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Metrics with nonnegative Ricci curvature
on convex three-manifolds
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We prove that the space of smooth Riemannian metrics on the three-ball with nonneg-
ative Ricci curvature and strictly convex boundary is path-connected, and, moreover,
that the associated moduli space (ie modulo orientation-preserving diffeomorphisms
of the three-ball) is contractible. As an application, using results of Maximo, Nunes
and Smith (to appear in J. Differential Geom.), we show the existence of a properly
embedded free boundary minimal annulus on any three-ball with nonnegative Ricci
curvature and strictly convex boundary.

53C21

1 Introduction

Let M be a compact three-manifold with nonempty boundary @M DD . We consider
smooth Riemannian metrics on M that have nonnegative Ricci curvature and strictly
convex1 nonempty boundary @M . By a variational argument developed in Meeks,
Simon and Yau [22], such metrics can exist if and only if M is diffeomorphic to the
three-ball in R3 (see Fraser and Li [10]). In this note, we are interested in studying the
space of such metrics. We prove:

Theorem 1.1 The space of smooth Riemannian metrics on the three-ball M 3 with
nonnegative Ricci curvature and strictly convex boundary is path-connected. Moreover,
the associated moduli space (ie modulo orientation-preserving diffeomorphisms of the
three-ball) is contractible.

As an intermediate step in the proof of Theorem 1.1, we also show:

1We recall that a Riemannian manifold .M;g/ is said to have strictly convex boundary if every
boundary point has strictly negative second fundamental form with respect to the outward-pointing unit
normal. This infinitesimal definition of convexity is equivalent to other more geometric conditions, see
Bishop [2].
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Theorem 1.2 The space of smooth Riemannian metrics on the three-ball M 3 with
positive Ricci curvature and strictly convex boundary is path-connected. Moreover,
the associated moduli space (ie modulo orientation-preserving diffeomorphisms of the
three-ball) is contractible.

The study of the topology of the space of metrics satisfying certain curvature conditions
has a long history. In 1916, Weyl [28] showed that the space of metrics with positive
scalar curvature on the two-sphere S2 is path-connected and while his proof is clearly
two-dimensional (as it uses the uniformization theorem for surfaces), it is natural to
ask whether or not analogues to Weyl’s result could hold in higher dimensions. Using
Ricci flow on closed three-manifolds, Hamilton [13] showed that the space of metrics
with positive Ricci curvature is path-connected. More recently, Marques [20], using
Ricci flow with surgeries, proved the path-connectedness of the space of metrics with
positive scalar curvature on three-manifolds.

The picture in higher dimensions is quite different. As first observed in the work of
Hitchin [15], the spaces of metrics of positive scalar curvature on the spheres S8k and
S8kC1 , respectively, are disconnected for each k�1. Some years later, Carr [6] proved
that the space of metrics with positive scalar curvature on S4k�1 has infinitely many
connected components for each k � 2; see also Gromov and Lawson, Jr [12]. This was
strengthened by Kreck and Stolz [18], who proved that the space of such metrics has
infinitely many connected components for k � 2 even modulo diffeomorphisms (ie the
moduli space); see also Botvinnik and Gilkey [3]. Similar results were also obtained for
Ricci curvature by Wraith [29], who proved that there are closed manifolds in infinitely
many dimensions for which the moduli space of metrics with positive Ricci curvature
has infinitely many components.

Finer aspects of the topology of the space of metrics, such as the fundamental group or
higher homotopy groups, have also been studied. For instance, Rosenberg and Stolz
[25] have shown that the space of metrics with positive scalar curvature on S2 is
actually contractible; and it is not hard to prove, using Hamilton’s Ricci flow [13],
that so is the moduli space of metrics with positive Ricci curvature on closed three-
manifolds. In higher dimensions, the higher homotopy groups for the space of metrics
with positive scalar curvature have been studied for certain closed manifolds; see for
example Botvinnik, Hanke, Schick and Walsh [4] and Hanke, Schick and Steimle [14],
and also recent work for manifolds with boundary by Walsh [26].

The question we answer in Theorem 1.1 came to our attention after the recent solution
by Maximo, Nunes and Smith [21] to a problem of Jost [17]: every strictly convex
domain of R3 contains a properly embedded free boundary minimal annulus. Here, a
smooth compact surface † in .M;g/ with @†� @M is said to be minimal with free
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boundary whenever it has zero mean curvature and T† is orthogonal to T @M at every
point of @†. The argument used in [21] is based on degree theoretic considerations and
works for any metric with nonnegative Ricci curvature and suitably convex boundary.
As an application of Theorem 1.1, it is not hard to extend their result to any metric with
nonnegative Ricci curvature and strictly convex boundary in the usual sense (assuming
the main results of [21], we provide the details of Theorem 1.3 in Section 4):

Theorem 1.3 Let g be a Riemannian metric on the three-ball M 3 with nonnegative
Ricci curvature and strictly convex boundary. There exists a properly embedded free
boundary minimal annulus in M 3 .

We finish the introduction by saying a few words about the proof of Theorem 1.1 and
the ideas involved. Let us first explain the proof for the path-connectedness, which
is the first as well as the essential step in our proof. One could imagine a possible
approach to this problem by using Ricci flow with boundary, or by flowing the boundary
inward through mean curvature flow, or even by running Ricci flow coupled with mean
curvature flow. While there have been interesting recent results under these settings,
for instance Huisken [16], Gianniotis [11], Lott [19] and Brendle [5], they do not seem
to work for the question at hand. Indeed, the long-time behavior of the flows proposed
in [11] and [19] is not well understood, and also there is no reason why the convexity
of the boundary should be preserved while flowing it inside by mean curvature as
in [5]. Therefore, we pursue a different strategy. Our first step, which might be of
independent interest, is to use an idea of Perelman [24] to deform the metric near the
boundary making it totally geodesic while maintaining (not necessarily strict) convexity
and nonnegative Ricci curvature. We then glue two copies of the deformed manifolds
along the boundary, obtaining a closed manifold diffeomorphic to the three-sphere S3

with a metric of nonnegative Ricci curvature and a reflection symmetry across the
surface along which the gluing occurs. The idea is then to run Ricci flow on this glued
manifold, and to argue by Hamilton’s result [13] that it will flow to a round sphere
(after normalization). Since the reflection symmetry is preserved along Ricci flow, we
can then find a path of metrics with nonnegative Ricci curvature and convex boundary
(not necessarily strictly so, since the boundary will be totally geodesic along the flow)
from the original metric to the standard round metric of a hemisphere of S3 , and we
show that such a path can always be deformed into a path of metrics with nonnegative
Ricci curvature and strictly convex boundary. This whole procedure works modulo
actions of the group of orientation-preserving diffeomorphisms on the three-ball, which
is path-connected by Cerf [7].

Once the path-connectedness is established, we deal with the higher homotopy groups.
To this end, we show that, for any fixed compact set of initial metrics, the above
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procedure can be done in such a way that the paths obtained depend continuously on
the initial data.

The paper is organized as follows. Section 2 is devoted to the proof of Theorem 1.2. We
then prove Theorem 1.1 in Section 3. In Section 4, we explain the proof of Theorem 1.3.
We include some computations in the Appendix for completeness.
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2 Proof of Theorem 1.2

Let C be the space of smooth Riemannian metrics on the three-ball M 3 with positive
Ricci curvature and strictly convex boundary. Let C0 be the space of smooth Riemannian
metrics on the three-ball M 3 with positive Ricci curvature and convex boundary. Note
that since we do not necessarily assume the boundary convexity to be strict for metrics
in C0 , the space C is a strict subset of C0 .

We will use a certain type of metric deformation which we call shifts that can be
defined as follows. Given a metric g on M , we consider the equidistant surfaces to
the boundary D D @M . Suppose that † is one of such surfaces and that the distance
with respect to g from † to the boundary is ". If " is sufficiently small, † must be
smooth and isotopic to D in M . Moreover, the set of points whose distance to D is
greater than or equal to " defines a three-manifold N with boundary @N D†. It is
clear that .M; @M / is diffeomorphic to .N; @N / as both manifolds are diffeomorphic
to .B3;S2/. An "–shift of g is then the metric obtained by restricting g to .N; @N /

and then pulling it back to .M; @M / by the above diffeomorphism. Note that if we
can do a shift for a distance ", then we can also do shifts for any distance smaller
than ", and moreover, we obtain a path between g and the shifted metrics. Furthermore,
if g 2 C and the shift parameter is sufficiently small, with smallness depending on g ,
all the shifted metrics will also belong to C .

We will also deform metrics by Ricci flow — after appropriate doubling of M .
Note that both Ricci flow and shifts are well-defined up to actions of the group
DiffC WD DiffC.B3/ of orientation-preserving diffeomorphisms of the three-ball. Our
goal is to show that C is path-connected and C=DiffC is contractible.
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C is path-connected

Since DiffC is path-connected [7], we may ignore its action over C throughout the
remainder of this subsection. We will show that any metric g in C can be connected
through a path in C to a metric on some strictly convex round spherical cap. This is
carried out in three steps. Given any g 2 C , we prove:

(A) There exists a path in C0 connecting g to a metric g2 with positive Ricci
curvature and totally geodesic boundary.

(B) There exists a path in C0 between g2 and the metric of the standard round metric
on a hemisphere.

(C) One can deform the above paths into a path in C from g to the metric of a strictly
convex round spherical cap.

Step A Connecting g to a metric with totally geodesic boundary

Proposition 2.1 Given a metric g 2 C , there exists a path in C0 connecting g to a
metric g2 with positive Ricci curvature and totally geodesic boundary.

We prove Proposition 2.1 by first constructing an appropriate metric g2 with positive
Ricci curvature and totally geodesic boundary and then showing how to connect it to g

by a path in C0 .

The existence of g2 is based on the following gluing construction. Suppose we were to
glue two copies of .M;g/ along the boundary @M so that, after smoothing the edges
inside a neighborhood U of the boundary, we obtain a smooth metric on the glued
manifold (which is topologically a three-sphere) with positive Ricci curvature and a
reflection symmetry across @M . Then, half of the glued manifold will be carrying a
metric on the ball B3 with totally geodesic boundary (the latter because of the reflection
symmetry), which is the metric g2 we were looking for. Moreover, this gluing is done
such that we can connect g to g2 by a path in C0 .

Remark 2.2 Our gluing method uses ideas from Perelman [24], where he shows
that one can always glue two compact manifolds with positive Ricci curvature with
isometric boundary while keeping the Ricci curvature positive, provided that the second
fundamental forms of the boundary points in one of the manifolds are strictly bigger
than the negatives of the mean curvatures of the corresponding boundary points of the
other manifold. What we show is that one can carry out a similar construction when
the two manifolds to be glued are strictly convex and identical and also that, if one is
careful enough, the metrics involved can actually be connected by a path in C0 .

Geometry & Topology, Volume 20 (2016)



2910 Antonio Aché, Davi Maximo and Haotian Wu

Gluing and construction of g2 To construct g2 , we glue two copies of M along
the boundary D to obtain a manifold M #DM that is diffeomorphic to the three-sphere.
The doubled metric on M #D M is smooth away from the two-sphere D . We will
abuse notation slightly and denote that metric on M #D M also by g . On M #D M ,
consider the parametrization of a tubular neighborhood of D given by equidistant
surfaces that are two-spheres. Working in such neighborhood, for an " small enough,
we can find a local expression for g given by

g D dr2
Cgr;

where r 2 .�"; "/ and gr is a metric on the two-sphere S2 . Here, r is the signed-
distance to D in M #D M with respect to g , which we can define once we choose an
orientation for D . Since our final goal is to obtain a metric in M and not in M #D M ,
it will be important for us to fix the orientation once and for all: we will always think
of the half containing fr � 0g �S2 as our original manifold M . In particular, if we
choose " > 0 small enough, since .M;g/ has strictly convex boundary, we can see
that the equidistant surfaces †r (of signed-distance r to D ) obtained by fixing r

negative (respectively, r positive) are smooth two-spheres isotopic to the boundary D

and strictly convex (respectively, concave) with respect to g .

To start the gluing argument, we choose a parameter �2 .0; "/ and consider the surfaces
†�� and †� . The idea is to interpolate the values of g in †�� and †� to construct a
new metric Ng which has positive Ricci curvature and a reflection symmetry across D .
The new metric Ng on Œ��; ���D will have the form

Ng D dr2
C Ngr

�.x/;

where Ngr
� is a quadratic polynomial in r interpolating, up to first order, between

g�� and g� . More precisely, let .r;x/ be local coordinates representing a tubular
neighborhood near D . Then in these local coordinates, we have

. Ngr
�.x//ij D bij .x/r

2
C cij .x/;

where bij and cij are determined by imposing the condition that Ng matches the metric
on Œ��; ���D to first order at the boundary. This only means that at the slices †��
and †� , we must have (indices i; j representing directions tangential to D )

. Ngr
�.x//ij jrD�� D bij .x/�

2
C cij .x/;(2-1)

@r . Ng
r
�.x//ij jrD�� D�2bij .x/�:(2-2)
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From (2-1) and (2-2) we have that when r D�� ,

bij .x/D�
.g��/

0

ij .x/

2�
;(2-3)

cij .x/D g
��
ij .x/C

.g��/
0

ij .x/

2
�;(2-4)

where the prime derivatives are taken with respect to @r . Observe that we have only
prescribed a matching condition at the slice †�� , because by symmetry, the matching
condition at the slice †� will yield exactly the same coefficients. By convexity of †�� ,
.g��/

0

ij .x/ > 0, so bij .x/ < 0 for every x 2D . Moreover, using compactness of D ,
we can choose ƒ> 0 such that the eigenvalues of .g��/0.x/ are bigger than 2ƒ for
every x 2D . This implies that

. Ngr
�/
00 < �

ƒ

�
Ngr
� on .��; �/�D:(2-5)

Note that Ng as constructed above is a smooth metric except at the hypersurfaces †��
and †� , where it is only C 1 .

Regarding the curvature of Ng , we show:

Lemma 2.3 In the above, the parameter � can be chosen small enough such that Ng
has positive Ricci curvature wherever it is smooth.

The proof of Lemma 2.3 follows by a direct calculation and depends crucially on (2-5).
We refer the reader to the Appendix for details. In particular, note that (2-5) holds
true in general dimension, not just in dimension three, so Lemma 2.3 is true in any
dimension two or higher.

In the remainder of this subsection, we consider the metric Ng restricted to the original
manifold M . We note that if dg and d Ng denote respectively the distance function
with respect to g and Ng , then, since g D dr2 C gr and Ng D dr2 C Ngr , we have
for r 2 Œ�"; 0�,

(2-6) fx 2M j d Ng.x; @M /D�rg D fx 2M j dg.x; @M /D�rg DW†r :

It is also of interest to compute the second fundamental form of †r with respect to g

and Ng respectively. Direct calculation yields that2

�IIr
g D .g

r /0 > 0 for r 2 Œ�"; 0�I

�IIr
Ng D . Ng

r /0 > 0 for r 2 Œ�"; 0/I IIr
Ng � 0 for r D 0:(2-7)

2Here, the second fundamental form II is computed with respect to the outward-pointing normal,
so IIr D�.gr /0 ; convexity of †r , for r 2 .�"; 0/ , means that .gr /0 > 0 .
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Finally, to obtain the metric g2 , we smooth out Ng near †�� as follows.3 For r D�� ,
note that Ng is C 1 and has one-sided second derivatives. Now, the Ricci curvature has
the form

Ric. Ng/D Ng�1@2
NgCQ.@ Ng; Ng/;

which is linear in the second derivatives of Ng . Since Ng is C 1 , we can interpolate
between Ng and a smooth metric near the surface †�� and make it in such a way that
the smooth metric will also have positive Ricci curvature. Moreover, since NgDdr2C Ngr ,
the interpolation actually occurs along the factor Ngr , for r near �� . Being so, we
can directly see that in the same local coordinates g2 D dr2C Ngr

2
will satisfy similar

conditions as in (2-6) and (2-7); that is,

†r D fx 2M j dg2
.x; @M /D�rg for r 2 Œ�"; 0�I(2-8)

�IIr
g2
D . Ngr

2/
0 > 0 for r 2 Œ�"; 0/I IIr

g2
� 0 for r D 0:(2-9)

Connecting g to g2 by a path in C0 Starting with g 2 C , for a choice of " small as
above, the "–shift of g , which we call g1 , belongs to C and is path-connected to g .
Moreover, since � < ", the metric g1 is also a shift of g2 , and the path connecting
them belongs to C , with the exception of g2 , which belongs to C0 . This completes the
proof of Proposition 2.1.

Step B Connecting g2 to a metric of a round hemisphere by a path in C0 We
next prove that it is possible to connect the metric g2 to the round metric of a hemisphere
of S3 . We accomplish this by using Ricci flow. By construction, and abusing notation
slightly, we can consider the metric g2 as a smooth metric with positive Ricci curvature
on the doubled manifold M #D M and with a reflection symmetry across D . We then
run Ricci flow

@tg D�2 Ric.g/

with g.0/ D g2 . By work of Hamilton [13], if we denote by g.t/, for t 2 Œ0;T /,
the unique maximal solution to the above Ricci flow, then the rescaled metrics given
by Og.t/D1=.4.T�t//g.t/ converge to a metric of constant curvature 1 as t%T . Since
Ricci flow preserves isometries, in particular, it will preserve the reflection symmetry
of g2 across D . Therefore, D remains a totally geodesic two-sphere in M #D M

with respect to 1=.4.T � t//g.t/. Restricting the metrics Og.t/ to M , we obtain a path
in C0 from g2 to the round metric gh of a hemisphere of S3 .

3The smoothing construction follows an argument sketched by Perelman [24]. Details can be found
in [27, page 26].
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Step C Connecting g to a metric of a strictly convex round spherical cap by a
path in C Along the above path obtained by Ricci flow, the metrics Og.t/ are uniformly
equivalent, ie there exists a constant C > 0 such that C�1 Og.0/� Og.t/� C Og.0/ [13].
Therefore, arguing by compactness, we can find space-time neighborhood of @M of
the form Œ�r0; r0��S2 � Œ0;T �, such that for each t 2 Œ0;T �, the metric Og.t/ can be
written as

Og.t/D dr2
C Ogr

t :

Let '.r/ be a smooth function of one real variable and of sufficiently small C 2 –norm,
supported in the interval .�r0; r0/, and such that '0.0/> 0. We perturb the metric Og.t/
by adding a term of the form �'.r/ Ogr

t to get

Qg.t/D Og.t/C �'.r/ Ogr
t ;(2-10)

where � > 0 is a small number to be chosen. Note that this metric is well-defined in
all of M #D M � Œ0;T � because ' is supported in .�r0; r0/ and at the points whose
Og.t/–distance to the boundary is less than r0 we can write

Qg.t/D dr2
C .1C �'.r// Ogr

t :

This perturbation does not change the unit normal to the boundary. Because of this, the
second fundamental form at the boundary D with respect to Qg.t/ is given by

�II Qg.t/ D
@

@r

ˇ̌̌̌
rD0

.1C �'.r// Ogr
t

D .1C �'.0//. Ogr
t /
0
jrD0C �'

0.0/ Ogr
t jrD0

D �'0.0/ Og0
t ;

which says that .M; Qg.t// has strictly convex boundary D , since '0.0/ > 0 and � > 0

(we have used that the boundary is totally geodesic under Og.t/). Since positive Ricci
is an open condition, we can choose � > 0 small enough such that Qg.t/ has positive
Ricci curvature for all t 2 Œ0;T �, and this procedure deforms the path connecting g2

and gh in C0 into a path connecting Qg2 and Qgh in C .

At this point, given any g 2 C , we have constructed the following paths of metrics:

g ˛
�!g1

ˇ
�!g2


�!g.T /D gh;(2-11)

where ˛ 2 C ; all the metrics along the path ˇ belong to C , with the exception of the
endpoint g2 ; and  is a path in C0 given by Ricci flow, which can be deformed to a
path Q in C between the metrics Qg2 D g2C �'.r/g

r
2

and Qgh D ghC �'.r/g
r
h

by the
above procedure.
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To finish proving the claim that C is path-connected, we just need to construct paths in C
connecting Qg2 to a suitable shift of g2 , and Qgh to a suitable shift of gh , respectively.

We note that, for s 2 Œ0; 1�, the metrics

�.s/D g2C .1� s/�'.r/gr
2(2-12)

induce a path between Qg2 and g2 that belongs to C for s 2 Œ0; 1/. Composing this
path with a continuous families of shifts near s D 1 will yield a path in C between Qg2

and a small shift of g2 which lies somewhere in path ˇ . More precisely, even though
the boundary of M is totally geodesic with respect to the metric g2 D �.1/, we know
by (2-9) that for some small ı > 0, the ı–shift of g2 will make the boundary strictly
convex. For all ı0 > 0 sufficiently small, the ı0 –shift of g2 belongs to the path ˇ .
Given ı0 , there exists a definite ı1 > 0 (depending on ı0 but independent of s ) such
that the ı0 –shift of �.s/ has strictly convex boundary and positive Ricci curvature for
any s 2 Œ1� ı1; 1�. With this in mind, we construct a new path by deforming �.s/
through ı.s/–shifts defined by

ı.s/D

8<:
0 for 0� s < 1� 2ı1;

.s� .1� 2ı1//ı0=ı1 for 1� 2ı1 � s < 1� ı1;

ı0 for 1� ı1 � s � 1:

Since the metrics �.s/ and g2 share the same normal direction at points in the support
of '.r/, we see that by choosing ı0 > 0 small enough, the path of ı.s/–shifts of �.s/
converges as s % 1 to the ı0 –shift of g2 which has strictly convex boundary and
positive Ricci curvature. Thus, we have constructed a path, denoted by � , in C
connecting Qg2 to the ı0 –shift of g2 .

Analogously, we can shift the path

!.s/D ghC .1� s/�'.r/gr
h(2-13)

between Qgh and gh to a path � in C between Qgh and the ı0 –shift (choosing ı0 smaller
if necessary) of gh which will be a strictly convex round spherical cap.

Therefore, we have the following paths of metrics, all belonging to C :

g ˛
�!g1

ˇ
�! ı0–shift of g2

reversing �
�����! Qg2

Q
�! Qgh

�
�! ı0–shift of gh;(2-14)

where ˇ is the restriction of ˇ from g1 to g2 to the path terminating at the ı0 –shift
of g2 . Thus, C is path-connected.
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The moduli space C= DiffC is contractible

By [9] and [23], it is enough to show that all homotopy groups of C=DiffC vanish. We
already proved that �0.C=DiffC/ is trivial.

Let k be a positive integer, Sk the k –sphere, and hW Sk ! C=DiffC any smooth
map. Since the image h.Sk/ represents a compact set of equivalent classes of metrics
modulo (orientation-preserving) diffeomorphisms, we may fix small enough gluing
parameters "; � > 0 (see Step A) which we can use simultaneously for all equivalent
classes of metrics in h.Sk/. In particular, for any fixed 0 < � � ", we have a well-
defined �–shift for each equivalent class of metrics in h.Sk/ and, moreover, it is
not hard to check that these shifts depend continuously on the equivalence class of
metrics in C=DiffC . Therefore, we have a well-defined continuous family of paths ˛; ˇ
in C0=DiffC such that, as in (2-11), continuously deform each equivalence class of
metrics in h.Sk/ to an equivalence class of metrics with positive Ricci curvature and
totally geodesic boundary.

As before, we double the manifold and run Ricci flow. As well-known to experts, by
now standard arguments imply that Ricci flow continuously retracts, modulo diffeomor-
phisms, any compact set of equivalent classes of metrics with positive Ricci curvature
to the equivalent class of the round metrics. This is used to show that the moduli space
of metrics with positive Ricci curvature is contractible, if nonempty. Hence, in our
setting, we get a well-defined continuous family of paths  in C0=DiffC such that,
when composed with ˛ and ˇ as in (2-11), continuously deform each equivalence class
of metrics in h.Sk/ to the equivalence class of the round metric on the hemisphere.

Finally, we note that the family of paths  ıˇı˛ constructed above in C0=DiffC can be
continuously deformed to a family of paths in the moduli space C=DiffC from h.Sk/

to the equivalence class of a strictly convex round spherical cap metric. This can be
seen from the fact that the deformation carried out in (2-14) depends continuously on
the initial equivalent class of metrics, so that we can fix uniform parameters ı0; ı1 > 0

for a compact set of equivalent classes of metrics modulo diffeomorphisms. This shows
that every smooth map hW Sk ! C=DiffC is homotopically trivial and thus finishes
the proof of Theorem 1.2.

3 Proof of Theorem 1.1

Let D denote the space of smooth Riemannian metrics on the three-ball M 3 with
nonnegative Ricci curvature and strictly convex boundary. The proof of Theorem 1.1 is
quite similar to the proof of Theorem 1.2 once we show how to continuously deform
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any metric g 2 D near @M D D keeping the boundary strictly convex and such
that the deformed metrics all have positive Ricci curvature near D , and nonnegative
elsewhere. Indeed, we note that the positivity of Ricci curvature was only used in three
instances: in the smoothing of the metric Ng near surfaces †˙� ; in the convergence of
three-dimensional Ricci flows; and in the construction of the path Q (see Step C). Since
nonnegative Ricci curvature is preserved under Ricci flow [13], and the smoothing and
perturbation occur only near D , we see that the same reasoning still holds if now Ricci
curvature is strictly positive just near the boundary and nonnegative elsewhere.

Let g 2 D . As before, we consider a neighborhood of the boundary having the
form Œ�2"; 0��D , where " > 0 is a small number to be fixed, and write g as

g D dr2
Cgr:

We next let f " be the function defined on M by

f " D

�
exp.�1=.r C "/2/ on .�"; 0��D;

0 otherwise.

The function f " is clearly smooth. Furthermore, it has the following property.

Lemma 3.1 For a sufficiently small " > 0 the function f " satisfies Hessg.f
"/ � 0.

Moreover, �gf
" > 0 on .�"; 0��D .

Proof It is clear that Hessg.f
"/� 0 everywhere outside .�"; 0��D . Let .r;x/ be

local coordinates in Œ�"; 0��D . In such coordinates, the Hessian of f reduces to

Hessg f
"
D @rrf

"dr ˝ dr ��0
ij@rf

"dxi
˝ dxj

D @rrf
"dr ˝ dr � @rf

"II.r/;

where II.r/ is the second fundamental form for †r with respect to metric g and is
strictly negative for " sufficiently small such that †" is strictly convex. Therefore,
choosing " smaller if necessary, the derivatives @rf

" and @rrf
" will be positive, and

therefore Hessf " � 0. Lastly, we see on .�"; 0��D there holds4

�gf
"
D @rrf

"
�H.r/@rf

" > 0:

From here on, we fix " so Lemma 3.1 holds and, to shorten notation, write f " as f .

We now define a one-parameter family of metrics gs for s 2R by

gs
D e�2sf g:(3-1)

4Since given any real number A , there exists a D a.A/ > 0 such that for x 2 .0; a� , the function
p.x/D exp.�x�2/ satisfies p00.x/�Ap0.x/ > 0 .
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Let Ric.gs/ denote the Ricci curvature tensor of the metric gs . Then, as in [21,
Section 6.5] and by Lemma 3.1, we have

@sjsD0 Ric.gs/D Hessg f C�gfg � 0 on M:

Moreover, again by Lemma 3.1, we have

@sjsD0 Ric.gs/D Hessg f C�gfg > 0 on .�"; 0��D:

So for s1 sufficiently small, gs will have positive Ricci curvature on .�"; 0��D for
all s 2 Œ0; s1�.

We now check the second fundamental form of the metric gs . Choosing @r to be the
(outward-pointing) unit normal vector, and using the index 0 to denote the direction
in @r , one computes that

II.gs/ij D �
0
ij .g

s/ and �0
ij .g

s/D �0
ij .g/Cgij s@rf:

Since II.g/ij D �0
ij .g/ < 0 when s D 0, we see that II.gs/ij < 0 for all s 2 Œ0; s2�,

for s2 sufficiently small.

Therefore, setting s0 Dminfs1; s2g, we obtain the desired deformation of g by con-
sidering gs for s 2 Œ0; s0�. Note that this deformation is invariant under the action
of DiffC and thus we may show as before that D=DiffC and D are path-connected.

Finally, we argue that all the higher homotopy groups of D=DiffC must also vanish.
Let k be a positive integer and hW Sk!D=DiffC any smooth map. The image h.Sk/

represents a compact set of metrics modulo diffeomorphisms. Because the Ricci
curvature and the boundary convexity are geometric invariants under diffeomorphisms,
we can deform an equivalent class of metrics with nonnegative Ricci curvature by a
family of equivalent class of metrics of positive Ricci curvature while preserving the
boundary convexity using (3-1). Moreover, we can fix uniform parameters "; s> 0 for a
compact set of metrics modulo diffeomorphisms since it is evident that the deformation
given in (3-1) depends continuously on the equivalent class of metrics. Therefore,
we have continuously deformed the compact set h.Sk/ in D=DiffC to a compact set
of equivalent classes of metrics in C=DiffC . Let’s call this deformation � . As we
have proved that �k.C=DiffC/ D 0, the continuous map � ı hW Sk ! C=DiffC is
homotopically trivial, and hence every smooth map hW Sk!D=DiffC is homotopically
trivial. Therefore, Theorem 1.1 is proved.

4 Free boundary minimal annuli in convex three-manifolds
and Theorem 1.3

We recall the main theorem of Maximo, Nunes and Smith [21]:
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Theorem 4.1 [21] If .M;g/ is a smooth, compact, functionally strictly convex
Riemannian three-manifold of nonnegative Ricci curvature, then there exists a properly
embedded annulus †�M which is free boundary minimal with respect to g .

The notion of convexity used in [21] can be stated as follows: .M;g/ is said to be
functionally strictly convex whenever there exists a smooth function f W M ! Œ0; 1�

which is strictly convex with respect to the metric g and whose restriction to @M is
constant and equal to 1 (recall that f is said to be strictly convex with respect to a given
metric whenever its Hessian is everywhere positive definite). A functionally strictly
convex three-manifold is strictly convex in the usual sense and must be diffeomorphic
to the three-ball.

The interest of this concept lies in the fact that the space of metrics with nonnegative (or
positive) Ricci curvature and functionally strictly convex boundary is path-connected,
which is a necessary prerequisite for the degree theoretic techniques used in [21].
Moreover, the degree theoretic argument in [21] works when the space of metrics is
open, eg metrics with positive Ricci curvature. Thus, Theorem 1.2 and the theory
developed in [21] allow us to conclude that any metric g on the ball M with positive
Ricci curvature and strictly convex boundary must contain a properly embedded annulus
†�M which is free boundary minimal with respect to g . The proof of Theorem 4.1
can then be achieved if we can show that every metric g with nonnegative Ricci
curvature and strictly convex boundary and be smoothly approximated by metrics gk

with positive Ricci curvature and strictly convex boundary, since the compactness results
of Fraser and Li [10] would guarantee that the sequence of free boundary minimal
annuli †k with respect to gk would converge, possibly after passing to a subsequence,
to a free boundary minimal annulus † with respect to g . This can be done by adapting
an idea of Aubin [1] and Ehrlich [8] to the case of manifolds with strictly convex
boundary:

Proposition 4.2 Let g be any smooth metric on the three-ball M with nonnegative
Ricci curvature and strictly convex boundary. Then g can be approximated in the
C1–topology by a sequence of smooth metrics gk with positive Ricci curvature and
strictly convex boundary.

Proof Given any " > 0, as argued in Section 3, we can construct a sequence of
metrics gsi converging to g smoothly as si & 0 where gsi has nonnegative Ricci
curvature on M , positive Ricci curvature in .�"; 0��D , and strictly convex boundary.
For each gsi , we construct a sequence of metrics g

si

k
converging to gsi with g

si

k

having positive Ricci curvature on M and strictly convex boundary. Then a diagonal
argument would yield the sequence of metrics gk as claimed in the proposition.
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Let M 0DM n .�"; 0��D . Then M 0 is a compact subset of M . In particular, gsi jM 0

is equal to g and has nonnegative Ricci curvature by hypothesis. We claim that there
exist ıD ı.g/ > 0 and metrics g

si

k
on M with the properties that jgsi

k
�gjC 1 < ı2�k

and g
si

k
jM 0 has positive Ricci curvature. This is achieved by deforming the metric

on M 0 (and near @M 0 but strictly away from D D @M ) using an idea of Aubin [1]
and Ehrlich [8]: Assuming g has nonnegative Ricci curvature, at a point where all
Ricci curvatures are positive, one can find, by continuity, a small ball centered at that
point such that all Ricci curvatures are positive on this small ball. One then deforms the
metric locally in such a way that the positive Ricci curvature is spread over a slightly
larger ball.

The case k D 0 is essentially proved in [8, Theorem 5.1]. We note that the proof there
uses [8, Theorem 4.3], which is stated for Bg;R.p/ with R� 1. For our purpose, we
want Bg;R.p/ with R� "=3, and it is not hard to see the local deformation result [8,
Theorem 4.3] holds for such smaller values of R. Consequently, when we apply the
local deformation argument, we will only deform the metric in M 0[

�
�";�2

3
"
�
�D , and

so the deformation is strictly away from D . One checks the proof of [8, Theorem 5.1]
and realizes that it holds for 2�kı , where k � 1. Indeed, the proof uses [8, Lemma 3.1]
and [8, Theorem 3.5], both of which hold for metrics that are ı–close (in C1–topology)
to g , and therefore also hold for metrics that are 2�kı–close to g .

Appendix: Proof of Lemma 2.3

We work in dimension n with n� 2. Since Ng agrees with g everywhere, except in the
set Œ��; ���D , we only need to compute its Ricci curvature at the points in Œ��; ���D .
We introduce some notation:

� We will use the index 0 to denote the direction to @r .

� We will use Latin letters i; j ; k; : : : to denote directions tangential to D .

� We will use prime notation for derivatives with respect to r .

With the above notation it is straightforward to check that the only nonzero Christoffel
symbols for Ng D dr2C Ngr are

�k
ij . Ng/D �

k
ij . Ng

r /;

�0
ij . Ng/D�

1
2
@r Ng

r
ij D�

1
2
Ng

0

ij ;

�k
i0. Ng/D

1
2
. Ngr /kl@r Ng

r
il D

1
2
Ngkl
Ng

0

il ;
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and therefore we have the following explicit expression for the components of the
sectional curvature

(A-1) K.@i ; @r /D Rm.@i ; @r ; @i ; @r /D NgikRk
i00

D Ngik.@i�
k
00� @r�

k
i0C�

k
i˛�

˛
00��

k
0˛�

˛
i0/

D�
1
2
Ng

00

ii C
1
4
Ngpl
Ng

0

ip Ng
0

il :

From (A-1), and by (2-1) and (2-5), we get that

K.@i ; @r /�
ƒ

2�
. Ngr
�/ii C Ng

pl.x/bip.x/bil.x/r
2

�
cƒ

�

for some c > 0 for .r;x/ 2 Œ��; �� �D since the coefficients of Ngr are uniformly
bounded in � and Ngpl.x/bip.x/bil.x/r

2 � 0. This implies that

Ric.@r ; @r /� .n� 1/
cƒ

�
:(A-2)

Next, for a tangential directional @i , we have that

(A-3) Ric.@i ; @i/DK.@i ; @r /C
X

j

K.@i ; @j /

�
cƒ

�
C

X
j

K.@i ; @j /:

By Gauss’s equation,

K.@i ; @j /DK Ngr .@i ; @j /C
1
4
. Ng

0

ij Ng
0

ij � Ng
0

ii Ng
0

jj /;

so K.@i ; @j / must be uniformly bounded in � . In fact, the coefficients of the metric Ngr

are uniformly bounded in � , and so are its derivatives in any tangential direction. This
yields that K Ngr .@i ; @j / is uniformly bounded in � . Since g0 is also uniformly bounded
in � , so will be K.@i ; @j /. Therefore, by choosing C > 0 (possibly a different constant
than that in (A-3), but still independent of �), we have

Ric.@i ; @i/�
cƒ

�
�C�2:(A-4)

Therefore, by (A-2) and (A-4), we can choose � sufficiently small to obtain a metric Ng
with positive Ricci curvature everywhere except on †˙� .

Geometry & Topology, Volume 20 (2016)



Metrics with nonnegative Ricci curvature on convex three-manifolds 2921

References
[1] T Aubin, Métriques riemanniennes et courbure, J. Differential Geom. 4 (1970) 383–424

MR

[2] R L Bishop, Infinitesimal convexity implies local convexity, Indiana Univ. Math. J. 24
(1975) 169–172 MR

[3] B Botvinnik, P B Gilkey, Metrics of positive scalar curvature on spherical space forms,
Canad. J. Math. 48 (1996) 64–80 MR

[4] B Botvinnik, B Hanke, T Schick, M Walsh, Homotopy groups of the moduli space of
metrics of positive scalar curvature, Geom. Topol. 14 (2010) 2047–2076 MR

[5] S Brendle, A monotonicity formula for mean curvature flow with surgery, preprint
(2013) arXiv

[6] R Carr, Construction of manifolds of positive scalar curvature, Trans. Amer. Math.
Soc. 307 (1988) 63–74 MR

[7] J Cerf, La nullité de �0.Diff S3/ , from: “Séminaire Henri Cartan”, Secrétariat mathé-
matique, Paris (1964) 25 MR

[8] P Ehrlich, Metric deformations of curvature, I: Local convex deformations, Geometriae
Dedicata 5 (1976) 1–23 MR

[9] A E Fischer, The theory of superspace, from: “Proceedings of the Relativity Conference
in the Midwest”, (M Carmeli, S I Fickler, L Witten, editors), Plenum, New York (1970)
303–357 MR

[10] A Fraser, M M-c Li, Compactness of the space of embedded minimal surfaces with free
boundary in three-manifolds with nonnegative Ricci curvature and convex boundary, J.
Differential Geom. 96 (2014) 183–200 MR

[11] P Gianniotis, The Ricci flow on manifolds with boundary, preprint (2012) arXiv

[12] M Gromov, H B Lawson, Jr, Positive scalar curvature and the Dirac operator on
complete Riemannian manifolds, Inst. Hautes Études Sci. Publ. Math. (1983) 83–196
MR

[13] R S Hamilton, Three-manifolds with positive Ricci curvature, J. Differential Geom. 17
(1982) 255–306 MR

[14] B Hanke, T Schick, W Steimle, The space of metrics of positive scalar curvature,
Publ. Math. Inst. Hautes Études Sci. 120 (2014) 335–367 MR

[15] N Hitchin, Harmonic spinors, Advances in Math. 14 (1974) 1–55 MR

[16] G Huisken, Ricci deformation of the metric on a Riemannian manifold, J. Differential
Geom. 21 (1985) 47–62 MR

[17] J Jost, The geometric calculus of variations: a short survey and a list of open problems,
Exposition. Math. 6 (1988) 111–143 MR

Geometry & Topology, Volume 20 (2016)

http://projecteuclid.org/euclid.jdg/1214429638
http://msp.org/idx/mr/0279731
http://dx.doi.org/10.1512/iumj.1974.24.24014
http://msp.org/idx/mr/0350662
http://dx.doi.org/10.4153/CJM-1996-003-0
http://msp.org/idx/mr/1382476
http://dx.doi.org/10.2140/gt.2010.14.2047
http://dx.doi.org/10.2140/gt.2010.14.2047
http://msp.org/idx/mr/2680210
http://msp.org/idx/arx/1312.0262
http://dx.doi.org/10.2307/2000751
http://msp.org/idx/mr/936805
http://msp.org/idx/mr/0198486
http://dx.doi.org/10.1007/BF00148134
http://msp.org/idx/mr/0487886
http://msp.org/idx/mr/0347323
http://projecteuclid.org/euclid.jdg/1393424916
http://projecteuclid.org/euclid.jdg/1393424916
http://msp.org/idx/mr/3178438
http://msp.org/idx/arx/1210.0813
http://www.numdam.org/item?id=PMIHES_1983__58__83_0
http://www.numdam.org/item?id=PMIHES_1983__58__83_0
http://msp.org/idx/mr/720933
http://projecteuclid.org/euclid.jdg/1214436922
http://msp.org/idx/mr/664497
http://dx.doi.org/10.1007/s10240-014-0062-9
http://msp.org/idx/mr/3270591
http://dx.doi.org/10.1016/0001-8708(74)90021-8
http://msp.org/idx/mr/0358873
http://projecteuclid.org/euclid.jdg/1214439463
http://msp.org/idx/mr/806701
http://msp.org/idx/mr/938179


2922 Antonio Aché, Davi Maximo and Haotian Wu

[18] M Kreck, S Stolz, Nonconnected moduli spaces of positive sectional curvature metrics,
J. Amer. Math. Soc. 6 (1993) 825–850 MR

[19] J Lott, Mean curvature flow in a Ricci flow background, Comm. Math. Phys. 313
(2012) 517–533 MR

[20] F C Marques, Deforming three-manifolds with positive scalar curvature, Ann. of Math.
176 (2012) 815–863 MR

[21] D Maximo, I Nunes, G Smith, Free boundary minimal annuli in convex three-
manifolds, To appear in J. Differential Geom. arXiv

[22] W Meeks, III, L Simon, S T Yau, Embedded minimal surfaces, exotic spheres, and
manifolds with positive Ricci curvature, Ann. of Math. 116 (1982) 621–659 MR

[23] J Milnor, On spaces having the homotopy type of a CW–complex, Trans. Amer. Math.
Soc. 90 (1959) 272–280 MR

[24] G Perelman, Construction of manifolds of positive Ricci curvature with big volume
and large Betti numbers, from: “Comparison geometry”, (K Grove, P Petersen, editors),
Math. Sci. Res. Inst. Publ. 30, Cambridge Univ. Press (1997) 157–163 MR

[25] J Rosenberg, S Stolz, Metrics of positive scalar curvature and connections with
surgery, from: “Surveys on surgery theory, 2”, (S Cappell, A Ranicki, J Rosenberg,
editors), Ann. of Math. Stud. 149, Princeton Univ. Press (2001) 353–386 MR

[26] M Walsh, The space of positive scalar curvature metrics on a manifold with boundary,
preprint (2014) arXiv

[27] H-H Wang, Boundary convexity of manifolds with nonnegative Ricci curvature, PhD
thesis, Indiana University, Ann Arbor, MI (1997) MR Available at http://
search.proquest.com/docview/304385100

[28] H Weyl, Über die Gleichverteilung von Zahlen mod, I, Math. Ann. 77 (1916) 313–352
MR

[29] D J Wraith, On the moduli space of positive Ricci curvature metrics on homotopy
spheres, Geom. Topol. 15 (2011) 1983–2015 MR

Department of Mathematics, Princeton University
Fine Hall, Washington Road, Princeton, NJ 08544-1000, United States

Department of Mathematics, Stanford University
450 Serra Mall, Building 380, Stanford, CA 94305, United States

Department of Mathematics, University of Oregon
Fenton Hall, Eugene, OR 97403, United States

aache@math.princeton.edu, maximo@math.stanford.edu, hwu@uoregon.edu

Proposed: John Lott Received: 1 June 2015
Seconded: Gang Tian, Bruce Kleiner Revised: 3 November 2015

Geometry & Topology Publications, an imprint of mathematical sciences publishers msp

http://dx.doi.org/10.2307/2152742
http://msp.org/idx/mr/1205446
http://dx.doi.org/10.1007/s00220-012-1503-2
http://msp.org/idx/mr/2942959
http://dx.doi.org/10.4007/annals.2012.176.2.3
http://msp.org/idx/mr/2950765
http://msp.org/idx/arx/1312.5392
http://dx.doi.org/10.2307/2007026
http://dx.doi.org/10.2307/2007026
http://msp.org/idx/mr/678484
http://dx.doi.org/10.2307/1993204
http://msp.org/idx/mr/0100267
http://msp.org/idx/mr/1452872
http://msp.org/idx/mr/1818778
http://msp.org/idx/arx/1411.2423
http://msp.org/idx/mr/2696389
http://search.proquest.com/docview/304385100
http://search.proquest.com/docview/304385100
http://dx.doi.org/10.1007/BF01475864
http://msp.org/idx/mr/1511862
http://dx.doi.org/10.2140/gt.2011.15.1983
http://dx.doi.org/10.2140/gt.2011.15.1983
http://msp.org/idx/mr/2860985
mailto:aache@math.princeton.edu
mailto:maximo@math.stanford.edu
mailto:hwu@uoregon.edu
http://msp.org
http://msp.org

	1. Introduction
	Acknowledgements

	2. Proof of Theorem 1.2
	C is path-connected
	The moduli space C/Diff_+ is contractible

	3. Proof of Theorem 1.1
	4. Free boundary minimal annuli in convex three-manifolds and Theorem 1.3
	Appendix: Proof of Lemma 2.3
	References

