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0.1 Isoperimetric profile, examples

Definition 0.1. Let M be a Riemannian manifold of dimension n (possibly
with infinite volume).

Denote by T the set of relatively compact open subsets of M where the
boundary is a submanifold of class C*°.

The function I : [0,V ol(M)[— [0,4o0[ such that I(0) =0

10,Vol(M)[ — [0,4+00]
7-d v — Inf Qe {Vol,—1(00)}
{ Vol(Q) =v }

is called the isoperimetric profile function (or shortly the isoperimetric pro-
file) of the manifold M.

Here is a list of examples of Riemannian manifolds whose profiles are
knowns.

1. In constant sectional curvature spaces the solutions of the isoperimetric
problem are geodesic balls, this fact allow us, in the Euclidean case,
to have an explicit formula for the isoperimetric profile and in the
case of strictly positive or strictly negative curvature an implicit but
satisfactory one.

2. In dimension 2, Frank Morgan, Michael Hutchings et Hugh Howards
show in [MHTHO0(] page 4899 (Main isoperimetric theorem) that on R?
endowed with a complete rotationally invariant metric whose sectional
curvature is a strictly increasing fonction of the distance to the origin,
the solutions of the isoperimetric problem are the following:

e a disk centered at the origin,
e the complement of a disk centered at the origin,

e a ring centered at the origin.

This result generalises a previous result of Itai Benjamini and Jianguo
Cao [BC9(| page 361 (Main Theorem) that contains the case of the
isoperimetric profile of a metric of paraboloids of revolution. Finally
Manuel Ritoré in [Rit0]l)] with different methods extends the list of
surfaces for which the isoperimetric profile is known including planes
of revolution with increasing sectional curvature etc. (see page 1094).



3. Antonio Ros and Manuel Ritoré determine the isoperimetric profile of
RP3 in [RR9T], Laurent Hauswirth, Joaquin Pérez, Pascal Romon and
Antonio Ros in [HJRRO04] do the same for certains flat tori of dimension
3.

4. Per Tomter [[Lom93] determines the profile only in a neighborhood of
0, for the Heisenberg group of dimension 3.

5. On certain surfaces of non trivial topology, one can construct metrics
with somewhat prescribed isoperimetric profile, see [[GP07].

For a more detailed exposition of the state of the art we refer to the P.H.D.
thesis of Vincent Bayle [Bay04] and to the survey by Ros and Ritoré (on
line on the web page of department of mathematics of the University of

Granada).

0.2 Results

The problem that we study in this article is the behaviour of the fonction 4
in a neighborhood of the origin. We compute the first nontrivial coefficient
of its asymptotic expansion and open the way to the computation of other
ones.

We show that the isoperimetric problem reduces, in a natural manner
(in particular, compatible with the symmetry of the ambient manifold) to
a variational problem in finite dimension. The geometric content of the
following statement will become clear in subsequent paragraphs.

Theorem 1. There exists a smooth function f: M xR — R and a map 3
that to an arbitrary point p of M and a real r associates a domain B(p,r),
such that, for sufficiently small » > 0, the solutions of the isoperimetric
problem at volume v = w,r™ are exactly the images via (B of the minima of
the function p — f(p,r). f and B are invariant (resp. equivariant) under
the group of isometries of M.

As a consequence of theorem [l], in [[Tom9d], Per Tomter determines the
isoperimetric profile of the Heisenberg group of dimension 3 endowed with a
left invariant Riemannian metric of maximal symmetry, for small volumes.
Tomter uses an unpublished work of Bruce Kleiner, dating back to 1985,
that we can state as follows.

Theorem 0.1 (Kleiner). Let M be a Riemannian manifold, G a group of
isometries that acts transitively on M, K < G the stabilizer of a point.



Then for small v, there exists a solution of the isoperimetric profile in volume
v that is K-invariant.

We first learned of this result in may 2005, because there is no written
trace and no other reference than [[Tom9]].

One of the goals of this paper is in particular to recover the proof of
theorem P.]. With some generic hypotheses on the Riemannian metric, we
can make more precise the statement of theorem 1 and we can show the
differentiability properties of the isoperimetric profile in a neighborhood of
0, for details see section 3.

The basic idea of the proof is to apply the implicit function theorem to
the map that to a small hypersurface, seen like a small perturbation of a
small geodesic sphere, associates its mean curvature. The linearization of
this map is not invertible. Hence we modify this map, introducing a new
class of hypersurfaces satisfying a weaker condition than the constancy of
mean curvature. We call this new kind of hypersurfaces pseudo-balls. On
the other hand it will be nedeed to show that a solution of the isoperimetric
problem is a perturbation of a small geodesic sphere.

The proof of theorem [[| has two essentials steps,

1. the construction of pseudo balls,
2. the proof that the solutions of the isoperimetric profile are pseudo balls.

The second step is the subject of a separate article | a].

0.3 Pseudo-balls

Definition 0.2. We call pseudo-ball a hypersurface N embedded in M
such that there exists a point p € M and a function u € CQ’O‘(TI}M )
S"1 R), such that N is the graph of u in normal polar coordinates centered

at p, i.e. N = {expy(u(0)0), 0 € T) M} and
Q(H(u)) = const. € R,

where H is the mean curvature operator, () = id — P, P is the orthogonal
projector of L2(Tp1./\/l) on the first eigenspace of the Laplacian on the unit
sphere S*™1 of R™, and Tpl./\/( is the fiber over p of the unit tangent bundle
over the Riemannian manifold M.

To state a uniqueness theorem for pseudo-balls we need the notion of
center of mass.



Definition 0.3. Let (Q, 1) be a probability space and f : Q@ — M a measur-
able function. we consider the following function € : M — [0, +o0[:

&)= [ (o f@)duty)

We call center of mass of f with respect to the measure p the unique mini-
mum of £ on M, provided that it exists.

Proposition 0.1. We assume that the sectional curvature of M satisfies
Km < 0. We assume also that f(Q2) has a diameter less than one half of the
jectivity radius and than 2—\”/3

Then € has a unique minimum c, i.e. the unique nearest point to f(Q) such

that [o exp; ' f(y)du(y) = 0.

In particular, we can speak about the center of mass of a hypersurface of
small diameter (we apply proposition [0.]] to the (n — 1)-dimensional measure
of the boundary).

Definition 0.4. Let F>© be the fiber bundle on M with fiber at p equal to
C**(T)M,R)

Theorem 2. There exists a C* map, 3: M x R — F>* such that for all
p € M, and all sufficiently small r > 0, the hypersurface exp,(B(p,r)(0)8)
is the unique pseudo-ball whose center of mass is p enclosing a volume wyr™

where wy, = Vol(gn can)(B") is the Buclidean volume of the unit ball B" of
R™.

Remark: If g is an isometry of M, g sends pseudo-balls to pseudo-balls
and go 3 = og (g acts only on the first factor M).
Examples:

1. In constant curvature, pseudo-balls are geodesics spheres.
2. In the 3 dimensional Heisenberg group, pseudo-balls have been calcu-
lated by Per Tomter [[Lom93].
0.4 Geometric measure theory

We use the following result, from [Nar0Of].

Theorem 3. Let M™ be a compact Riemannian manifold, g; a sequence of
Riemannian metrics of class C™ that converges C* to a fized metric goo.



Let B be a domain in M with smooth boundary 0B, T; a solution of the
isoperimetric problem in (M", g;) such that

(%) : My, (B —1Tj) — 0.

Then OTj is the graph of a function u; in normal exponential coordinates to
OB. Furthermore for all a €]0,1[, u; € C**(0B), and if we assume that
OB has constant mean curvature for geo, then |[uj||c2.a@p) — 0.

In section 3, we deduce the following theorem, that completes the proof
of theorem 1.

Theorem 4. Let T be a current solution of the isoperimetric problem, of
sufficiently small volume. Then T is a pseudo-ball.

0.5 Expansion of the isoperimetric profile near 0

The asymptotic expansion of the volume of pseudo-balls and the volume of
their boundary can be computed with theorem 1, this yields an expansion
for the profile.

The paper [Dru0g] of O. Druet provides an alternative approach to theo-
rem 7. But our method gives more information. For instance, when scalar
curvature is constant, the next term in the expansion of the profile can be
obtained.

0.6 Plan of the article

1. Section 1 describes the construction of pseudo balls via the implicit
function theorem in an infinite dimensional context.

2. Section 2 describes why and in what sense approximate solutions, of
the isoperimetric problem, in the case of small volumes, are close to
Euclidean balls.

3. In section 3 the results of preceding sections and those of [Nar0q] are
applied to obtain the first two non zero coefficients of the asymptotic
expansion of the isoperimetric profile.
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1 Construction of pseudo-balls

1.1 The normal coordinates context

We place ourselves in 7, M, the tangent space of M at p, endowed with
the Riemannian metric expy(g). This is a smooth Riemannian metric in a
neighborhood of the origin, ||z|| < e. Let u be a function on Ty M = §"~!
the unit sphere of T, M, such that ||u||p~ < e, we are interested in the
hypersurface

Ny = {exp,(u(0)0)|0 € Tpl/\/l}.

Such hypersurfaces will be called normal graphs. Denote by 6 the radial unit
vector field on T,,(M) — {0}.

1.2 The mean curvature

Let N be an arbitrary hypersurface. It’s mean curvature is

n—1 n—1
Hiv(x) = Z IIg/Cv(ei,ei) = —Z < Ve, v, 6 >4 (2) (1)
1 15
where (e, ..., e,_1) is an orthonormal basis of T, N, v a normal unit vector

field to A and I the second fundamental form of A in x.
We will use in the sequel an extension of v to the whole T,,(M) — {0} into
a vector field that is independent from the distance to the origin, i.e. such
that [@,v] = 0 where [,] is the Lie bracket of two vector fields.
We set

v=a-+bl,

where the vector field a is tangent to geodesic spheres S(p,r) centered at p
and satisfies obviously [a,0] = 0. In this case, after calculations analogous
to what can be found in paragraph 3.3 of [NarOd] one gets:

Hy(r,0) = —divg(,r)(a)+ < Vaa,a > =bllj(a,a) + bHy + bVab  (2)

where divg(, ) (a) is the divergence of the vector field a restricted to the
geodesic sphere of radius r centered at p, Il is the second fundamental
form of the sphere of radius r centered at p in the outward radial direction
and Hy is the trace of I1j.

The next task is to reformulate () in terms of objects that live on the sphere
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Ty M. We denote a(r) := (di,)~(a) if a € Tewp,(ro)M,
[ TOM - M
e — expy(rd),

we consider the pull-back g, of the metric g with respect to i, (i.e. g, =
ir(9))-
Hy, = —divgn-1 4 (a)+ < Vara,a >4, —br’II;(a,a) + bHj + bV,zb  (3)

We introduce the family of metrics g, := T%gr that have the advantage to
have no singularities in r = 0, to highlight the nature of the singularity in 0

of (), thus () becomes
H, = —divgn-1 5.(a) + 1> < Vara,a >5, —br’11;(a,a) + bHy + bV,3b (4)

1.3 The mean curvature of a normal graph

In this paragraph we interpret formulae () and (ff) in the particular case of
hypersurfaces N,. Let

=
W, = \/1 Vil )
Then

1

b— Wiu <v,0>>0 v outward
N —W <1,0><0 v inward

a = —buZy .6 (eguu) (5)

where Zy ,,(9)9 is the identification of R™ = T, M of TpT) M with T,,9)gT,M
that is induced by the chosen system of normal coordinates centered in p
(notation inspired by [Cha9]). In the sequel we always make the choice of
b= _WLU’ hence

_ v

a Wufe,u(e)e (vguu) : (6)

For r sufficiently small, formula (f) becomes

—

—
Vg u 1 uVg,u

u

—
W, ) — w2 < VVHUU(TH% Vg, u>47)

u? o — 1 u
m[[@(vg u, Vg u) — —Hg (’LL7 6)

! <
Wy

HN (u,é?) = _diU(S"*I,gu)(

Vinw

u u

S

<l

gu (7 ) U= —
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Formula (f]) becomes

— —
Vi, u 1 Vaou, =
N . u u
Hy)  (u,0) = —dw(gm,gu)(u%/u) e < v%uu( u;/u )y Vgt >6)
1 o —
+ u2w3[]—9 (vguu7 vguu)
1 1 1.V
= Gy U
— — HY(u,0) + — < Vg, (=), —20) >
Wu 0 (u7 ) + Wu < gu(Wu)? uWu ) gu

1.4 Linearization of the modified mean curvature

In this paragraph we denote by Tpl/\/l = S" 1T, M the unit sphere of T, M.

Definition 1.1. Let F*® be the fiber bundle on M where the fiber over p
is the space of C* functions on the unit tangent sphere Tpl/\/l and T'(Fke)
the topological space of C* sections of F™.

In other words, if y € T'(F*%), p € M, then = y(p) is a function on
T pl./\/l. Let yo denote the zero section.
In the rest of this section we are interested in the local behaviour of cer-
tain functions on this fiber bundle in view of the application of the implicit
function theorem to the solution of equations in a neighborhood of the zero
section yo. In order to do this, it is convenient to denote y = (p,x) and
to identify a neighborhood in the fiber bundle F*® with the trivialization
U x C>*(S" 1 R) (U open set of M ) with the aid of an atlas of the differ-
entiable structure of M.
We define, now, the domains and codomains of the functionals of modified
curvature.

Definition 1.2. We let
{ R x ['(F?®) — T(F%)
1 (ry) — 7 (H(p,r(l+2))—21).

T

In other words, if p € M, r € R and = is a C*>* function on TZ}M, then
U(p,r,x) is the CO function on Tle defined by

U(p,r,z) i=r <H(p,7“(1 +a)) -2 - 1> .

Proposition 1.1. ¥ is C™ on the open subset where ||z|lcc < 1. (here
|- |loo is the L™°-norm)
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Proof: We put v = r(1 + z) in the formula (§) and we get

L Wyiw = /14 -1V, 1 2 —p
- Wr(l4a) = + r2(1+a)2 | gr(1+z),r( + x)||§r(1+x) = ho(p, 7, %),
Rk 2
ho(p,0,%) = /1 + 732l [V 03112,

?5 r(l4+x)
. Ir(1+a) _ 1
2. —dZU(Sn717gr(l+x))(WW) = ;hl(pa’rax)’
. Vo
h1 (p, 07 .%') = —dw(gnﬂﬁan:go)(—(1_,_96)2;32@70@))

—
Vi T —
__Ir(d4a) & ~ _ —
ra\r(14+2) W (14a) )’ vgr(1+z)rx >g7‘(1+:1;)_ hg(p,’l“,x),
— 1 6)5701 =2 ~
ha(p,0,2) = Gz < V. (T o eon) YT >

o

1
3- 7‘2(1+ZB)2W2 < v$>

r(1+x) Ir(14a)

r(l+z)
r2(1+x)21W3 11" (V5

—
1

L vgr(l-l»ac)rx) - th(p7 r, x)a

r(l4+x)

1 — —
hg(p, O,IE) = W(Vgo$, Vgox)Rnfl

5.~ (r(1 4 2),0) = Lh(p,7.2)
n—1

ha(p,0,2) = koo

—

Vs rT
1 Ir(1+x) . _
(WT(1+I) )a T(1+$)Wr(1+x) ) >gr(1+z) = h5(p, r, x)a

LV
6' Wr(1+z) < gr(1+z)

- Vis,x
hs(p,0,2) = jomomr < Valpon) misy) >

The functions hg, b1, ho, ha, ha, hs are in C°(Rx ['(F22), T(F%)) provided

[|z]|oc < 1. From the following formulae

rH(p,r(1+z)) = hi(r,z) + rho(r,x) + hs(r,x) + ha(r,x) + rhs(r,x), (9)

U(p,r,x) =rH(p,r(1+2z)) — (n—1), (10)
we get that W is C°. O

We can compare proposition [[.]] with the calculation of the papers [[Ye91],
page 383] and [MPMO4].
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Lemma 1.1. Let P be the orthogonal projector of Lz(Tle) on the first
eigenspace of the Laplacian on the unit sphere S"! and let Q be Id — P.
Denote by

v — —=A_ _v—(n—1)p

sn—1

L'{ Ck+2,a(8n71) N Ck,a(Snfl)
Then [(%Q(\I’(p, T’x))]rzo,xzo =1TL.
Furthermore, let C{’Q(Sn_l) = Ker(L)* N CH(S"1) where Ker(L)* is

taken in the L* sense. Then L : C{HQ’Q(Sn_l) — Cf’a(Sn_l) is an isomor-
phism.
Proof: The following straightforward calculation shows that
L(v) =-A

= (n—1)v.

With the notations of proposition []],
U(p,0,tv) = h1(0,tv) + hs(0,tv) + hy(0,tv) — (n — 1).
From ho(0,tv) = 1+ O(t?) we argue that

1. h3(0,tv) = O(t?),
2. hi(0,tv) = (=4, v) t+ O(t?),
3. ha(0,tv) = (n— 1) — (n — 1)tv + O(£2),
and hence
U(p,0,tv) = (A, _,v—(n—1p)t+O(t?). (11)
It follows that
[E\P(p’ T,x)):| (v)=-A,, v—(n—1w. (12)
Ox r=0,2=0 -

Concerning the bijectivity, the proof is an immediate application of the fol-
lowing lemma with T = L, and this completes the proof. O

Lemma 1.2. [Bes8Y, Cor. 32 Appendiz, page 464]

Let E,F be two complex or real vector bundles on M.

Let T : C*°(E) — C*(F) be a linear differential operator of order k.
We consider an extension of T : L*(E) — L*(F).

If T is elliptic or underdetermined elliptic then
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o Ker(T*) C C*(F)

dime(Ker(T*)) < oo
o WHP(F) = T(WFP(E) @ Ker(T*) (1 < p < +00)
o ClO(F) = T(CH(E) @ Ker(T*)

o O°(F) = T(C®(E)) @ Ker(T*)

1.5 Differentiability of center of mass

Lemma 1.3. There exists a smooth map

R x T(F>%) — M
c:
(r,p, ) = co(r,p, )
defined implicitly by the equation
/ exp, 'zdVol(z) =0 (13)
Np,r,z

in TeM where
Nz = {expy(r(1+ 2(0))0)[6 € S* '}
Remark: c(r,p,z) is the center of mass of N, ,, and ¢(0, p,z) = p.

Proof: We rewrite formula ([[J) in the following more suitable form for
our purposes:

/ exp; Neapy(r(1 + y(p) (0)0)) F*(dVoln,, ) O) =0 (14)
Sn=1T, M
in T, M where

fdVoly,, ) = 0dVolgn-1 can) (15)

{5 =
o = expy(r(1+x(0))0).
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Let 0o € M be such that p and c are in a normal neighborhood of o, we choose
a local field of orthonormal frame, this choice gives an isometry 6 — 6(p, 0)
of S"1T,M on S" T, M. Then ([4) becomes

/S o exp, H(expy(r(1 + y(p)(Q))Q))f*(dVolNr’y)JdVol(Sn_17mn)(9~) =0,

) (16)
because |det(d0(0,p))| = J = 1.
We set

Flepa)= [ con eomy (14 @) 0)0)rdVolses (6) (1)

7. MXRxT(F*) — TM
’ (C,T’,p,[ﬂ) = f(carapax)
We verify that F'is C'° with respect to all variables,
e by exchanging the operation of derivation and integration, and the

differentiability of the exponential map on T'"M one gets the differen-
tiability with respect to ¢ of F,

e 2 +— dx is smooth from C*% to C1® by continuity and linearity,
e 0 r(1+x(0)0 is C°(S" 1, T,M),

o (r,p,x) — f*(dVoly,,,) is C®(R x F2* CH*(S""1 R)) because it
is the norm of a multivector of A,,_;7, M whose components are the
determinants in smooth functions of r,p, z, dz,

o expp(r(l+xz(0))) is C,

e we take composition with exp_ !,

e we multiply by o,

e at last we integrate on S”7!, that is a linear continuous operation.
Now, we can see that F is divisible by 7" ~! without changing the smoothness

of the resulting function G and finally, that we can apply the implicit function

theorem to G = Tnlil. From the preceding arguments we see that G is C™

with respect to all variables.

0G 0 _
%(0(07177 0)7 Oapa 0) = & [/Sn_lT “ ETP,. 1(p)dV01(gnf17can)(9) = Qp—1 A
P

C=p
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where a1 := Volgn-1 con) (S"71) is the (n — 1)-dimensional volume of the
unit sphere with respect to the canonical metric induced by the Euclidean
one of R™ and
A { M — T,MxT,M
y = (y,—y).
Let us chose a trivialisation of T, M and compose G with the projection m
on vertical fibers. So

amoG

de (C(O,p,O),O,p, 0) = 7Tl(O‘nfl A) - _Oénfl-[d-

Hence the implicit function theorem applies, there exists a unique ¢(r,y) of

class C* such that 71 (G(c(r,y),r,y)) = 0, i.e. G(c(r,y),r,y) is the zero
section. O

Lemma 1.4. There exists a smooth map A such that

cap, ' (c(r,y)) = rA(r,y) (18)

and

A(0,y) = Jon— (L4 2(0))" 10/ Nlda]]” + (1 + 2)° (19)

T Je (U 2(0) 2 /[[da [P+ (T4 2)?
Proof: In order to show ([L§) it suffices to remark that
c(0,y) = p.

We now show (). We choose a trivialisation of the tangent bundle.
Lemma 1.5.

eap; *(expy(v)) = exp; ' (p) + v+ o(|lp — || + [[v]]). (20)

This refiects the fact that Riemannian manifolds are Euclidean at small scale.

Proof: In an arbitrary system of coordinates of a neighborhood of p,

(Bd) becomes
eap *(expp(v)) = p —c+v+o(|lp — || + [[oll)- (21)

In order to show this, we set ¢ :=p — ¢ and H(p,q,v) = exp;_lq(expp(v)).
Expanding the C* function H at first order in a neighborhood of (0,0), for



17

all p, in function of ¢ and v.
H(p,0,v) = v implies that %H(p,o, 0) = id.
H(p,q,0) = exp;_lq(p) = gq+o(|q|) because if w := exp;_lq(p) then exp,_q(w) =
p—q+w+ o(lw|]) = p due to the fact that dpexp, = id for all z and hence
g = w + o(Jw|) which implies that w = ¢+ 0o(q). O

We choose a trivialisation of the tangent bundle and we identify y =

(p,z(p)), then from the equation G(c(r,y),r,y) = 0 we deduce

oy Jent A 2(O))" OV [[da]]P + (A +2)° +o(r)
A Jors (L 2(0) 2/l + 0+ 2 T o) W

If, we put in the preceding equation r = 0 we obtain ([Ld).
This follows from the fact that

o= (1+z(0)" 2" 1/||dz|2 + (1 + )2 + o(r) (22)
and
exp, (expy(r(1+y(p)(0))0)) ~ exp, (p) + (1 + )0 + o(r) (23)
from which it follows

1
— (exp.t(p) +r(1+2)0 + o(r))adVolgn—1 cqn) =0 (24)
r Sn=1T, M

and finally

ag g
/ Ay L+ / Qto)-T =ol)  (25)
Sn=1T, M r Sn=1T, M r

which proves the lemma. O

1.6 Existence and uniqueness of pseudo-balls

Lemma 1.6. Let
o { R x T(F>) — TMx (CO(S" 1) N (ker(L))*')
L (npa) = (A(r,y), Qo ¥(r,p,x))

Then, for r sufficiently small,
there exists a unique z(p,r) in C>*(S"1) of small C*“ norm, solution of
the implicit equation

O(r,p,x(p,r)) = (r,yr) = (yo,0).
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Here yg is the zero section of TM.
Furthermore, x depends smoothly on p and r.

Proof: Like in the preceding lemma, we remark that ® is C'°° in all its
arguments. Trivialising 7'M in the usual manner we have:

0P d
%(p,0,0) = (EA(OJU)u:oaL)
02 0.0y [ CET) = BMx CONE) N (her(L))F
O p, Y, : v — (a:A fgnﬂ U(H)HdVOl(Sn—lum),L(U)).

Remember that here L = —Agn-1 — (n — 1).
In order to obtain this result we combine the lemma with the following
calculations:

nt fgu_1 v(0)8 + O(t?)

A(0,tv) = 26
(0, 0) -1+ Jguo1(n — D)twdVolean + O(t2) (26)
that follows by putting x = tv in ([[9).
Hence
d n
EA(OatU)\t:O = 1 /Snl v(@)@dVol(Sn-1,can). (27)

If we identify T, M and ker(L) via the isomorphism of vector spaces that
maps vectors of T, M to the restriction of linear functions to the sphere
S"_lTpM, it can be easily seen that %—f(p, 0,0) is an isomorphism. From the
previous discussion we conclude the existence of a smooth function x(p, r) in
the two variables such that ¢(r, p, z(p,r)) = pand H (p,r(1+x(p,7)))— ";1 €
Ker(L). Furthermore the implicit function theorem also asserts that z(p, r)

is the unique small solution of these equations. O

Lemma 1.7. There exists p : Mx|rg,ro[— (—po,po) of class C* defined
implicitly by

Vol (z(p,r))Vol,(NT )) = wpp(p, )",

p,rz(p,r
and there exists v : MX|po, po| defined by
Voln(x(p,r(p, p)) = wnp".

Here NJ, .y = {eapp(t0)|0 < t < (1 +x(p, 7))}

p7r7x
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Proof: Because Vol,(z(p,7)) = w,r™h(p,r) where h is a C* function

with h(p,0) = 1, then we can write p(p,r) := rh(p,r)%. Furthermore it is
easy to see that %(p, 0) = 1, hence we can solve

3=

rh(p,r)» = p

in 7 and obtain a function r(p, p(p,r)) =r. O

Theorem 5. There exist py and a smooth map 3 : M xR — F> such that
for all p € M, and for all po > p > 0, the hypersurface exp,(B(p, p)(6)0)
is the unique pseudo-ball which has its center of mass at p and enclosing a
volume wy|p|™.

Proof: B(p,p) := r(p, p)(1 + z(p,7(p, p))) where z(p,r) is produced by
the preceding lemma. O
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2 Approximate solutions of the isoperimetric prob-
lem for small volumes are nearly round spheres

2.1 Introduction

In this section it is assumed that

1. M has bounded geometry (|| < A and injr > & > 0) where injaq is
the injectivity radius of M ,

Vol,_1(8D;)

Vel (D,)) 1

2. the domains D; € 7) are approximate solutions i.e.
for j — +oc.

We prove in this section the following theorem.

Theorem 2.1. Let (M, g) be a Riemannian manifold with bounded geom-
etry, D; a sequence of approximate solutions of the isoperimetric problem
such that Volg(D;) — 0. Then there exist pj € M, and radii R; such that

lim Vol(D;AB(pj, R;))
j—+oo VOZ(D]')

— 0. (28)
The proof of theorem P.J] occupies the rest of the section.

2.2 Taylor’s theorem revisited

Jean Taylor has shown that polyhedral chains in R™ which are approximate
solutions of the isoperimetric problem are close to balls in the mass norm,
as stated in the following theorem.

Definition 2.1. We denote by ¢, = w the constant in the Eu-

Vol (B)] %
clidean isoperimetric profile.

Theorem 2.2. Let W be the n-ball of R™ centered to the origin, of volume
1.
Let {S;} C Pn(R™) be a sequence of polyhedral chains (i.e. of density 1)
contained in a big ball of R", of barycenter at the origin, M(S;) = 1 and
satisfying

Alirf M(0S;) = M(OW).

Jj—oo
Then

M(S; — W) — 0.
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Proof: Apply Taylor’s theorem as stated in pages 420-421 of [[Tay7]] to
the constant function F' equal to 1. O

It turns out that the same theorem it’s true if the minimizing sequence
is composed of more general currents than polyhedral chains, for example
of integral currents (by the strong approximation theorem of Federer 4.2.20)
and also if the minimizing sequence is not of bounded diameter. This follows
from arguments which are somehow hidden in [[AIm7q]. A good reference for

the following theorem is [LRO3].

Theorem 2.3. Let {T;} C I,(R™) be a sequence of integral currents, satis-

fying
M(913)

lim ———— =¢,.

n—1

= M(T)
Then there exist balls W; such that

2.3 Lebesgue numbers

Let (M,g) be a Riemannian manifold with bounded geometry. We can
construct a good covering of M by balls having the same radius.

Lemma 2.1. Let (M, g) be a Riemannian manifold with bounded geometry.
There exist an integer N, some constants C', € > 0 and a covering U of M
by balls having the same radius 3¢ and having also the following properties.

1. € is a Lebesgue number for U, i.e. every ball of radius € is entirely
contained in at least one element of U and meets at most N elements
of U.

2. For every ball B of this covering, there exist a C bi-Lipschitz diffeo-
morphism on an Fuclidean ball of the same radius.

Proof: Let € = % Let B = {B(p,¢)} be a maximal family of balls
of M of radius e that have the property that any pair of distinct members
of B have empty intersection. Then the family 2B := {B(p, 2¢)} is a cover-
ing of M. Furthermore, for all y € M, there exist B(p,e) C B such that
y € B(y,2¢) and thus B(y,e) C B(p,3¢). Hence € is a Lebesgue number for
the covering 3B. Let B(p,3¢) and B(p/,3€) be two balls of 38 having non
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empty intersection. Then d(p,p’) < 6¢, hence B(p',€) C B(p, 7¢). The ratios
Vol(B(p,7€))/Vol(B(p,e€)) are uniformly bounded because the Ricci curva-
ture of M is bounded from below, and hence the Bishop-Gromov inequality
applies. The number of disjoints balls of radius €, contained in B(p, 7¢), is
bounded and does not depend on p. Thus the number of balls of 38 that
intersect one of these balls is uniformly bounded by an integer N. We con-
clude the proof by taking U := 3B. In fact by Rauch’s comparison theorem,
for every ball B(p, €), the exponential map is C' bi-Lipschitz with a constant

C that depends only on € and on upper bounds for the sectional curvature
K. O

2.4 Cutting domains in small diameter subdomains

This section is inspired by the article of Bérard and Meyer [BM8J] lemme
11.15 and the theorem of appendix C page 531.

Proposition 2.1. Let I be the isoperimetric profile of M. Then
I(a)

limsup ——%
a—0 g n

<.

Proof: Fix a point p € M.

I(a)

lim sup ——= < limsup Vol(9B(p, T(a)n)_)l

a—0 g n a—0 Vol(B(p, r(a)))T
with 7(a) such that Vol(B(p,r(a))) = a.
Changing variables in the limits, we find

Vol(0B(p,r(a))) Vol(0B(p,r))

lim sup ~~r = limsup n1
a—0  Vol(B(p,r(a))) = r=0  Vol(B(p,1)) =
" Wol(SPh) 4 - -

n—1

r=0  [r"Vol(B") + -] n

Definition 2.2. Let r > 0. We define the unit grid of R"™ and we denote
by G the set of points which have at least one integer coordinate (€ 7). We
call grid of mesh r in R™ a set G of the form v + rGy where v € R™. We
denote by G, := ([0,7]™, L™) the set of all grids of mesh r, endowed with its
natural Lebesgue mesure.
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Proposition 2.2. Let D be an open set of R™.

in Voln_1(D N G)L(dG) = “Vol, (D).
r Gr r

Proof: We observe that every grid G decomposes as a union of n sets
G of the type v + tGgi) where ng‘) is the set of points with integer i—th
coordinate.
Moreover G N GU) has (n — 1)-dimensional Hausdorff measure equal to
zero.

1 1 & _
— [, Vol 1(DNG)L™(dG) = r—nz / Vol,_1(D NG LM (dG)
gr =1 [077’]
= inz / " Wolp_1 (DN GO LMdG)
re - 0
=1
n
= = D).
rVoln( )
O

Corollary 2.1. Let r > 0. Let D be an open set of R™. There exists a grid
G of mesh r such that

Vol,_1(DNG) < ;Voln(D). (29)

Proposition 2.3. We denote D¢, the connected components of D \ G.

Then
>k Vol(0Dg ) — Vol(0D)

Vol(D)"%"

—

1
[(D)n
TVO( )
,

fo — 0.

Proof: For every grid G,
> Vol(0Dg,) — Vol(0D) = 2Voly_1(D N G).
k

By corollary P.9, there exists a grid G such that Vol,—1(DNG) < 2Vol,, (D).
We deduce that

o < ZiVol(@Dg) = Vol(dD) _ 3Voln(D) _ 2V ol,(D)n
A .

Vol(D)"%" " Vol(D)" r
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Thus if 7 is very large with respect to Vol(D)% then

> Vol(0Dg i) — Vol(0D)
Vol(D)"+

is close to 0. O

Proposition 2.4. Let M be a Riemannian manifold with bounded geometry.
Let D; be a sequence of domains of M so that

1. Vol,(Dj;) — 0.

. Voly,—1(0Dj)
2. limsup,_, — < c,.
Pjmoo 0oy L =@

For any sequence (r;) of positive real numbers that tends to zero (rj — 0 )

1
and w — 0, there exists a cutting D;j = |, Djr of Dj in domains

J
D; , with Diam(Dj ) < constag - 15 such that

1i Zk VOlnfl(aD%k)
1m sup o)
i=teo (32, Vol(Djg)) =

Proof: We apply lemma P.1] and we take a covering {{/} of M by balls
of radius 3¢, of multiplicity N and Lebesgue number ¢ > 0. For every ball
B(p, 3¢) of this family, we fix a diffeomorphism ¢, : B(p, 3¢) — Brn (0, 3€) of
Lipschitz constant C.

For every j we fix also a radius r; >> Voln(Dj)% and we map the grids of
mesh 7; of R™ in B(p, 3¢) via ¢, i.e. for G € G,,, we have

<.

Gp = ¢, 1(G).

p

Let us denote by Dj j, the connected components of D;\ (U,G),). We are look-
ing for an estimate of the supplementary volume introduced by the cutting
in this Dj y,

> Vol 1(0D; ) = Voly-1(0D;) = 2Vol,—1(D; N (UGy)).
k
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First estimate the average m = % fgrj Vol,—1(Dj N (UGp))L"(dG) of this

volume over all possible choices of the grids G € G, .

1 /
m < — Vol,—1(D; NG, L™ (dG
< F X[, Vehain 6

1

S mX / Voln—1(gn 551" () (9p(D5) 0 G)L™(dG)
Jop T
C n

< =) / Voln—1&n cam (3p(Dj NUp) N G)L"(dG)
J p 5

<

Cg Z Vol,(¢p(Dj N B(p,3¢)))

< 02; 3" Vol (D; N B(p, 3¢))
Jop

< CQ§Nvozn(Dj).
J

This is true because every point of M is contained in at most N balls
B(p, 3¢). Then there exists G in G,; such that

Volu_1(D; N (U,Gp)) < C2LNVol,(D;),
T
and so

Voly—1(0Dj ) = Voln_1(9D; B
0 S Zk 0 1( _],k) n710 1( j) S 202£NVOln(D])’fll

Voln(D;)" T

From the last inequality we obtain

. > Vol (9D;x) . Vol (0D;)
lim sup —— = limsup ———=F < ¢,.
oo (o Volp(Dyx)) =+ i=0 Volp(Dy)

Now, fix x € D;. By construction, € is a Lebesgue number of the covering
{U}, and there exists a ball B(p,3¢) that contains Ba(x,€). Let D;j de-
note the connected components of D \ (U,G,) that contains x, and D;’k the
connected components of ¢,(B(p,€)) \ G that contains ¢,(z). We observe
that D}k is a cube of edge r;, if j is large enough so that r; < ¢/C'\/n, then
DI;k is contained in ¢,(B(p,€)), hence D;, is contained in (b;lD;k, which

J
have diameter at most C'r;. O
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2.5 Selecting a large subdomain

We first show that an almost Euclidean isoperimetric inequality can be ap-
plied to small domains.

Lemma 2.2. Let M be a Riemannian manifold with bounded geometry.
Then
Vol(0D)

w1 = en(1 = n(diam(D))) (30)
Vol(D) =

with n — 0 as diam(D) — 0.

Proof: In a ball of radius r < inj(M), we reduce to the Euclidian
isoperimetric inequality via the exponential map, that is a C' bi-Lipschitz
diffeomorphism with C' = 1+ O(r?). This implies for all domains of diameter

<r,
D
%8”_)1 > ¢, 072 = cn(l— O(TQ)).
Vol(D) =

Second, we have a combinatorial lemma that tells us how in a cutting
the largest domain contains almost all the volume.

Lemma 2.3. Let fjj € [0,1] be numbers such that for all j, >, fir = 1.
Then

hmsupi]k <1
Jj—+oo
implies that
li =1.
i i =
Proof: We argue by contradiction. Suppose there exists € > 0 for which
there exists j. € N so that for all j > j., we have max;{fj,} <1—e. Then
for all j > j., we have f;r <1 —e. From this inequality,

Zkfjk 1
Zf Zf]kf]_(l_e) 2 Tar

hence



27

which is a contradiction. O

Proposition 2.5. Let M be a Riemannian manifold with bounded geometry.
Let Dj be a sequence of approzimate solutions in M with volumes that tend

to zero. Let r; be a sequence of positive real numbers such that r; — 0 and
Voz(é)j)% o
There exist p; € M and £j < constpr; and subdomains D;» C Dj such that
1. D; C B(pj,&j)
Vol(aD!)

. n—1 0
Vol(D})™=

Vol,™(D;)

Vol, M(D;) L.

Proof: Apply proposition P-4. By definition of isoperimetric profile and
lemma R.2 we have

n—1

Vol(0Dj ) = I(Vol(Djy)) > cnVol(Djp) = (1 —mnj)

where 7; — 0. Since

S eaVol(Dj )" (1= 1) > VolldDy) _

lim sup — < lim sup =1 > Cn;
j—too Vol(Dj) = j—+oo  Vol(Dj) =
n—1
Vol(Djy) n
lim sup 2. Voll ]f)l < lim sup =1
j—+oo  Vol(Dj) n jotoo L1

Now, we set fj, = ‘;,Oéggg]k)) We can suppose that f;1 = maxp{f;r}. We

apply lemma and we deduce that

VOl(DjJ)

= —

VOl(Dj)
But by construction D;; C Baq(p;, constaqr;) with (p;) sequence of points
pj in M.
Finally, proposition R.4 gives
VOl(aDj, 1)
Vol(D;)"n
Thus one can take D} =D, 0

lim sup <limsup < ¢,.
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2.6 Application of Taylor’s Theorem

Let D; be a sequence of approximate solutions with Vol(D;) — 0. According
to proposition R.§ there exist subdomains D} C Dj, points p; € M and radii
€; — 0 such that

1. D; - B(pj,é“j).

Vol(D’)
2. yarpsy — 0.
Vol(9D))
" vol(Dy) S
We identify all tangent spaces T), M with a fixed Euclidean space R" and
consider the domains D} = ea:p_l(D;) in R™. Since the pulled back metrics
gj = exp;j (gm) converge to the Euclidean metric,

Vol(oDY)
Vol(D;’)"T_l

— Cp.

According to theorem P.3 there exist Euclidean balls W; = Bey.(;, R;) in

R™ such that
Voleyel (D}’AWj)

VOleucl. (D;I)

Note that g;-balls are close to Euclidean balls,

Voleyer, (DI AW;)
VOleucl. (Wj)

Thus _
Voleyea. (D.;,ABQJ (Qj’ RJ))

Volewer, (D))

— 0,

and then, for ¢; = expy,(q;),

VOleucl.(DéABg(Qja Rj)) VOleucl.(D;‘/Ang (qj, RJ))
Voleye, (D}) N Volg (W)

VolD;AD', Volg(D;AB(q;,R;

Finally, since WD)] — 0,

Vol )
This completes the proof of theoremgﬁ
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2.7 Case of exact solutions

Remark: When we consider the solutions of the isoperimetric problem (this
is the case treated in [MJO(]), and not approzimate solutions, the conclusion
is stronger. In fact we can prove directly by the monotonicity formula that
Dj is of smal diameter and we can apply Taylor’s theorem to the dilated of
D; without passing throught any kind of cutting procedure.

Lemma 2.4. Assume Dj is asolution of the isoperimetric problem. The

. . " expy, (D;) .
dilated domains D}’ := ﬁ are of bounded diameter and hence we can
Volg(Dj)n

find a positive constant R > 0 in the proof of the preceding theorem so that
for all j € N we have
D;»” C B(0,R).

Proof: For the domains D}, the mean curvature of the boundary in
(R™, eucl) h;“d < M = const. for all j (apply the Lévy-Gromov isoperi-
metric inequality [[Gro86d], [[Gro86H]) and hence the monotonicity formula
of [AII7Y][5.1 (3)] page 446 gives for a fixed ro and all j

10D} [|(B(aj, o)) = e~ M0 "1 (||OD]"||, aj)wn-175 ™" (31)

a; € spt|[0D||, ro for a fixed ro and all j. We argue

n—1

wn,1T0

Diam D"
const > Volg,, n-1(0Dj") > [M}

27"0

and we can conclude that Diamy,,, (D}') are uniformly bounded. O
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3 Application to compact Riemannian manifolds

3.1 From the pseudo-balls viewpoint

In this section, M is a compact Riemannian manifold.

Lemma 3.1. Let D; be a sequence of solutions of the isoperimetric problem
such that Volg(Dj) — 0. Then eventually extracting a subsequence, there
exist a point p € M such that the domains D; are graphs in polar normal
coordinates of funcions u; of class C>® on the unit sphere of T, M of the
form u; = r;(1 + v;) with HUJ‘HCM(BBTPM(O,R’)) — 0 and radii r;.

Proof: Theorem .1 provides points p; and radii r; such that D; is
close to B(pj,r;) volumewise. Since M is compact, one can assume that p;
converges to p. Let T} be exp;l(Dj) rescaled by ri Then Tj is a solution of

J

the isoperimetric problem for the rescaled pulled back metric g; = T%exp;(g)
j

which converges volumewise to a unit ball. Since the sequence g; converges
smoothly to a Euclidean metric, the regularity theorem of || 4] applies
hence O0Tj is the graph in normal coordinates of a smooth function v; on
the unit sphere and |[vj|¢2.a(gn-1) tends to zero. In other words, dD; is the
normal graph of u; = r;(1+v;). O

We can rewrite this lemma in the following form.

Lemma 3.2. Let M be a compact Riemannian manifold of class C3. There
exists v1 > 0 so that for all current D solution of the isoperimetric problem
with M (D) < vy, there exists a point pp € M (depending on D) such that
D is the normal graph of a function up € C**(S"1) with up = rp(1+vp)
and ||vp||c2.egn-1) — 0 when M (D) — 0.

Proof: By contradiction using the preceding lemma.
If the thesis were not true then there exist p € M, a sequence D; of solutions
of the isoperimetric problem with volumes Vol(D;) — 0, and for which 0D
is not the graph on the sphere S"! of T, M of a function u; = 7;(1 + v;)
where ||vj]|c2.a goes to 0. This is in contradiction with the preceding lemma.
O

Theorem 6. There exist vy such that if v < vy then all current solutions of
the isoperimetric problem with volume v are pseudo-balls.
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Proof: Let vy be as in the preceding lemma and py be given by lemma
L7 We set vy := min{w,p§,v1}. Assume v < vg. Let T be a current
solution of the isoperimetric problem with volume v. Then 9T is the normal
graph centered at a point p of a function u € C?%(S" 1), u = r(1 + v) with
[|v]|c2. small and r small. Let g be the center of mass of 9T. According
to lemma [.4] exp;l(q) = rA(r,p,v) where A is smooth and A(0,p,0) = 0.
Thus d(p,q) < const(r? + r|jv||c1) < er for e arbitrarily small. It follows
that the radial projection of T onto the sphere dB(q,r) is C*° close to
identity. As a consequence, J1 is the normal graph centered at q of a
function @ = r(1 + ) on qu/\/l, with ||9]|c2.e small. Since ¢ is the center of
mass of IT, [q,—, 0(0)0df = 0, i.e. ¥ belongs to the space C%’Q(S"*I). Since
OT has constant mean curvature, it satisfies Q(¥(r, ¢,v)) = 0. Therefore 0T
coincides with the pseudo-ball (g, 7) where Vol(T) = w,7". O

Corollary 3.1. Let T be a solution of the isoperimetric problem with small
enclosed volume v, let p € M be its center of mass. Let St, < Isom(M)
be the stabilizer of p for the canonical action of the group of isometries
Isom(M) of M.

Then for all k € Stp, k(T) =T.

Proof: Following theorem [, 9T is the pseudo-ball 3(p, ) where w,p" =
Vol (T).
If k € St,, then, k(B(p,r)) = B(k(p),r) = B(p,r) hence k(T') =T. O

3.2 Asymptotic expansion of the isoperimetric profile

In the preceding section, we reduced the variational problem with volume
constraint v smaller than vg to an optimization problem on the set of pseudo-
balls of enclosed volume v.

It is natural at this moment to consider the function

f-{ Mx]0,v0[ — [0, +00]
. (p,v) — VOlnfl(Np,r(p,p))

where N, , = {exp, (r(1 + z(p,r)(0))) | 0 € Tplj\/l} is the pseudo-ball of cen-
ter of mass p, of enclosed volume v = w,p™. The following result is a
reformulation of theorem [j.
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Proposition 3.1. For all v < vq it is true that

IM(U) = InprM{f(pa U)}

We give an asymptotic expansion of the function v — f(p,v). We use
unpublished results of Pacard and Xu. For completeness sake, the proof
of the following theorem is included. Furthermore, we agree that any term
denoted O(r*) is a smooth function on S"~! that might depend on p but
which is bounded by a constant independent of p times r* in C? topology.

Theorem 3.1. Asymptotic expansion of the area of pseudo-balls with re-
spect to the radius r of perturbed geodesic spheres.

1
Vol 1(Npy) =",y <1 — %Sc(p)r2 + O(T4)> : (32)
Voln(./\/;,,) = %an_l (1 + Yn(p)r? + (’)(7"4)) (33)
with vy = —WMSC(}))

and Nt := {exp,(t0)|0 <t <r(1+x(p,7)(0)), 6 € TyM}.

Proof: To prove (BY) and (B3) we need some preliminary lemmas that
allows one to expand the required quantities highlightening the geometrical
meaning of the coefficients of the respective asymptotic expansions.

Lemma 3.3. Asymptotic expansion of the outward mean curvature of geodesic
spheres of radius r.

Hy(r,0) = - - Dy %Ric(p)(@)r +0(?) (34)

Proof: Denote by U(r, #) the shape operator of geodesic spheres of radius
r in the direction 6 considered, as usual, as a linear operator on a fixed finite
dimensional real vector space, T, M for example. By standard results in
Riemannian geometry (see [Cha9j]) U satisfy the following Riccati equation

U+U*+R=0 (35)

where R is a suitable curvature operator and primes means derivatives taken
with respect to the r variable. We are looking for an asymptotic expansion
of H = tr(—U). To this aim, we start by observing that U = J'J~! for
J being the matrix whose entries are the components of the Jacobi fields
vanishing at the origin, with respect to a parallel transported orthonormal
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basis of T,M and with the initial condition J’(0) = I. This means that

@ — I when r — 0 what implies 7J ' — I when r — 0. For this reason

rU(r) — I when r — 0. The last argument allows us to have the following
asymptotic expansions

1
U=-I+A+Br+--
T

hence 1 5
U?=—I+=A+A>+2B+--
T T

and 1
U=-=5I+B+---
T

where A and B are unknown linear operators. Putting all these expansions
in the Riccati equation (BJ) we obtain the conditions on A and B. So A =0
and B = —%R.

Finally taking traces we get equation (B4), the desired result. O

Lemma 3.4. Let x(p,r) as in lemma then
(p,7)(0) = r’z2(p,0) + r’z3(p, 7, 0) (36)
with z4(p,0) € C2*(S" 1), and
1
Lzy = gRic(p). (37)

Proof: We already know that x has an asymptotic expansion without
terms of zero degree in r. Let z(r,p,0) = ro1(p, 0) + r2x2(p, 0) + O(r3), we
put it into

(A(r,z(p,1)),Q 0 ¥(r,p, ) = (0,0), (38)
and combining with lemma and equation (27) we must have
LCEl = 0,
and
r / (0)0dV 0l gn-1 wqm) = 0
1 Jsn—1 T1 (Sn—1,can) >

the last equation means that z; € Cf’a hence 1 € 012’0‘ N Ker(L) = {0}
(i.e. 1 =0). At this point, the more detailed expansion of z gives

z(r,p,0) = r’zo(p,0) + O(r?)
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and in the same manner, we substitute analogously to what is already done
in this proof we put this latter equation into (Bg), this yields

1
Lxy = gRic(p),
because we have the following expansion
rH(r(1+ ) = (n—1) 4+ Lz + r2h(r, p, z)

for a smooth function h(r,p, z) = h(r, p,0)+h(r, p, z) with h(r,p, z) contain-
ing in his Taylor expansion terms that vanish at least linearly in z at x = 0.
To show (B7) we observe that h(r,p, 7229 +---) = r2h/ (r,p, o +--- ) = O(1?)
hence we get

Q (L$2 + h(oapa 0)) = Oa
by equating to zero the coefficient of 72 of the resulting asymptotic expansion,

but h(0,p,0) = %27‘3(0,1),0) = _WV:O = —%Ric(p) and this is
easy to see by differentiating rH(r(1 + 0)) = hy(r,0) twice with respect
to r (see calculations of proposition [[.T). This implies (B7) by observing
Q (3Ric(p)) = LRic(p), (Ric(p) is the restriction to S"~! of a quadratic
form on R™) and Q(Lx2) = Lxs by definition of L and Q.

We finally observe that it must be

n

/ CEQ(Q)HdVOl(Sn—lpan) = 0,
S§n—1

Qp—1

by equating to zero the coefficient of 72 in the expansion of A(r, 7?za(p)+---)
and this proves that 25(p, ) € C*(S"1).
This finishes the proof of the lemma. O

Now we need an asymptotic expansion of the (n—1)-dimensional volume
of perturbed normal graphs on geodesic spheres.

Lemma 3.5. Let o be defined by equation then
1
o(r,p,0) =r" 14+ (n—1)rizy — éRicp(H)TQ + 03] .

Proof: We proceed by computing first an expansion of the pulled-back
metric g;; on the unit sphere from N, , , the general perturbed normal graph,
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then we compute o = /det(g;j).
Set t =r(l+ )

gij = <d(expy)y(rdz(e;)0 + te;),d(expy)(rdz(e;)0 + te;) > 20
t2 <6zj + d:v((eli—?—il')gej) _ % < R97ei9,6j > t2 + t4( . )) , ( )

o = t”l\/det (5”  deddelei) 1< R0 > 124 HA(- - )). (40)

Now we put in the last equation the expansion z = r2zy + - - -

o = 7"”*1(1—1—(71—1)3627"2—1—---)( cp(0) + (1))

= pn=l {1 + [(n — 1D)zo — chp ] 2} + (41)

We now come back to the proof of the theorem.
Integration of (B7) over S ! yields

1

(n— 1)/ ) 22dV ol(gn—1 can) = 3/ Ric(p)dV ol(gn—1 can)-
Sn—1 gn—1

To complete the proof of (BY) observe that

Voly—1(Np,r) :/ adVolgn—1 cqn)
S§n—1

and by using the fact that

. 1 _
_— ch(p)dVOZ(Snfl,can) = EVOl(nfl,can) (Sn I)Sc(p),
we get (BI).
The proof of (BJ) is easier and requires only the expansion of the volume
density in normal polar coordinates as a function of the distance to the
origin.

Vol,(N,f,) = Jau 0r(1+x) 1 - lec(p)sz] ds dVolsn—1 can) + -
= fsn—l r + rnt2 [3:2 n1+2 ic(p) } dVOl(Sn Ucan) T

— omar™ [y 2
- n 1 3[n1+ n+2 cp

_ ap—1r"” 2
= 21— T 1)(n+2) p)rp +-
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Vol(N) and Vol(NT) are even functions of 7 variables, hence there are no
terms in 72 in their respective asymptotic expansions. By compactness of
M., the remainders are uniformly bounded in p. These remarks and the last
equation complete the proof. O

Lemma 3.6. Asymptotic expansion of the area of pseudo-balls as a function
of the enclosed volume.

Fp,0) = epv™n {1+ap<”n>i+0(vi)} (42)

with a, = —mb’c(p).

Proof: We set v = Vol,(N,,) so

n

v = %an_l (1+ ()% + O(r4)) (43)

We reverse the latter asymptotic expansion to obtain an asymptotic expan-
sion of 7 as a function of v. Then we substitute this expansion in (B3) and
we get equation ([IF). In fact,

S

" n+1 n+1

2
rn—=<a:1>% ()] w
e

v
BN
4
3o
+
—
N
(@)}
N—

f — Oén_lrnil _ Oénfl SC(p)?"nJrl N
ntl
= a1l - O‘" 1Sc(p) (an 1) ' +
2
- cnv B [1_(an 1)71(;%1_{_2”56 ) i] (47)

2

-1 n 7 2
= cpu n [1—72n(71l+2)50(p)<%1) vn}—k...
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here it is no difficult to check that w,, = a';;l.
Finally it follows that

flp,v) = co™ s {1 +a, <i>2 + op(v%)}.

Wn

Lemma 3.7. Let v be a sequence of volumes tending to 0. Let Ty be a
solution of the isoperimetric problem with enclosed volume vy. Let p, € M
be the center of mass of 0T). Suppose that the sequence py converges to a
point p € M.

Then p is a point of global maximum of the scalar curvature function of M
i.e. Suppem{Sc(p)} = Sc(p). Furthermore,

—1-—n -2
lim Iaq(vp)v, » —cpvy = %ap. (48)
k—o0 wn

Proof: By definition of the isoperimetric profile,

Im(vr) = f(or>vr) = Infoemd f (D, vr)}-

We consider the function g(p,v) = [f(nlil) - cn} —-
v

v on
It is easy to see that f(pk,vi) = Infem{f(D,vr)} if and only if g(px, vi) =
Infem{g(B,vr)}. By lemma i3, we know that g(p,v) tends to uniformly
in p.has the following expansion in a neighborhood of 0.

Sho|™

Cn,
2 Op
wyy

as v tends to 0, uniformly in p.
It follows that

o g(pr,vi) = Infremig(D,vr)} — “5a,

Wn

o Infpen{o(p 0} = Infieaclol(.0) = Infrest { az}.

Wn
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hence In fze m {C—gaﬁ} = “%-a, and by the presence of minus sign — in the
wat wp

coefficient a,, we can conclude that Sc(p) = Supsem{Sc(p)}.

To show ([]) it is sufficient to observe that

—1-n =2 I 1
I (Uk)vk oyt = —gapk + Op, (vg7)
wyy

which completes the proof. O

Corollary 3.2. The solutions of the isoperimetric problem enclosing a small
volume v are pseudo-balls of constant mean curvature in a small neighbor-
hood of the maxima of the scalar curvature function.

Theorem 7. Let M be a compact Riemannian manifold, let

S = SUP;SGM{SC@)}-

Then
the isoperimetric profile Ini(v) has the following asymptotic expansion in a
neighborhood of the origin:

n=1 S v\ " 2
Ip(v) = cpon (1—m<w—n> —i—o(vn)). (49)

Proof: By contradiction, applying lemma .4 O

Under stronger conditions, we can improve the remainder of this asymp-
totic expansion.

Theorem 8. Let M be a compact Riemannian manifold, let
S = Suppem{Sc(p)}.

We assume that absolute maxima of Sc are non degenerate critical points.
Then

the isoperimetric profile Iyq(v) has the following asymptotic expansion in a
neighborhood of the origin:

ITpm(v) = v <1 — m <§n> ! + (’)(v%)> : (50)
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Proof: Let us set Vi, = {exp,(t0)|0 < ¢t < (1 + z(p,r)(0))}. The
critical points of f(p,v) : p — Vol,—1(8(p,v)) that are close to the maxima
of the scalar curvature function, py,--- ,p; are C° functions of r denoted by
p1(r),--- ,pi(r). This can be seen by an application of the implicit funcion
theorem to the function Vg.

If v is sufficiently small, Ir( is achieved by a pseudo-ball 3(p;(v),v) where
wpp(p, )" = v and the link between r and p is described at the end of section
1. We set f;(v) = Vol,—1(B(pi(v),v)), this is C* a function of v and

Iam(v) = Mingeq,.. p {fi(v)}-

From lemma [iJ we deduce easily that

Lu(v) = epo™s (1 - ms <win)2 4 0@%)) .

Let B be a ball in the model space of constant sectional curvature K.
It is no difficult to check that for balls of small volume,

2

! >" Vol(B)~

2n(n + 2)

(ntn— 50)

Q1

Vol(dB) = ¢, Vol(B)"+ [1 -

This permits to check that the expansion in theorem [ coincides with theo-
rem 1 of [Dru0g.

To finish, we verify that, under the assumptions of the article [Ye9])], solu-
tions of the isoperimetric problem for small volumes belong to the family of
constant mean curvature spheres built by Ye. In order to make this possible
we first show that this family coincides with the cmc pseudo-balls.

Here we use the notations of the paper [Ye91] and we use a trivialisation of
the tangent bundle by an orthonormal frame field.

Lemma 3.8. Let p be a non degenerate critical point of the scalar curvature
function of M. Then there exist r1 so that for all r < rq

ST‘,T(T‘),T’QQO(T‘),]) = Bl (p(’l“), T) = Nr,p(r),m(r)

where S, 1(r) r2(r) p 1S constructed in the paper and is a parametriza-
tion of a foliation by cmc spheres that is constructed in the same article
and B1(p(r),r) := B(p(v(r)),v(r)) where B is constructed in the preceding
theorem.
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Proof:

1. The Riemannian center of mass g(r) of the hypersurface S, () 2
Ye is close to p.

We apply lemma 1.4 to p = p and () = r2¢(r). We find that d(p, q(r)) =
r|A(r,p,72¢(r))|. Thisis due to the fact that A(0,p,0) = 0, |A(r,p,72¢(r))| =
O(r), from which we deduce d(p, q(r)) = O(r?).

2. The center of Ye exp,(7(r)) is close to p. Indeed, following Ye, [Ye91]
page 390, d(p, exp,(7(r))) = O(r?).

3. The projection m(r) of S, 1) 25(r),p O0 the sphere S(g(r),r) is a
diffeomorphism C°°-close to the identity, when r goes to 0.

If 2 is a point of S, 1) ,2,(r),p» the angle between the geodesic segments
from z to points exp,(7(r)) and q(r) goes to 0 uniformly in r (we use a
comparison theorem of Riemannian geometry as in the proof of lemma 4.4
of [Nar0d)).

4. We can write S, ;) r24(r)p @s the graph of a function of the form
7(1 + &(r)) on the unit sphere on the tangent space in ¢(r), and the C%¢
norm of Z(r) is small.

In fact, (1 + &(r)) is expressed as a function of ¢(r) and of the inverse
diffeomorphism of 7 (r).

5. By construction, the function Z(r) belongs to the kernel of the lin-
ear differential operator L, and it satisfies the pseudo-ball equation, hence,
applying lemma 1.6, S, 7 ,24(r)p 13 the pseudo-ball B (gq(r),) of center of
mass ¢(r) and radius 7.

6. Sy 7(r)r20(r),p 1S @ constant mean curvature surface, q(r) is a critical
point of the map p — wvol,—1(B(p,v)), where v is the enclosed volume by
Sr,q‘(r),r2<p(r),p' Then, q(r) = p(r).

From definitions it is immediate to verify that

o(r),p Of

Sr,T(r),?"QSO(T’)yP - Bl (p(r)a U(T))'

Corollary 3.3. If M is a compact manifold and the scalar curvature func-
tion of M, Scaq has no degenerate maxima as critical points, then the so-
lutions of the isoperimetric problem belong to the family constructed by Ye
in a neighborhood of the non degenerate mazxima of the scalar curva-
ture function.

Proof: Let py,...,pr be non degenerate maxima of the scalar curvature
function, then, as the preceding lemma and theorem show, the solutions of
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the isoperimetric problem for small volume v belong to the finite set

{B1(p1(7'),7"), s ,ﬂl(pk(T),’l“)}

that coincides with

{Srr(r)a2o()prs - s Srr(r)r2eo(r) e }

Remark: In the case of a compact manifold with non degenerate max-
ima of the scalar curvature we can continue the calculation of the asymptotic
expansion to obtain the next non trivial coefficient.
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