and ¢,
~ F(r,t) =beRW £t — R if £ <5,
By | Fr0=beRO S = R()) i 1 <
sinh(z — 5) if t > a,
(ii) ft, ﬁn > (0 everywhere,
(iii) F(r, t) is independent of r if t >4 or r > 5.
Let us explain why such a function F exists. Assume ¢ > 4. Since R < 3, we have
t—R>1 and so
>sinh(t —95) if t <a—34,
beR f(t — R) = bce' { =sinh(t—5) if r=a—8,
<sinh(t—95) if t>a-34.
Therefore, there is a C°° approximation, F, of the continuous function
beR) £t —R(r)) ift<a—3,
sinh(z — 5) if t>a—34,
satisfying the required conditions.
Take a C°° function, 7, on R such that
1 if t <4,
T(t) = = T>1, T,T">0.
cosh(t—5) if t >a,
For n > 2, we consider the metric

n
g=) gidx],

i=1
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where x; :=71, Xp (= 1¢, X3 1= p, X4 :=7T, X5 := W, X; := w;j—s for i > 6,
g1:=1, g2 := h(r)?, g3 := H(r)?, H(r) := beROhr), g4 := h(r)2F(r,1)?,
gs:=h(r)®T(t)? and g; := e*“h(r)>T(¢t)? for i > 6. We see that

n—3
g=dr*+h(r)? (dt2+b2e2R(’) do*+ F(r,0)2 de*+T(1)? (dw2 +Yy e dw})),

j=1
where the term n3
T(1)2 (dwz +) e dw})
j=1

vanishes for n = 2. Note that, for t > a,

n—3
dit*> + F(r,0)>d<? + T(t)z(dwz +) e dw})

j=1

n—3
= dt? + sinh?(t — 5) d % + cosh? (1 — 5) (dwz +Y e dwf)
j=1
is a hyperbolic metric.
We calculate the Christoffel symbols:
i h/ . . 3 H, 4 ﬁr h/
Fli:z forl=2,125, Fl3:ﬁ’ F14_7+z,
F, X

L) = —hl, i = 7’ Iy = fori=5s,
I, =-HH L), =—hFF,—hih'F?* T2 =-FF,
Il =—hh'T?, s =-TT, Il =1 fori=>6,
T = —e®™hi'T?, [ =TT/, I} =—e*” fori>6.

The curvature tensor is calculated as follows, for j > i > 6:
Ry = —hh",
Ri331 =—HH",
Riaay = —hh"F*—h*FF,, —2hi' FF,,
Risar = —h*FFy,,
Ryss; =—hh"T?,
Ryji1 = —e*hi"'T?,
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Ro33p = —hhHH',
Rosar = —h*W FF, —h*(W)?F? —h*FF,,,
Ryssy =—h*(W)*T*—h*TT",
Ryjin = —*Yh2(W)*T? —®Yn*TT",
Rigqs = —h?>FFE, HH —hi/ F*HH',
Ryss3 = —hh HH'T?,
Rsji3 =—e™hi HH'T?,
Russa = —h W FF,T?>—h2(W)?F*T?>—h*FFETT,
Rujia = —€* VI3 FF,T? — 2V 2 (W) > F2T? — ™ h?*FF, T T,
Rsijs = —e*h*(W)*T* =2 h*T* (1 +(T")?).
Rijji = —e* > (W)*T* —e*™ > T*(1 +(T")*).
The sectional curvatures are
K :—% for j=2,j=5 K3 =—HFN, K14=—%—2:—1§r—%ﬁ,
! ry/ o I / " /
2y = _hh_Z’ Koyq = _hinﬁ_hh? - (232’ )= _};_T_ (’;12)2 for j > 5,
K3y = —ﬁiH/ — ﬁ, K3 = L. j=>S5,
FH hH
2y all B N2
K4j = _hith — hh? — (};12) for j >5,
K = (T/)z ! — (}/)2 for j >i>5.

CR2T2 272 2

Lemma3.6 (1) F>0and F,, Fyy, F, > 0.
2 T>1,T">0and T" > 0.
(3) The following functions are all uniformly bounded:

ﬁr Frr ﬁ[ ﬁtt T/ T”
F

Proof (1) follows from the definition of F and Lemma 2.2.

(2) is clear.
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We prove (3). The boundedness of T7’/T and T”/T are derived from the definition
of T. For t <5, we see that F = F and the boundedness of ﬁr/f I::rr/ﬁ F,/ﬁ
and F, 1t / F follow from Lemma 2.2. For 7 > 5, we see that F is independent of r, so
that F, = F,r = 0 and that F,/F and F,,/F are bounded for ¢ € [5, a]. For t > a,
we have F = sinh(z — 5), for which Ft/F and F,,/F are bounded because of a > 5.
We thus obtain (3). This completes the proof of the lemma. |

Lemma 3.7 There is a constant C < 0 such that C < K;j <0 forall i # j.

Proof The negativity and boundedness of Kj;; is readily seen from Lemmas 2.2
and 3.6 except the negativity of K4. We remark that F, »r = 0 does not hold.

In the case where r > 5, we see that F is independent of r and then

h//
77

which is negative and bounded by Lemma 2.2.

Kis=-

In the case where r <5, we see F = F, in which case the negativity and the boundedness
of K14 are proved in the same way as in Lemma 2.4. This completes the proof. O

Lemma 3.8 There is a constant C < 0 such that C < K, < 0 for all 2—planes o of
the tangent spaces at all points.

Proof We prove the lemma in a similar way to that of Lemma 2.4.

As is already seen in (2-5), for the negativity of K, , it suffices to prove

(3-4) (R1442)* < Ri441R2442.

If t > 5, then Fis independent of r and so ﬁ,zt = frrﬁn = 0, which implies (3-4).
If 7 <5, then F = F and the calculation in the proof of Lemma 2.4 yields (3-4). The
negativity of K, follows.

We prove the boundedness of K for all o. It suffices to estimate A4;;;; for i < j
and Aj442, Where A;jy; is as defined in the proof of Lemma 2.4. By A;j;; < |Kj]|
and by Lemma 3.7, we have the boundedness of A4;;;;. The same calculation as in the
proof of Lemma 2.4 leads us to

Fre F
rt < rt

Aggay < 1L < 21t
M2 =onF ~ oF
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If 1 >5, then F is independent of r and so Fy =0.1f1 <5, then F = F=beR f(t—R)
and so

ﬁrt B R/(f/_f//)
2ﬁ f [l
which is bounded since f” — f” has compact support. This completes the proof. O

We are ready to prove Proposition 3.4.

Proof of Proposition 3.4 First of all, the rotational invariance of g is clear by the
form of g.

(1) holds by Lemma 3.8.

Checking (2)—(6) is similar to (2)—(6) of Proposition 2.5. We omiit it.

We prove (7). Assume r > 5. The curvature tensor for the metric g is obtained as, for
J>i=53,

R3ga3=—FF,TT',

Riii3 = —e*FFE,TT/,

Ryjia =~V T2 (1+(T")),

Rijji = =T (1+(T")%),

Ri33; = —FFy,
Rigay =-TT",
Ryjiy = —e*TT",

which are the unique nonzero values of R;jx; under the (skew-)symmetry. This together
with Lemma 3.6(1)—(2) implies the nonpositivity of all the sectional curvatures. We
have proved Proposition 3.4. a

4 Questions

4.1 More complicated examples

As we explained in Section 1.5, a flip manifold can be obtained as follows: take
two surfaces V; and V,, remove a small neighborhood of a point p; from each of
them, then consider an S'-bundle over each. The boundary of each manifold is an
(S'xS1)—bundle over a point ( p; and p,), and now we glum them by a flip map.

Regarding the above example, one can view V; and V, as intersecting in one point. In
view of this, a similar construction can be done in dimension 27 for n > 1, with a more
complicated intersection pattern. The above case is for » = 1, and we describe the
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case for n = 2. Let V] be a closed hyperbolic 4-manifold with two, isometric, totally
geodesic embedded closed 2—submanifolds V7, and V;3 intersecting at one point Vj,3
transversally. Prepare two other copies: V, with submanifolds V3 and V5,1, and V3
with submanifolds V3; and V3,.

Fix a small € > 0, and consider an S!—bundle,
X1 =(Vi\ Ne(Vi2 U Vi3)) x ST,
whose boundary is dN¢ (V72 U Vi3) x S Note that N (Vi U Vy3) is a flip manifold
embedded in V7,
(Vi2 \ Ne(V123) x S Uy esinst (Vi3 \ Ne(Vizz) x S,

where we flip the two S!—fibers in Vj53 x S x S! when we glue the left piece to the
right one. Similarly, consider S!-bundles X, and X3 for V5 and V3, respectively.
We put a locally product metric on each Xj.

Now from X7, X, and X3, we define a S—manifold
M’ = (X1 UX,U X3)/~,
where ~ means gluing among the boundaries of X, X, and X3:
0X1 = (Vi2 \ Ne(V123)) x 8" S Ups wesiwsist (Vis \ Ne(Viz)) x ST ST,
0X2 = (Va1 \ Ne(V123)) x S % ST Uy, esisinst (Vaz \ Ne(Viza)) x ST x ST,
0X3 = (V32 \ Ne(V123)) x ST x 81 Uy wsinsinst (Va1 \ Ne(Viaz)) x S ST
A gluing map is described as follows for each pair (7, j): use the obvious identification
Viji \ Ne(V123) = Vji \ Ne(Vi23) and flip the two S!_fibers. The common manifold

Viazx ST ST x S is shared by all of them in M. We assume that the identification
is done by isometries.

It would be interesting to know if M appears as an end (see [1]; see also [9] on the
topology of those ends). In view of our strategy, as the first step we want to know if M
has a metric of nonpositive curvature, but the curvature estimate becomes more subtle
when we look for an eventually warped cusp metric for R x M.

4.2 Graph manifolds

Among graph manifolds W, we proved that W appears as an end if it has a Riemannian
metric of nonpositive curvature (Corollary 1.5). See [12] on the question to decide which
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graph manifolds carry Riemannian metrics of nonpositive curvature. Leeb [19] gave

an example of a graph manifold that does not have a metric of nonpositive curvature.

It would be interesting to know if his examples will/will not appear as an end.
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