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Abstract

Let (M, go) be a closed Riemannian manifold of dimension n,
for 3 < n < 7, and non-negative Ricci curvature. Let g = ¢2gq
be a metric in the conformal class of gg. We show that there
exists a smooth closed embedded minimal hypersurface in (M, g)
of volume bounded by C (n)Vn%Ll, where V' is the total volume of
(M,g). When Ric(M,go) > —(n — 1) we obtain a similar bound
with constant C' depending only on n and the volume of (M, gg).

Our second result concerns manifolds (M, g) of positive Ricci
curvature and dimension at most seven. We obtain an effective
version of a theorem of F. C. Marques and A. Neves on the ex-
istence of infinitely many minimal hypersurfaces on (M, g). We
show that for any such manifold there exists k rlninimal hyper-
surfaces of volume at most C,V (sys,_(M)) "' k7T, where
V' denotes the volume of (M, go) and sys, (M) is the smallest
volume of a non-trivial minimal hypersurface.

1. Introduction

1.1. Results. In [32] Pitts proved existence of a smooth closed em-
bedded minimal hypersurface in any closed Riemannian manifold M of
dimension n, for 3 < n < 6. This result was extended to manifolds of
dimension n < 7 by Schoen and Simon [34]. Our first main result is a
bound on the volume of this hypersurface for certain conformal classes
of Riemannian metrics.

Theorem 1.1. Suppose My is a closed Riemannian manifold of di-
mension n, for 3 <n < 7. If M is in the conformal class of My then
M contains a smooth closed embedded minimal hypersurface ¥ with vol-

ume bounded above by C(My) Vol(M)anl. When Ricci(Mp) > 0 the
constant C(Mp) is an absolute constant that depends only on n. In
general, for My with Ricci(My) > —(n — 1)a? we can take C(My) =
C(n) max{1, a Vol(Mg)=}.
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If n > 7 the same upper bound will hold for the (n — 1)-volume of
a closed minimal hypersurface with singularities of dimension at most
n — 8.

Theorem 1.1 follows from a bound on the width of M. One can
find background and many results about widths of manifolds in [16,
App.1F], [18], [3], [25]. Informally, the width W (M) of a manifold M is
the smallest number such that every sweep-out of M by hypersurfaces
contains a hypersurface of volume at least W(M). We give a precise
definition of width in Section 2.

To state our bound on the width of manifolds it will be convenient
to define a conformal invariant called the min—conformal volume. This
invariant was recently introduced in a work of Hassannezhad [20].

Definition 1.2. Let M be a compact Riemannian manifold. De-
fine the min-conformal volume of M to be: MCV (M) = inf{Vol(M’)},
where the infimum is taken over all manifolds M’ in the conformal class
of M with Ricci(M') > —(n —1).

Theorem 1.3. Let M be a closed Riemannian manifold of dimension

n then
W (M) < C(n) max{1, MCV(M)=} Vol(M) "= .

Corollary 1.4. Let M be a closed Riemannian manifold of dimen-
sion n, a > 0 and suppose that Ricci(M) > —(n — 1)a®. Then

W(M) < C(n)max{1, aVol(M)=} Vol(M)"+ .

More generally, Theorem 1.3 holds if we replace the min-conformal
volume in the estimate by the infimum of {d Vol(M’)}, where d is any
positive integer, such that M admits a degree d conformal branched
covering onto a manifold M’ with Ricci(M’) > —(n — 1).

The conformal invariant MCV is somewhat reminiscent of (but differ-
ent from) the conformal volume studied by Li and Yau in [22]. MCV (M)
can be computed explicitly when M is a Riemannian surface of genus g.
By the uniformization theorem M is conformally equivalent to a surface
My of constant curvature 1 (if g = 0), 0 (if g = 1) or —1 (if g > 2). When
the genus is 0 or 1 it follows that MCV (M) = 0. When g > 2 and the
Gaussian curvature of a surface M’ satisfies K > —1 then by Gauss—
Bonnet theorem Area(M') > 4n(g — 1) with equality holding exactly
when K = —1 everywhere. We conclude that MCV (M) = 4m(g — 1)

Theorem 1.3 then implies that for any surface M of genus g we have

W(M) < Cy/(g+1) Area(M).

This result was previously obtained by Balacheff and Sabourau in [3]
with constant C' = 10%. Using a slightly modified version of our proof
and invoking the Riemann—Roch theorem we can get a somewhat better
constant for orientable surfaces.
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Theorem 1.5. Any closed orientable Riemannian manifold S, of
dimension 2 and genus g satisfies

W(S,) < 2204/(g + 1) Area(S,).

Upper bounds on the higher parametric versions of width W* (M)
for all Riemannian surfaces were recently obtained by the second au-
thor [23].

In [4] Brooks constructed hyperbolic surfaces of large genus and
Cheeger constant bounded away from zero. These surfaces have width
W (M) bounded below by ¢y/g Area(M) for some constant ¢ > 0. Hence,
the inequality in Theorem 1.3 is optimal up to the value of the constant
C(n).

It follows from the works of Almgren [2], Pitts [32], and Schoen and
Simon [34] that estimates on width yield upper bounds on the volume
of smooth embedded minimal hypersurfaces in manifolds of dimension
less than or equal to 7. In higher dimensions, we obtain bounds on the
volume of stationary integral varifolds, which are smooth hypersurfaces
everywhere except possibly for a closed set of Hausdorff dimension at
most n — 8.

It is possible to obtain more minimal hypersurfaces if one consid-
ers parametric families of sweep-outs. In Section 2 we define fami-
lies of hypersurfaces that correspond to cohomology classes of mod 2
(n — 1)-cycles on M. To each such p-dimensional family we assign
the corresponding min-max quantity W?(M). Let S™ be the round
unit n-sphere. In [12, 4.2.B] Gromov showed that there are constants
0 < ¢(n) < C(n) so that WP(S™) satisfies:

c(n)pn Vol(S™)" " < WP(S™) < C(n)pn Vol(S")"w .

Guth [19] derived similar bounds for min-max quantities correspond-
ing to the Steenrod algebra generated by the fundamental class A\. Mar-
ques and Neves [25], building on the work of Gromov and Guth, proved
existence of infinitely many minimal hypersurfaces on a manifold M of
dimension n, for 3 <n < 7, under the assumption that M has positive
Ricci curvature.

In Section 7 we show that if M has non-negative Ricci curvature then
WP(M) < C’(n)p% Vol(M)%l. We use this bound to derive an effective
version of the theorem of Marques and Neves. Let sys,_;(M) be the
infimum of volumes of smooth closed embedded minimal hypersurfaces
in M.

Theorem 1.6. Suppose M is a closed Riemannian manifold of di-
mension n, 3 < n < 7, and positive Ricci curvature. For every k
there exists k smooth closed embedded minimal hypersurfaces of volume
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bounded above by C’(n)kﬁ Vol(M) (sys,_1(M)) ", where C(n) de-
pends only on n.

1.2. Previous work. The main estimates in our paper were motivated
by similar estimates on the spectrum of the Laplace operator on Rie-
mannian manifolds.

Let M be a closed Riemannian manifold in the conformal class of Mj.
In [21] Korevaar constructed a decomposition of M into annuli (and
other regions) which measures the ‘volume concentration’ of the metric
M with respect to the base metric of M. This annular decomposition is
then used to estimate Rayleigh quotients, thus bounding the spectrum
of the Laplacian of M. Korevaar’s method was further developed by
Grigor’yan—Yau in [11] and Grigor’yan—Netrusov—Yau in [10] to obtain
upper bounds on the eigenvalues of elliptic operators on various metric
spaces. In [13] Gromov used a different approach (based on Kato’s
inequality) to obtain upper bounds for the spectrum of the Laplacian
on Kahler manifolds [13].

In [20] Hassannezhad, combining methods of [6] and [10], obtained
upper bounds for eigenvalues of the Laplacian in terms of the conformal
invariant MCV (see Definition 1.2) and the volume of the manifold.

As suggested by Gromov in [12] the problem of bounding width
W (M) and its parametric version W* can be thought of as a non-linear
analogue of finding the spectrum of the Laplacian on M. In this paper
we were guided by this analogy.

In [18] Guth constructed sweep-outs of open subsets of Euclidean
space by k-cycles of controlled volume for all k, 1 < k < n—1. In
particular, he proved the following

Theorem 1.7 (Guth [18]). For every open subset U C R™, W (U) <
C(n) Vol(U) "=

In dimension n > 3 one can find a family of parallel hyperplanes in R™
yielding the desired sweep-out. This follows from the work of Falconer
[7] on the (n, k)-Besicovitch conjecture. In dimension 2, however, it may
happen that any slicing of U by parallel lines contains an arbitrarily
large segment. To surpass problems of this kind Guth developed a
method of sweeping out regions by ‘bending planes’ around the skeleton
of the unit lattice in R™. This method was developed further in [19] to
bound higher parametric versions of width.

It has been observed in [18, Appendix 5] that on any manifold of
dimension greater than two there exists a Riemannian metric of small
volume and arbitrarily large (n — 1)-width. Our results show that this
does not happen for certain conformal classes of manifolds. In partic-
ular, this does not happen in the presence of a Ricci curvature lower
bound.
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In [30] Nabutovsky and Rotman showed that any closed Riemannian
manifold possesses a stationary 1-cycle of mass bounded by
C(n) Vol(M )% One wonders if this result can be generalized to the
case of minimal surfaces on Riemannian manifolds.

Some results in this direction were obtained by A. Nabutovsky
and R. Rotman in [31] where they bounded volumes of minimal
surfaces on Riemannian manifolds in terms of homological filling
functions of M. The k-th homological filling function FH; : Ry —
R, is defined as the smallest number FHy(z), such that every k-cycle
of mass at most = can be filled by a (k + 1)-chain of mass at most

Theorem 1.8 (Nabutovsky-Rotman [30]). Let M be a closed Rie-
mannian manifold of dimensionn, for 3 < n <7, such that the firstn—1
homology groups are trivial, Hy (M) = ... = H,—1(M) = 0. There exists
a smooth, closed, embedded minimal hypersurface of volume bounded by

C(n) FH,_1(C(n) FH,_o(... FHy(C(n) Vol(M) =) ...)).

Their proof uses a combination of Almgren—Pitts min—-max method
and other techniques. In particular, a bound on the width of M in terms
of homological filling functions does not follow from their argument.
It would be interesting to know whether such a bound exists. It is
also interesting to know whether homological filling functions can be
controlled in terms of Ricci curvature of M.

Other important results are contained in a paper of Marques and
Neves [26] where, among other things, they prove a sharp upper bound
on W(M), when M is a Riemannian 3-sphere with Ricci > 0 and scalar
curvature R > 6.

1.3. Plan of the Paper. The structure of the proof of Theorem 1.3
is as follows: To construct a sweep-out of M, we subdivide M repeat-
edly, using an isoperimetric inequality adapted to our context. Once
we have subdivided M into a collection of small volume open subsets,
we construct a sweep-out of each small volume piece using the fact that
at small scales M is locally Euclidean. We then assemble these local
sweep-outs into a global sweep-out of M.

In Section 2 we define what it means for a family of (n — 1)-cycles
to sweep-out M. We define the width W (M) and its higher parametric
version W¥ (M). We also prove Proposition 2.3, which gives us control
of the width of M in terms of widths of its open subsets.

In Section 3 we use an idea of Colbois and Maerten from [6] together
with the length-area method to prove an isoperimetric inequality (The-
orem 3.4) which allows us to partition any open set in M in two parts
with both parts satisfying a lower volume bound. The subdividing sur-
face satisfies an upper bound on area which depends on the volume of
the open set.
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In Section 4 we estimate the width of small volume submanifold M’ C
M in terms of (n — 1)-volume of its boundary. The proof proceeds by
covering M’ with small balls, which are (1+¢g)-bilipschitz diffeomorphic
to balls in Euclidean space. We construct a sequence of nested open
subsets U; of M’ with volumes tending to 0, such that the difference
Ui\ Ui41 is contained in a small ball. Since the ball is almost Euclidean,
we can sweep out U; \ Uj;+1 by cycles of controlled volume. We then use
Proposition 2.3 to assemble a sweep-out of M’.

In Section 5 we prove Theorem 1.3 by inductively constructing sweep-
outs of larger and larger subsets of M. The result of Section 4 serves as
the base of the induction.

In Section 6 we prove Theorem 1.5. We also describe how to obtain a
version of Theorem 1.3 for manifolds, which admit a conformal mapping
into some nice space M.

In Section 7 we show that a manifold with non-negative Ricci curva-
ture can be covered by balls of small n-volume, small (n — 1)-volume
of the boundary, and such that the cover has controlled multiplicity.
We use this decomposition to bound the volume of k-parametric sweep-
outs of M and, consequently, volumes of stationary integral varifolds or
minimal hypersurfaces in M.

Remark 1.9. In [33] Stephane Sabourau independently obtained
upper bounds on the width and volume of the smallest minimal hyper-
surface on Riemannian manifolds with Ricci > 0.

Acknowledgements. We would like to thank Misha Gromov for sug-
gesting the idea of using the methods of Korevaar’s paper [21] in a
similar context. We would like to thank Alexander Nabutovsky, Regina
Rotman, and Robert Young for valuable discussions and encouragement.

2. Width of Riemannian manifolds

Let G be an abelian group. We denote the space of flat G-chains in
M by Fi,(M;G) and the space of flat G-cycles by Z;(M;G). The space
of integral flat chains was defined in [9]. For flat chains with coefficients
in an abelian group G see [8, (4.2.26)]. The deformation theorem of
Federer and Fleming states that a flat chain of finite mass and boundary
mass can be approximated by a piecewise linear polyhedral chain (see [8,
(4.2.20),(4.2.20)"]). The deformation theorem will be used throughout
this paper. Often we will abuse notation and use the same letter for a
flat G-chain and a polyhedral chain approximating it. We will denote
the mass of a k-chain ¢ by Volg(c).

In [1] F. Almgren constructed an isomorphism

Fy:7mp(Zy-1(M;G);0) = Hyrx,(M;G).

For k = 1 the map F' can be described as follows. Let ¢; € Z,,_1(M; G),
t € S1, be a continuous family of cycles. Pick a fine subdivision t, ..., tm
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of ST and let C; be a (nearly) volume minimizing n-chain filling ¢; — ¢;—1
(for i € Zy,). Then C = > ., C;is an n-cycle. It turns out that
homology class of C' is independent of the choice of the subdivision and
filling chains C; as long as the subdivision is fine enough and the mass
of chains Cj is close to the mass of a minimal filling.

If M is a manifold with boundary we may also consider the space
of flat cycles relative to the boundary of M. Let ¢ be a quotient map
q: Fp(M;G) = Fp,(M,0M;G) = F,(M;G)/F,(0M;G). The boundary
map on Fy(M;G) descends to a boundary map O on the quotient. This
allows us to define the space of relative cycles Zp(M,0M;G). Cycles
in this space can be represented by (n—1)-chains with boundary in M.
Almgren’s map then defines an isomorphism 71 (Z,,—1 (M, 9M; G),{0}) =
H,_1(M,0M;G).

For simplicity from now on we assume everywhere that group G = Zs.
Henceforth we drop the reference to the group G from our notation. Zs
coefficients will suffice for all applications to volumes of minimal surfaces
that we obtain in this paper. When manifold M is orientable the bound
in Theorem 1.3 holds for sweep-outs with integer coefficients. The proof
is essentially the same with some minor modifications to account for
orientation of cycles.

Definition 2.1. We define the following two notions:

1) For a closed manifold M a map f : S' — Z, (M) is called a
sweep-out of M if it is not contractible, i.e., Fa([f]) # 0. Similarly,
if M has a boundary we call f: S' — Z,,_1(M,0M) a sweep-out
if the image of [f] under Almgren’s isomorphism is non-zero.

2) The width of M is

W(M) = inf sup Vol,—1(£(£)),

where the infimum is taken over the set of all sweep-outs of M.

For manifolds with boundary it will be convenient to consider a par-
ticular type of sweep-outs that start on a trivial cycle and end on OM.
We will call them 0-sweep-outs.

Definition 2.2. 1) Let M be a manifold with boundary. A 0-
sweep-out of M is a map f : [0,1] — Zx(M), such that:

a) f(0) is a trivial k-cycle and f(1) = OM,

b) Let go f:[0,1] = Z,—1(M,0M) be the composition of f with
the quotient map q. When we identify go f(0) and go f(1) we
obtain a sweep-out of M.

2) The 0-width of M is:

WO (M) = infsup Vol,,_1(f(t)),

where the infimum is taken over the set of all d-sweep-outs of M.
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From the definition we have inequalities W(M) < W?(M) and
WO (M) > Vol,,_1(0M).
Definition 2.2 is motivated by the following proposition.

Proposition 2.3. Let Uy C ... C Up_1 = M be a sequence of
nested open subsets of M, and let A; denote the closure of U; \ U;_1
for1 <i<m—1 and Ay denote the closure of Uy. Then Wa(M) <
sup{W9(Ag), WO(A1)+Voly_1(0U0), ..., WI(Apm—1) + Voln_1 (0Up—2)}.

Proof. By the definition of 0-width for each i there exists a map
¢ [0,1] = Z,—1(M) that starts on a trivial cycle, ends on 0A; and is
bounded in volume by Wa(Ai) + €. By definition of A;, 0A; C dU; U
oU;_1 and 0U; + Ci+1(1) = 0Ujy1.

We define a sweep-out ¢ : [0,1] — Z,,_1 (M) as follows. For 0 < ¢ < %
we set ¢(t) = co(t/m) and for L < ¢ < ZEl i =1 . m—1 we set
c(t) = ci(m(t — L)) + 0U;_1.

Let F4 be the Almgren’s isomorphism. We can represent the homol-
ogy class Fa(c) by a sum of n-chains Z?:ol C;, such that 9C; = ¢(:L) —
c(%) Moreover, since each ¢; is a 0-sweep-out of A; we may assume
that C; represents a non-trivial homology class in H,(M,M \ 4;) =
H,(A;,04;).

We claim that the sum Zf:o C; represents a non-trivial homology
class in H,, (M, M \ Uy). Indeed, assume this to hold for Zi':ol C;. Let
V1 denote a small tubular neighbourhood of the set Uj_q inside Uy.
Let V5 be a small tubular neighbourhood of Uy \ Uy_1 inside Ug. Let
Vs = ViNVy C Ug. The pair (Va, V3 N OUy) is homotopy equivalent to
(0Uk—_1,0Ux_1 N OU). From the Mayer—Vietoris sequence we have an
isomorphism H,(Uy, 0U,) —2 H,_1(0Ux_1,0Us_1 N OU,). This map
sends [Zi:ol C; + Cy| to the fundamental class [0U;_1 \ OUg].

We conclude that ¢(t) is a 0-sweep-out of M. q.e.d.

In the last section of this paper we will obtain upper bounds on the k-
parametric sweep-outs W¥(M) of M. By Almgren’s isomorphism theo-
rem we have 7, (Zp—1(M; Z);0) = 0 for m > 1 and 71 (Z,,—1(M; Z2); 0) =
Zs. Hence, the connected component Z0_; of Z,,_1(M; Zs) that contains
the 0-cycle is weakly homotopy equivalent to the Eilenberg—MacLane
space K (Zgy,1) ~ RP*.

Let K be a k-dimensional polyhedral complex and o : K — Z9_ (M)
be continuous and assume that o(x) has finite mass for all z. Following
[25] we define k-parametric width W* as follows.

Definition 2.4. We introduce the following parametric version of
Definition 2.1:

1) For a closed manifold M we say that o is a k-parametric sweep-out
of M if o(K) represents the non-zero class in Hy(Z0 |, 75) = 7.

n—1»
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2) Define the k-parametric width to be WF*(M) =
inf, sup;c i Vol,—1(f()), where the infimum is taken over the set
of all k-parametric sweep-outs o.

It follows from the definition that W(M) = W(M) and W*(M) <
WkJrl (M) .

Using Almgren—Pitts min—max theory it is possible to obtain minimal
hypersurfaces from sweep-outs of M. In [25] Marques and Neves proved
the following results.

Theorem 2.5 (Marques—Neves). Let M be a closed Riemannian
manifold of dimension n, 3 <n <7.

1) There exists a smooth, closed, embedded minimal hypersurface in
M of volume < W(M).

2) If WE(M) = WKTL(M) then there exists infinitely many smooth,
closed, embedded minimal hypersurfaces in M of volume < Wk(M)

3) Suppose M is a manifold of positive Ricci curvature and there ex-
ists only finitely many minimal hypersurfaces of volume < W¥ (M).
Then there exists a smooth, closed, embedded minimal hypersur-
face Xy and aj, € N, such that aj, Vol,,_1(Zy) = WF(M).

Remark 2.6. In the proof of these results Marques and Neves impose
an additional technical condition on W¥. Namely, they require that the
infimum in the definition of W* is taken over only those maps f : K —
Zp—1(M) that have no concentration of mass. This is defined as follows.
Using the notation of [8] let ||c|| denote the Radon measure associated
with the flat chain ¢. Then a map f is said to have no concentration of
mass if

tim sup{ /()| (B (a)) : @ € K,a € M} =0,

All estimates on W¥ in our paper come from explicit constructions
of families of flat cycles (in fact, polyhedral cycles), which have no con-
centration of mass. Therefore we can safely combine our estimates with
the conclusions of Theorem 2.5.

3. Isoperimetric inequality

Let (M, go) be a closed Riemannian n-manifold with Ricci > —(n—1).
Let g = ¢?go be a Riemannian metric on (M, go) in the conformal class
of go. Here ¢ : My — Ry is a smooth function on (M, go).

Notation 3.1. We write M, for (M, go) and M for (M, g).

Below we use the convention that geometric structures measured with
respect to gg have a superscript zero in their notation. Geometric struc-
tures measured with respect to g have no superscript.
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Notation 3.2. Let Vol (U), d(z,y), dV, B(x,r) and V denote the
k-volume function, distance function, volume element, closed metric
ball of radius r about z, and gradient with respect to g. Let Vol2(U),
d’(z,y), dV°, B%(xz,r), V° denote the corresponding quantities with
respect to gg.

Let W be a subset of U and let N?(W) denote the set {z € U]|
d°(W,z) <1}.

Lemma 3.3. There exists a set W C U and | € (0, %], such that
1) Vol (U)/25™ < Vol, (W) < 2Vol,(U) /25,

2) Vol (N)(W)) < (1 — 5=) Vol (U),

3) Vol& (NY(W)\ W) < I"max{2 Vol (U), c(n)}.

Proof. The argument is essentially the same as the proof of Lemma
2.2 in the work of Colbois and Maerten [6]. Let r be the smallest radius
with the property that Vol(B%(a,r) NU) = Vglég) for some a € M.

We consider two cases. If r < 1 we define W = B%a,7) N U and
l=%.

V\?e observe, using curvature comparison for the space My, that the
I-neighbourhood of B%(a,r) can be covered by at most 24.4" balls of
radius r. Indeed, let {B%(z;,7/2)}Y, be a maximal collection of dis-
joint balls with centres in BY(a ,32”). Since the collection is maximal,
the union |J B(w;,r) covers B%(a, ;). Using the Bishop-Gromov com-
parison theorem we can estimate the number N. Let Vol)(B(z;, %)) =
min; { Vol (B(z;, 5)}-

VoIl (B(a, %)) _ Voly(B(ay. ) _ V()
= Vol (B(xj,5)) ~ Volp(B(x;,5) ~ V(5)
where V(1) denotes the volume of a ball of radius r in n-dimensional
hyperbolic space. When 7“ € (0, 1] this quantity is maximized for r = 1.
We conclude that BY(a, %) can be covered by

fo sinh™ ! (s)ds
fo sinh™ ! (s)ds

balls, such that each of them has Vol,(B°(x;,7) N U) at most
This proves inequalities (1) and (2) for the case r < 1.

Volume of a unit ball in hyperbolic n-space satisfies V(1) < wpe™ !,
where w,, denotes the volume of a unit n-ball in Euclidean space. Hence,
Vol (B(a, ZY)\ B%a,r)) < 25" lw,r™ = c(n). This proves (3) for
the case r < 1.

Suppose r > 1. Let k& be the smallest number, such that there exists
a collection of k balls of radius 1 {B°(z;, 1)}, with Vol(l B%(x;,1) N

U) > Voglg,(l ). Let {B%(zi,1)}¥_, be a collection of k balls with the

N <

< (2e3)" < 24.4"

Vol,, (U)
25m ¢
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property that if {B°(y;,1)}¥_, is any other collection of k balls then
Vol(lJ B%(x;, 1)NU) > Vol( B(y;, 1) NU). We set W = J B%(z;,1)N
U. Note that by our definition of k& we have Vol, (W) < QV%Z(U).
Consider 1/2-neighbourhood of W and note that it can be covered
by at most (24.4)" sets Bj, where each Bj is a union of k balls B°(y;, 1) of

radius 1. By definition of W we have Vol(B;) < Vol(W), so

n 0 0
Vol, (NP (W)) < 224 Vol(U). Finally, we observe that w <

2Vol’(U). q.e.d.

Theorem 3.4. There exists a constant ¢(n) such that the following
holds: Let U C M be an open subset. There exists an (n—1)-submanifold
Y C U subdividing U into two open sets Uy and U such that Vol (U;) >

n—1

(52) Vol (U) and Vol,—1(¥) < c(n) max{l,Vol?l(U)%}Voln(U)T.

Proof. We use the length-area method (see [16, p. 4]) to find a small
volume hypersurface in NP(W) \ W, where W and [ are as in Lemma
3.3.

Let f(z) = d°(W, )|y : U — R* be the d° distance form z to W
restricted to the set U. By Rademacher’s theorem, f is differentiable
almost everywhere. By applying the co-area formula we have:

l
/ Volu_i (f1(1))dt = / IV fllav
0 F10,0)

1
(Holder’s inequality) < (/ ||Vf||”dV> (Voln(j‘"_l((),l)))%1
f7Ho0)

n—1

= (VoI 0,1) " (Vola(f 71 0,1)

The last equality holds since ||[Vf[["dV = [|[VOf||"dV" is a
conformal invariant. By Lemma 3.3 we have Vol (f~1(0,1))» <

c(n)lmaX{Volg(U)%, 1}. For the second factor we apply the bound
Vol,,(f71(0,1)) < Vol,(U). It follows that

min Vol,_1(f71(t)) < ¢(n) max{Vol(U)%, 1}Voln(U)nT_l.

rlt<2r

Thus for some regular value of ¢ the level set f~1(¢) with area no larger
than average, is the desired submanifold 3. We take U; = f~1([0,1))
and Uy = f~1((t,00)).

Since W C U; by Lemma 3.3 we have Vol(Uy) > %,(LU) On the other

hand, U; € N2(W) of volume at most 1 — VOQI’EZ,(LU) so Vol(Uy) > VOQIESLU).

q.e.d.
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4. The width of small submanifolds

In this section we will show that if a submanifold M’ of a Riemannian
manifold M has small enough volume then its J-width can be bounded
from above in terms of Vol,,_1(9M"). First we show this for a subman-
ifold that is contained in a very small ball.

Definition 4.1. For a closed Riemannian manifold M and ¢y € (0,1)
define €(M, €y) to be the largest radius r such that: for every = € M we
have that B(x,r) is (1 4 €p)-bilipschitz diffeomorphic to the Euclidean
ball of radius 7.

Lemma 4.2. If M' C M is contained in a ball of radius e(M,e€p)
then WO(M") < (1 + €y) Vol,,_1(OM").

Proof. A 2-dimensional version of the lemma appeared in [24]. Let
U C R™ be the image of M’ under (1 + ¢)-bilipschitz diffeomorphism
F. An argument similar to that in [27, §6] shows that for a generic line
I € R™ the projection of QU onto [ is a Morse function. Let p denote
such a projection map and assume that p(U) = [0, c].

Define f : [0,¢] = Z,,—1(U,Z) by setting

F(t) =o' ([0,8) NU).
Open subsets of hyperplanes in R™ are volume minimizing regions.
Therefore we have Vol,,_1(f(t)) < Vol(U) for all t. Composing f with
F~! we obtain the desired sweep-out. q.e.d.

We extend the result of the lemma to submanifolds of small volume.

Proposition 4.3. There exist a constant Cy(n) > 0, such that for
every closed Riemannian n-manifold M, eg > 0 and every embedded sub-
manifold M' C M of dimension n and volume Vol,(M') < e(M, ey)™/C1
the following bound holds:

WO (M) < 3(1 + o) Vol,,_1 (dM").

The proof of Proposition 4.3 somewhat resembles a high dimensional
analog of the Birkhoff curve shortening process. We cover M’ by a finite
collection of small balls B; such that balls of 1/4 of the radius still cover
M’. Since M’ has very small volume it will not contain any of the balls
B;. Hence, we can cut away the part of M’ that is contained in B; and
replace it with a minimal surface that does not intersect (1/4)B;. As a
result we obtain a new submanifold M” C M’ that does not intersect
(1/4)B;. Moreover, we can do this in such a way that volume of the
boundary does not increase. The difference M’ \ M" is contained in a
small ball, so we can sweep it out by Lemma 4.2. After finitely many
iterations we obtain a submanifold that is entirely contained in one of
the small balls. We then apply Proposition 2.3 to assemble a sweep-out
of M’ from sweep-outs in small balls.
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In the proof of Proposition 4.3 we will need the following isoperimetric
inequality:

Theorem 4.4 (Federer-Fleming). There exists a constant Ca(n) >
1, such that every k-cycle A in a closed unit ball in B C R™ can be filled
by a (k + 1)-chain D in B, such that: (i) Vol(D) < Ca(n )Vol(A)k+1
and (i) D is contained in the Ca(n) Vol(A)%—neighbourhood of A.

To show Proposition 4.3 we first need to prove the following lemma.

Definition 4.5. A k-chain A will be called é-minimizing if Vol(A) —
§ <inf{A" € Cyx(M,Z) : 0A" = OM}.

Lemma 4.6. There is a constant Cs(n) such that the following holds:
Let B be a ball of radius ro < €(eg, M) and A C OB be an (n— 1)-chain
satisfying Vol(A) < Cs(n)Vol(0B). For every § > 0 there exists -
minimal filling D of DA in B(x,rg), such that D N B(x,19/2) = 0. We
may take C3(n) < w, ' (10Cy(n))™"

The proof of Lemma 4.6 is a variation of an argument in [16, §4.2-3].
See also [17, Lemma 6].

Proof. Fix ¢’ < dr¢g/100C2(n). Let D; be some §’-minimal filling of
0A in B. We claim that D; is contained in an ry/4-neighbourhood of
OA except for a subset of volume at most §’.

Since B is 2-bilipschitz homeomorphic to a Euclidean ball, we may
apply the Federer—Fleming isoperimetric inequality (with a worse con-
stant) inside B. We obtain that every (n — 2)-cycle S can be filled in B
by an (n — 1)-chain of mass at most 2C5(n) Vol(S)Zfé

Let A(r) = Vol,,_o({z € Dy : d(x,0A) =r}) and V(r) = Vol,,—1({z €
D :d(x,0A) > r}). The co-area inequality implies that [V'(r)| > A(r).

It follows by the ¢’-minimality of D; that every open subset U C D;
not meeting dA must have volume at most:

Vol,_1(U) < 2C5(n) Vol,,_2(dU) w2 + &',

In particular, we have: V(r) < QCg(n)A(r)% + ¢’. Applying the
co-area inequality again we obtain:
d -1
— (v -9177) < =
ar (n = 1)(2C(n)) >

Hence, V(r) < ¢’ for some

r

IN

IN

(n—1)(2C5(n)) "2 %Volumn 1
(n—1)(2C5(n)) "2 Vol(A) 71
< 2(n—1)(2Cy(n)) "7 (C(n)nwnr ™) 7T < ro/A.
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Figure 1. Proof of Proposition 4.3.

We will now cut off the piece of D; that lies outside of (r¢/4)-
neighbourhood of dD;. Again, by the co-area inequality we have that:
A(r') < %5’ for some (1/4)ro < r’ < (3/8)rg. The Federer-Fleming
isoperimetric inequality gives a filling of {d(x,0D1) = 7'} by an (n—1)-
chain Dy satisfying:

n—1
Vol(Ds) < 2Cs(n) <fa’> s,
0

Moreover, the filling has the property that the distance from

1

{d(x,0D1) = '} to every point of D is at most 2C5(n) (%y)ﬁ <
ro/8. This gives the desired filling. qed.

Now we prove Proposition 4.3. We will construct a decomposition of
M into open sets and then apply Proposition 2.3.

Proof. Set C1(n) = 4"w,—1(10C3(n))". Let € = €(M, ¢y) and assume
that M’ C M has volume bounded by 1/C(n)e". Let B; = B(z;,€) for
i = 1,...,N, be a collection of balls such that M’ is contained in the
interior of |J B(z;,€/4). Fix § > 0. We will construct a collection of
open subsets Uy C ... C Uy, with the following properties:

1) Uy = M.

2) VOl(aUZ') < VOl(aUl'_H) + 5/21

3) Uin Uj.v:iﬂ B(zj,€e/4) is empty.

Assume that Ujtq,...,Uy have been defined. If U;y1 N B(x;,€/4) is
empty we set U; = U;11. Otherwise, to construct U; we proceed as
follows.

By the co-area inequality we can find S(z;, 1) = 0B(z;,1"), with 3¢ <
r’ < e, such that S = U; 11 NS(r, x;) satisfies Vol,,_1(S) < 4 Vol,(Ujz1N
B(z, €)'~ 1/™. By Lemma 4.6 there exists an (n—1)-chain A C B(x;, )
with A = 05 which is (§/2%)-minimizing and A does not intersect
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B(xi,e/4). Let X denote the union of the connected components of
Ui+1 \ A that intersect B(x;,¢/4). We define U; = U;11 \ X. Note that
the volume decreased and by §/2/-minimality of A and the volume of
the boundary could not have increased by more than §/2¢.

By Lemma 4.2 we have W?(X) < 2(1 + ¢) Vol,_1(0M') + 6. By
Proposition 2.3 we have W?(M) < 3(1 + ¢) Vol,,_1(dM') + 26. Since
0 can be chosen arbitrarily small this concludes the proof of Proposi-
tion 4.3. q.e.d.

5. Proof of the width inequality
In this section we prove Theorem 1.3.

Theorem 5.1. Let My be a manifold with Ricci > —(n—1) and let M
be in the conformal class of My. Let M’ C M be an n-dimensional sub-
manifold. There exists a constant C(n) that depends on the dimension,
such that:

WI(M') < C(n) max{1, Vol® (M')# } Vol,,(M') "= + 3 Vol,_1 (OM).
Theorem 1.3 follows as a special case.

Proof. Pick the constant C'(n) = 4-25"¢(n), where ¢(n) is the constant
in Theorem 3.4.

Let € > 0 be small enough that every submanifold of volume at most
25™¢ satisfies conclusions of Theorem 4.3. Suppose that M’ C M, and
pick k so that: ke < Vol(M') < (k + 1)e and k > 25™. We proceed by
induction on k.

Assume the desired sweep-out exists for every open subset of volume
at most ke. By Lemma 3.4 we can find an (n — 1)-submanifold ¥ subdi-

viding M’ into M; and My of volume at most ¢(n) max{1, Volg(M’)%} X
Vol,,(M") "+, such that Vol,(M;) < (1 — 1/25%) Vol,,(M"). Since k >
25™ the inductive hypothesis is applicable to both halves M;.

By inductive hypothesis we have

WO (M;) < 3(Vol(OM' N M;) + Vol(X))
+ C(n) max{1, Vol, (M)= } Vol, (U;) "= .

We apply Proposition 2.3 with Uy = M’ \ My and U; = M'. We
obtain

WI(M') < 3Vol(dM') 4 4 Vol(%)
+ C(n) max{1, Vol° (M")x } @%{voln(Mi)"T‘l 1.

We use bounds Voln(Mi)nT_1 < B=LVol, (M) and

n—1

Vol,_1(2) < e(n) max{1, Vol® (M’) = } Vol,, (M) "=
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We compute that the resulting expression satisfies the desired bound.
q.e.d.

Theorem 1.3 follows from Theorem 5.1 by taking the infimum of the
total volume of My over all manifolds My that are conformally equivalent
to M and have Ricci > —(n — 1).

6. The width of surfaces

In this section we prove a theorem of Balacheff and Sabourau [3] with
an improved constant. Note that the result also follows as an immediate
corollary of Theorem 1.3 with a worse constant. However, we observed
that one can use a slightly modified version of our proof and invoke the
Riemann—Roch theorem to get a somewhat better constant.

Below we prove a version of Theorem 1.3 which allows us to bound
width of a manifold M if M admits a conformal map into some nice
space My with a small number of pre-images. We will then estimate the
width of surfaces by applying uniformization theorem and the Riemann—
Roch theorem. Our argument is parallel to the analogous arguments of
Yang and Yau [35] and [21, §4] for eigenvalues of the Laplacian on
Riemann surfaces.

Definition 6.1. Define 7 = 7(Mp) and v = v(My) as follows: 7 is
the least number such that any annulus B%(z,2r) \ B%(x,7) in My can
be covered by 7 balls of radius r. We let v(Mj) be the least constant
such that Vol® (B%(z,r)) < vr™ for all 7 > 0 and all = € M.

Theorem 6.2. Let & : (M, g) — (Mo, go) be a conformal map. Sup-
pose the following holds: (i) Any point © € My has at most K pre-
images, (ii) The set {x € M,d®(z) = 0} is of measure 0. It follows
that:

1 1

8un K .

W(M) < —2"2 " Nol(M)

1—(EH5

T42

Proof. First, we prove an analog of our isoperimetric inequality, The-
orem 3.4.

Let U be an open set in M. We show that there is an (n — 1)-

submanifold ¥ C U such that U \ ¥ = U; U Uy with Vol,(U;) >

n—1

Lo Vol,(U) and Vol,_y(E) < 2v7 K Vol (U) % .

Let p € M and v and v be vectors in the tangent space T,,M. Since
® is conformal we have

(Dyu, Piv) gy = O(x)(u,v)q,

for some non-negative function ¢. In a neighbourhood of a point p €
M\ {x € M,d®(z) =0} map ® is a local diffeomorphism and

IV(fo®)|| = 2Vl dVy = ¢ 2dV,,
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where f : My — R is a smooth function and dV,, dVj, are volume
elements.

The fact that the measure of the set {x € M,d®(z) = 0} is zero
guarantees that lim,_,o Vol,(®~1(B%(a,r))) = 0 for all a € My. Let
r be the smallest radius, such that there exists a ball B(r,a) with
Vol(®~1(B%(a,r)) NU) = Vol,,(U) /(T + 2).

Let d° be the distance function on My and define f(z) = d°(a, z)|a()
®(U) — RT to be the distance from z € ®(U) C M to a.

2r
/ Vol,_1((f o ®)71(t))dt
::/ IV(f o ®)|[dV
(fo®)—1(r,2r)

V(fo®)|[*dVy | (Volu((fo®) " (r,2r))) ™
f(@@1mJ'U N|g>( ((f 2 @) (r,20)

3=

n—1

< Ko </f1( 2r) ||V0f||"dVgO> (Volo((f o @)~ (r,2r))) ™
PRI ) n-1
< 2rvn Kn Vol(U) =

It follows that the average of Vol,_1((f o ®)~1(¢)) is smaller than

2w K Vol(U)“= . We then take ¥ = (f o ®)~1(t), with area at most
average. This ﬁmshes the proof of the analog of Theorem 3.4.
The rest of the proof of Theorem 6.2 proceeds exactly as in Section 5

with ¢(n) max{1, Vol?l(U)%} replaced by 2rvn K. q.e.d.

We now recover Theorem 1.5. Let S, denote a genus g closed surface
with a complete Riemannian metric. We write h for the metric on §,.

The uniformization theorem for Riemannian surfaces guarantees that
there is a metric ¢h of constant sectional curvature in the conformal class
of h. If g = 0 or g = 1 then the result follows from Theorem 6.2 by
taking My to be S%, RP?, T2 or the Klein bottle K with the standard
metric. In all of these cases we have v = 7 and 7 = 6 (see Remark 6.3

below).
Suppose now that the surface is orientable and the genus g > 1. Take
¢h to have constant sectional curvature x = —1. We now apply the

Riemann-Roch theorem which gives a meromorphic function ® : S, —
S? of degree at most g + 1. Since ® is a ramified conformal covering
map, it has at most g+ 1 points in each fibre and there are finitely many
points where d® = 0. Applying Theorem 6.2 to ¢ gives a width volume
inequality for surfaces of genus g > 1, we obtain:

81/1(52)
W(S,) < — \/ (g+ 1) Area(S,).
B 52 +2
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Remark 6.3. Clearly v(5?) = v(R?) = 7. It is well known that
the smallest number of discs of radius 1 required to cover an annulus
B(2) \ B(1) C R? is 6. A similar covering also works on S? so 7(S?%) =

7(R?) = 6. With these values of 7 and v we compute Sy Vfi) - <220
1—,/TEL
T(S2)+2

which improves the upper bound C' < 108 from [3].

7. Volumes of hypersurfaces
In this section we prove Theorem 1.6.

Theorem 7.1. If M is a manifold with non-negative Ricci curvature
then W*(M) < C(n)kw Vol(M)" =

Note that Theorem 7.1 is consistent with the conjecture that the
sequence of numbers WF (M) obeys a Weyl type asymptotic formula
(see [12] and the discussion in [25, §9]).

To prove Theorem 7.1 we will need to decompose M into open subsets
of small sizes. Similar arguments for bounding W* have been used by
Gromov [12],[14] and Guth [19].

Lemma 7.2. Let M be a closed Riemannian manifold with
Ricci(M ) > 0. There exists a constant Cy(n), such that for any p there

exists p' < p and a collection of open balls {U} _, with JU; = M,
n—1
Vol (U;) < Ch(m%ﬂw) and Vol,_1(0U;) < Cy(n) <%(>> "

Proof. 1t is a standard fact in comparison geometry that for any ball
B(xz,r) < M we have Vol,(B(z,3r)) < 3"Vol(B(z,r)) and
1

1

Vol,,_1(8B(x,3r)) < 3" 'nw;; Vol,(B(xz,r)) .
Both of these bounds can be deduced, for example, from the Bishop—
Gromov inequality
Vol,,(B(z,r —€)) - Vol,,(B(z, 7))

wp(r —e)n - W™

)

where w,, denotes the volume of a unit ball in Euclidean n-space.
To prove the second bound observe that Vol,,(B(x,r) \ B(r —€)) <
2 Vol (B(z,7)) + O(€?). Since Vol (B(z,r)) < wpr™ we can bound
1

the volume of the annulus by nwﬁe(Voln(B(r)))% + O(€?). Since
Vol(3B;) < 3"Vol(B;) we obtain that for every ¢ > 0 the volume
of the annulus B(x;,3r;) \ B(z;,3r; — €) is bounded by

1 e
3" tnwy e Vol(B(xy, 7)) "+ O(€?). Hence, there must exist a sphere
S(z,r") in the annulus, 3r —e < ¢/ < 3r, with Vol,_1(S(x,7’)) <
1

3" tnwy Vol,(B(x, r))nT_l + O(€?). By curvature comparison again the
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volume of a sphere cannot suddenly jump up. Since € was arbitrary we
1

n

conclude Vol,,_1(9S(x,3r)) < 3" tnw; Vol,(B(x, fr))%
Now we construct a covering of M by disjoint balls of volume %(M),

such that balls of three times the radius cover M. This is also standard
(see [15]). For each = choose 7 > 0 to be the radius of a ball B(z, ),
such that Vol (B(z,7;)) = %(M). By compactness there exists a finite
subcollection of balls B(z,r;) that cover M. By the Vitali covering
lemma we can further choose a subcollection of disjoint balls By, ..., By
with radii r1,...,7,, such that balls of three times the radius cover

M. Note that we must have p’ < p. Theorem now follows by taking
U; = 3B;. q.e.d.

By Theorem 5.1 we have the following: for each open subset U
of M there exists a family of cycles Xy, for 0 < ¢t < 1, sweeping-
out U. Moreover, we have that Xy is a trivial cycle, X; = 0U and
Vol(X;) < Vol(oU) + C(n) Vol(U)nT_l. For each i we let X} be the
family of cycles with the above properties for the submanifold with
boundary U; \ (U;;ll Uj). Let Vi =i, Uj for 1 <i < p' and V; = 0)
otherwise. Define a family of mod 2 cycles Z; for 0 < t < p’ by setting
Zy =0V + Xti,[t] for i — 1 <t <4, here [t] denotes the integer part
of t. We identify the endpoints (which are trivial cycles) and rescale so
that Z; is parametrized by a unit circle.

Observe that for each t cycle Z; can be decomposed into two (n — 1)-

n—1
cycles Z, = Z}+ 22 with Z}  |JAU; and Vol(Z2) < Cy(n) (%) "

Following Gromov [12] and Guth [19] we will now define a p-cycle
F : RPP — Z,_1(M,Zs) which detects the cohomology element AP.
Consider a truncated symmetric product TPP(S!). Recall that the sym-
metric product is defined as a quotient of (S*)P by the symmetric group
Sp. The truncated symmetric product is then defined as a quotient
of the symmetric product by an equivalence relation 1s; + 1s; = 0
if s; = sp and j # k. In [29] Mostovoy proved that TPP(S!) is
homeomorphic to RPP (we learnt about this from [19]). We define
F(XP  ait;) = 3% | a;Zy,. Alternatively, we could define a map from
RPP to Z,—1(M,Zg) with the desired property using zeros of real poly-
nomials of one variable with degree at most p as in [12, 4.2B] and [19,
Section 5.

We claim that Vol(F(z)) < C’(n)p% Vol(M)nT_l. Indeed, we may
decompose each of the p summands Z;, = Ztli + ZEZ, with Z} con-
tained in the union of the boundaries of U;’s and the volume of ZZ
(Volz(?M))”T*l.

bounded from above by a constant times Since we are

dealing with mod 2 cycles the sum of all Ztli cannot be greater than



52 P. GLYNN-ADEY & Y. LIOKUMOVICH

Vol(JoU;) < C n)p% Vol(M)nv;Ll. We also have that the sum ) Z2 <
n—1

C(n)p= Vol(M)"+ .

Finally, we show that F*(A\P) = F*(\)? # 0. Observe that § =
{1-t:te S'Y C TPP(S!) represents a non-trivial homology class in
Hy(TPP(SY),Zs) and F(S) = {Z;}1cs is a sweep-out of M by Propo-
sition 2.3. It follows that F*(A\) = 1. This finishes the proof of Theo-
rem 7.1.

We use this result to bound volumes of minimal hypersurfaces in a
space with positive Ricci curvature. These minimal hypersurfaces arise
from Almgren—Pitts min—max theory as supports of stationary almost
minimizing integral varifolds. Pitts [32] and Schoen and Simon [34]
proved that these hypersurfaces are smooth embedded submanifolds
when n < 7. In higher dimensions they may have singular sets of
dimension at most n — 8.

Marques and Neves [25] showed that every manifold M of dimension
n, for 3 < n < 7, with positive Ricci curvature possesses infinitely many
embedded minimal hypersurfaces. Theorem 1.6 is an effective version
of their result. Note that for 2-dimensional surfaces an analogous result
for periodic geodesics is false. Morse showed that for an ellipsoid of area
1 with distinct but very close semiaxes the length of the fourth shortest
geodesic becomes uncontrollably large ([28]).

Proof of Theorem 1.6. Let Vj be the infimum of numbers such that
there exists k distinct minimal hypersurfaces of volume less or equal
to Vi. By [25, Prop. 4.8] and results in Section 2 of the same paper
we may assume that each parametric width W* can be written as a
finite linear combination W* = >-a;Vj, where a; are integer coeffi-
cients. Moreover, when M has positive Ricci curvature (or, more gen-
erally whenever M has the property that any two embedded minimal
hypersurfaces in M intersect) we have W* = aj, Vj, for some positive
integer aj, .

Let C = C(n) be the constant from Theorem 7.1 and define C' =
QﬁC’ 7T, We proceed by contradiction. Suppose

1 1

Vi, > C'Vol(M) (sys,_(M)) "1 kn-1,

for some k. Let A(N) = {W' < N}. It follows from the proof of
Theorem 6.1 in [25] that if W! = W for some 4 then there exists
infinitely many hypersurfaces of volume at most W’. Hence, we may
assume that W' < Wit for all i < k. By Theorem 7.1 we have that the

number of elements in the set A(IV) satisfies #A(N) > W -1

In particular, we compute #A(Vy) > 2]’%’“ — 1. On the other hand, the
set {a; V; : a; € Nya; V; < Vi} has at most k\yl’“ elements, which is a
contradiction.




[1]
2]

3]

8]

[9]

(10]

(1]

(12]
(13]
(14]

(15]

(16]
(17]
(18]
(19]
(20]

21]

WIDTH, RICCI CURVATURE, AND MINIMAL HYPERSURFACES 53

References

Frederick Justin Almgren, Jr. The homotopy groups of the integral cycle groups.
Topology, 1:257-299, 1962.

Frederick Justin Almgren, Jr. The theory of wvarifolds. Mimeographed notes.
Princeton, 1965.

Florent Balacheff and Stéphane Sabourau. Diastolic and isoperimetric inequali-
ties on surfaces. Ann. Sci. Ec. Norm. Supér. (4), 43(4):579-605, 2010.

R. Brooks. The spectral geometry of a tower of coverings. J. Differ. Geom.,
23(1):97-107, 1986.

D. Burago and S. Ivanov. On asymptotic isoperimetric constant of tori. Geom.
and Funct. Anal., 8(5):783-787, 1998.

Bruno Colbois and Daniel Maerten. Eigenvalues estimate for the Neumann prob-
lem of a bounded domain. J. Geom. Anal., 18(4):1022-1032, 2008.

K. J. Falconer. Continuity properties of k-plane integrals and Besicovitch sets.
Mathematical Proceedings of the Cambridge Philosophical Society, 87:221-226, 3
1980.

Herbert Federer. Geometric measure theory, volume 153 of Die Grundlehren
der mathematischen Wissenschaften. Springer-Verlag New York Inc., New York,
1969.

Herbert Federer and Wendell H. Fleming. Normal and integral currents. Ann.
of Math. (2), 72:458-520, 1960.

A. Grigor’yan, Yu. Netrusov, and S.-T. Yau. Eigenvalues of elliptic operators
and geometric applications. In Surveys in differential geometry, volume IX of
Surv. Differ. Geom., pages 147-217. Int. Press, Somerville, MA, 2004.

A. Grigor’yan and S.-T. Yau. Decomposition of a metric space by capacitors. In
Differential equations: La Pietra 1996 (Florence), volume 65 of Proc. Sympos.
Pure Math., pages 39-75. Amer. Math. Soc., Providence, RI, 1999.

M. Gromov. Dimension, non-linear spectra and width. In Geometric aspects of
functional analysis, pages 132—-184. Springer, 1988.

M. Gromov. Metric invariants of Kéhler manifolds. In Differential geometry and
topology (Alghero, 1992), pages 90-116. World Sci. Publ., River Edge, NJ, 1993.
M. Gromov. Isoperimetry of waists and concentration of maps. Geom. Funct.
Anal., 13(1):178-215, 2003.

M. Gromov, J. LaFontaine, P. Pansu, and S.M. Bates. Metric structures for Rie-
mannian and non-Riemannian spaces. Modern Birkhaduser Classics. Birkhauser
Boston, 2006.

Mikhael Gromov. Filling Riemannian manifolds. J. Differ. Geom., 18(1):1-147,
1983.

Larry Guth. Notes on Gromov’s systolic estimate. Geom. Dedicata, 123(1):113—
129, 2006.

Larry Guth. The width-volume inequality. Geom. Funct. Anal., 17(4):1139-1179,
2007.

Larry Guth. Minimax problems related to cup powers and Steenrod squares.
Geom. Funct. Anal., 18(6):1917-1987, 2009.

Asma Hassannezhad. Conformal upper bounds for the eigenvalues of the Lapla-
cian and Steklov problem. J. Funct. Anal., 261(12):3419-3436, 2011.

Nicholas Korevaar. Upper bounds for eigenvalues of conformal metrics. J. Differ.
Geom., 37(1):73-93, 1993.



54

(22]

23]
24]
(25]
[26]

27]

(28]

29]
(30]
(31]

(32]

(33]
(34]

(35]

P. GLYNN-ADEY & Y. LIOKUMOVICH

Peter Li and Shing-Tung Yau. A new conformal invariant and its applications to
the Willmore conjecture and the first eigenvalue of compact surfaces. Inventiones
Mathematicae, 69:269-292, 1982.

Y. Liokumovich. Families of short cycles on Riemannian surfaces. Duke Mathe-
matical Journal, 165(7):1363-1379, 2016.

Yevgeny Liokumovich. Slicing a 2-sphere. Journal of Topology and Analysis,
06(04):573-590, 2014.

F. C. Marques and A. Neves. Existence of infinitely many minimal hypersurfaces
in positive Ricci curvature. arXiw:1311.6501, Nov 2013.

Fernando C. Marques and André Neves. Rigidity of min-max minimal spheres
in three-manifolds. Duke Mathematical Journal, 161(14):2725-2752, 11.

J. Milnor. Morse theory. Based on lecture notes by M. Spivak and R. Wells, vol-
ume 51 of Annals of Mathematics Studies. Princeton University Press, Princeton,
N.J., 1963.

Marston Morse. The calculus of variations in the large, volume 18 of American
Mathematical Society Colloquium Publications. American Mathematical Society,
Providence, RI, 1996. Reprint of the 1932 original.

J Mostovoy. Geometry of truncated symmetric products and real roots of real
polynomial. Bull. London Math. Soc., 30(2):159-165, 1998.

A. Nabutovsky and R. Rotman. Volume, diameter, and the minimal mass of a
stationary 1-cycle. Geom. and Funct. Anal., 14(4):748-790, 2004.

A. Nabutovsky and R. Rotman. Curvature-free upper bounds for the smallest
area of a minimal hypersurface. Geom. and Funct. Anal., 16:453-475, 2006.

Jon T. Pitts. Existence and reqularity of minimal surfaces on Riemannian man-
ifolds, volume 27 of Mathematical Notes. Princeton University Press, Princeton,
N.J.; University of Tokyo Press, Tokyo, 1981.

S. Sabourau. Volume of minimal hypersurfaces in manifolds with nonnegative
Ricci curvature. arXiv:1408.4470, Aug 2014.

R. Schoen and L. Simon. Regularity of stable minimal hypersurfaces. Comm.
Pure Appl. Math., 34:741-797, 1981.

P. Yang and S. T. Yau. Eigenvalues of the Laplacian of compact Riemann sur-
faces and minimal submanifolds. Ann. Scuola Norm. Sup. Pisa Cl. Sci., 4(7):55—
63, 1980.

UNIVERSITY OF TORONTO
DEPARTMENT OF MATHEMATICS
40 ST. GEORGE ST.

ToroNTO, ON M56 2T4
CANADA

E-mail address: parker.glynn.adey@utoronto.ca

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
DEPARTMENT OF MATHEMATICS

SIMONS BUILDING

182 MEMORIAL DRIVE

CAMBRIDGE, MA 02139

USA

E-mail address: ylioQmit.edu



