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Abstract

In this paper, we prove a weighted Sobolev inequality and a Hardy inequality on manifolds with
nonnegative Ricci curvature satisfying a reverse volume doubling condition. It enables us to obtain
rigidity results for Ricci flat manifolds.

Introduction

A major question in Riemannian geometry is : what are the topological implications of assumptions
on geometric objects, such as the curvature or the volume of balls 7 As an example, the classical
Bonnet-Myers theorem asserts that a complete Riemannian manifold with Ricci curvature bounded
from below by a positive number is compact with finite fundamental group. In the noncompact
setting, it is natural to look for geometric properties which ensure the manifold has finite topological
type, i.e. is homeomorphic to the interior of a compact manifold with boundary. For instance, a
complete flat manifold has finite topological type by Cheeger-Gromoll theorem [CG2| and, indeed,
it is sufficient to ask for flatness only outside a compact set [GW]. With this in mind, one can
wonder whether an asymptotic flatness is sufficient : has a complete manifold finite topological
type as soon as the curvature tends to zero at infinity 7 It is far from being true since any manifold
carries a complete metric whose curvature tensor R decays quadratically that is, given a point o,
there is number C such that : |R| < Cd(o,.)~2 (|Gro|,[LS]). So a quadratic decay (alone) has
no topological meaning. A striking fact is the following theorem of Abresch [Abr| : a complete
manifold whose curvature decays faster than quadratically, that is |R| < Cd(o,.)"%27% with § > 0,
has finite topological type. Thus, there is a critical rate of decay, O(d(o,.)~2), around which
the situation changes completely. Note it is the rate of decay which is invariant under constant
rescalings of the metric.

It is then interesting to understand what happens around the quadratic decay. J. Sha and Z.
Shen [SS| showed a complete manifold M™ with quadratic curvature decay has finite topological
type if it has nonnegative Ricci curvature and maximal volume growth, that is the volume of balls
satisfies vol B(o,t) > A,t"™, with A, > 0. The word "maximal" is explained by Bishop theorem,
which asserts : vol B(o,t) = O(t").

If one assumes such a Euclidian volume growth of balls, requiring quadratic curvature decay is
close to requiring the curvature belongs to the Lebesgue space Lz . Many mathematicians studied
manifolds with integral bounds on the curvature. In particular, [BKN]| proved that Ricci flat n-
manifolds with maximal volume growth and curvature in L3 have faster than quadratic curvature
decay and thus finite topological type (and this paper proved a lot more). Another interesting
consequence of their methods is the existence of a positive number e for which such a manifold is
flat as soon as [ |R|"/ % is less than € ; e depends on n and on a lower bound on the volume growth.

Our aim here is to understand how one can generalize such theorems in case the volume growth
is not maximal. One result in this direction is the following theorem, by Jeff Cheeger and Gang
Tian [CT] : a four-dimensional complete Ricci flat manifold with curvature in L? has quadratic
curvature decay. Their proof is based on the Gauss-Bonnet-Chern formula and Cheeger-Gromov
theory. Our approach is different : unlike J. Cheeger and G. Tian, we still make an assumption on
the volume growth and this enables us to generalize previously known rigidity results ; the point
is our assumption is much weaker than "maximal volume growth."

The results of [BKN] rely on a Sobolev inequality. Now such an inequality cannot be true
if the volume growth is not maximal. But what we will show in our setting is that a weighted



Sobolev inequality happens. Given a point o, we will consider weights involving the function
Po: t— #n(o’t). Note this function appears in Bishop-Gromov theorem : it is nondecreasing
when the Ricci curvature is nonnegative. Moreover, if r, denotes the geodesic distance to the point
o (ro = d(o,.)), the quadratic decay is critical for the integral [, |R|? po(ro)dvol : it is finite if R
has faster than quadratic decay, but it may be infinite if R only has quadratic decay. Our work
leads to the following

Theorem 0.1 (Flatness criterion) Let M™, n > 4, be a connected complete Ricci-flat manifold.
Assume there exists o in M, v > 1 and C, > 0 such that

vol B(o, t) t\"”
Vi > Yool s o (L) .
zs>0, vol B(o, s) 2C (s>

Then there is a constant €1 = €1(n, Cy,v) such that M is flat as soon as

sup(|R|r2) < €.
M
If v > 2, there is also a constant e = ea(n, C,,v) such that M is flat as soon as

/ |R|% Po(T0)dvol < €.
M

As a result, in both cases, M is the normal bundle of a compact totally geodesic submanifold, which
is finitely covered by a flat torus.

Note the first part of the theorem provides a rigidity phenomenon in the setting of [SS], provided
Ric = 0 : if sup,,(|R|r?) is finite, M has finite topological type ([SS]); if it is small enough, we
prove M is flat. We can also generalize [BKN] :

Theorem 0.2 (Curvature decay) Let M™, n > 4, be a connected complete Ricci-flat manifold.
Assume there exists o in M, v > 4Z—j and C, > 0 such that

vol B(o, t) t\”
> _— > - .
Vizs>0, vol B(o, s) Co (s)

and
/ |R|% Po(10)dvol < 400.
M

Then M has faster-than-quadratic curvature decay and thus has finite topological type.

Moreover, we are able to predict a rate of decay. For instance, if the volume of the large balls

B(o,t) grows like "1, the curvature tensor decays like r, ("_1), which is optimal.
The assumption
vol B(o, t) t\”
Vit > 0, ——=>0C, (| - 1
=520 vol B(o,s) — (s) (1)
implies the lower bound
vVt >1, vol B(o,t) > C,vol B(o,1)t” (2)
and follows from the two-sided estimate
JA,,B, > 0,Vt > 1, A,t” <volB(o,t) < B,t". (3)

Note that Bishop theorem ensures v < m. This hypothesis yields the analytical tools we need.
Indeed, we prove that on a complete connected manifold M™, n > 3, with nonnegative Ricci
curvature and satisfying (1), the following weighted Sobolev inequality holds :

VfeCxM), </M Tk po(ro)ﬁzdvoz) o< S/M \df|? dvol. (4)



In other terms, the completion H (M) of C2°(M) for the norm ld-1| L2 (at,001) can be continuously

injected into L+ (M s Po (ro)_ﬁvol). Such a manifold also satisfies the Hardy inequality

v f e (M), /M || r=dvol < H/M \df| dvol. (5)

The constants S and H we find depend only on n, v and C,. Now, the curvature of a Ricci flat
manifold obeys a nonlinear elliptic equation. When used appropriately, the inequalities (4) and (5)
yield estimates on the solutions of this equation, and our theorems follow. In this article, we will
give a few other applications of the weighted Sobolev inequality.

The paper is organized as follows.

In the first section, we develop a discretization technique aimed at patching local Sobolev
inequalities together. It is based upon ideas and methods of A. Grigor’yan and L. Saloff-Coste
[GSC]. Given a convenient covering of a manifold, if we assume some discrete inequality on a graph
which is naturally associated to the covering, we are able to deduce a global Sobolev inequality
from a local one (theorem 1.8).

In the second section, we explain how to apply this abstract technique in the setting of manifolds
with nonnegative Ricci curvature and satisfying (1), so as to obtain a weighted Sobolev inequality
and a Hardy inequality. Note we could replace the nonnegativity of the Ricci curvature by two of
its consequences : the volume doubling condition and the scaled Poincaré inequality on balls. In
[Gril], G. Grillo proves weighted inequalities in the context of homogeneous spaces and indeed, in
the case v = n, the Hardy inequality follows from this work : nevertheless, it should be stressed
that our approach is basically different and, in particular, does not require a uniform estimate on
the volume of balls ; apart from the volume doubling condition and the scaled Poincaré inequality
(which are classical assumptions for such problems), the only measure theoretic assumption we
need is the estimate (1) which is some kind of reverse volume doubling condition around one point.
An important step in our proof could be singled out : the following result gives a sufficient condition
for a manifold to satisfies the so called RCA property (Relatively Connected Annuli) and should
be compared with proposition 4.5 of [HK] (which, in our context, would require the volume growth
to satisfy a uniform Euclidian estimate from below).

Proposition 0.3 (RCA) Let M be a connected complete Riemannian manifold, satisfying the
volume doubling property

Vee M,Vt>0, vol B(x,2t) < Cpvol B(x,t),

the scaled LP Poincaré inequality centered in some point o in M

erC;x’(M),Vt>07/

|f - fB(o,t)|p dvol < Cptp/ |df|” dvol
B(o,t) B(o,t)

and the reverse volume doubling condition centered in o

vol B(o, t) t\”
> - > —
vt s>0, vol B(o, s) Co (s)

withv > p. Here, Cp > 1, p>1, Cp >0, C, > 0. Then there exists kg > 0 such that fort > 0, if
z,y are two points in S(o,t), there is a path from x to y which remains inside B(o,t)\B(o,ry't).
Moreover, it is possible to find an explicit constant, in terms of p,Cp,Cp,C,,v.

Let us say a few words about this proposition. Cheeger-Gromoll theorem implies that in our setting,
M has only one end. A result from [LT] (with [And]) implies that, for large ¢, the intersection of
the only unbounded component of M\ B(o,t) with any annulus A(¢, ¢+ s), t > 0, is connected. But
it says nothing about the behaviour of the bounded components of M\B(o,t). What we proved
is that, in a sense, these bounded components have at most linear growth. Moreover, we give an
explicit estimate of this growth, which is important for our purpose.

In the third section, we investigate the properties of Schrédinger operators A 4 V' that can be
deduced from our weighted Sobolev inequality. Here, A is the Bochner laplacian on some Euclidian



vector bundle and V is a field of symmetric endomorphisms. In particular, we prove that integral
assumptions on the potential ensure the kernel is trivial (theorem 3.1). We obtain various technical
estimates and also introduce a good space of sections v such that the equation (A 4+ V)o = 1) has
a bounded solution ¢ (3.10). This section can be seen as a toolbox.

In the fourth and last section, we point out some applications. Let us denote by S,(M) (resp.
H,(M)) the best constant S (resp. H) in (4) (resp. in (5)). We define the "Sobolev-curvature"

invariant R
ny . a7y "
SC(M™) := Oléljfw [SO(M) </M |R] ol Blo, ro)dUOl> 1

and the "Hardy-curvature" invariant
HC(M") := inf [HO(M) sup(|R|rg)] ,
M M

with the convention 0.0o = oco. First, we generalize the work of G. Carron [Carl| about L>-
cohomology and obtain in particular the

Theorem 0.4 (L?-cohomology) Let M™, n >3, be a connected complete Riemannian manifold
such that SC(M) is finite. Then the L*-cohomology of M is finite-dimensional. Moreover, for
any integer k, there exists a positive universal constant e(n, k) such that if SC(M) < e(n, k), then
M2 (M) = {0}.

In case M has nonnegative Ricci curvature and satisfies (3), this means the L2-cohomology is finite-
dimensional as soon as [, |R|% 2~V dvol < oo ; in [Car2], G. Carron required [, |R|? dvol < co.
These are close assumptions, but ours is a bit weaker. Our work also provides explicit bounds on
the dimension of the L2-cohomology spaces. Then we study Ricci flat manifolds and prove the
following rigidity theorems, which imply the results announced above.

Theorem 0.5 (Flatness criterion) If M™, n > 4, is a connected complete Ricci-flat manifold,
there are universal positive constants e€1(n) and ex(n) such that if SC(M) < e1(n) or HC(M) <
ea(n), then M is flat.

Theorem 0.6 (Curvature decay) Let M™, n > 4, be a connected complete Ricci-flat manifold.

If SC(M) is finite, then M has quadratic curvature decay. If moreover there exists v > 42—:% and
_w=2)(n-1)

A, > 0 such that vol B(o,t) > AytY for large t, then the curvature decays like ro  "7° and M
has finite topological type.

Finally, we give some examples where this rate of decay is the correct one.

Acknowledgements. I would like to thank Gilles Carron for his remarks, suggestions, ques-
tions, and for his patience.
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1 Discretization and Sobolev inequalities.

1.1 How to patch local Sobolev inequalities together.

The aim of this paragraph is to explain how to patch local Sobolev inequalities so as to obtain
a global one. In [GSC], A. Grigor’yan and L. Saloff-Coste introduce a discretization procedure
enabling them to handle Poincaré inequalities. We generalize their ideas in two ways : we use
integral inequalities for different measures and we consider general Sobolev-type inequalities.

Here, M is a smooth Riemannian manifold (Lipschitz would be sufficient), and we introduce
two Borel measures A, p on it. For us, it will be crucial to cope with both of them at the same
time. Let us introduce the necessary vocabulary.

Definition 1.1 Let A C A* be two subsets of M. A family U = (Ui,Ui*,Uf)iej consisting of
subsets of M having finite measure with respect to X and i is said to be a good covering of A in A*
if the following is true.

(i) There is a Borel subset E of A such that A\(E) = p(E) =0 and A\E C |J,; U; C |J; Uiﬁ C A
(i) YViel, U, cUr cU!;
(i#i) 3Q1, Vio €1, Card{i e /UL N U £ (b} <Qi;

(iv) For every (i,j) € I? satisfying U; N U; # 0, there is an element k(i, j) such that U; UU; is a
subset of U,:(i’j) ;

(v) There exists a constant Q2 such that for every (i,7) € 12, if U; N U; is not empty then
MU i) < @2 min (NUD), A(U;)) and u(Ug,)) < Qa min (u(Us), u(U;)).

Given a Borel set U with finite and nonzero A-measure and a A-integrable function f, we will
denote by fy,» the mean value of f on U with respect to the measure A :

1
for = 3575 /U fdx.

One can associate to every good covering U a weighted graph (G, my) : its set of vertices is
V = I and its set of edges is € = {{i,j} CV/i#j, UiNU; #0};V and € are given measures,
both of which will be denoted by my, and they are defined by

VieV, ma(i) = AU;) and Y {i,j} € €, mx(i, ) = max(mx (i), ma(5)).

Remark 1.2 In what we call a graph, there is at most one edge between two given vertices. So,
if there is an edge between two vertices i and j, we will call it {i,7}. For us, a weighted graph will
always consist of a o-finite measure on the set of vertices V and of a o-finite measure on the set
of edges &, which we give the same name m and which are related by m(i,j) = max(m(i), m(j)),

for{i,j} in &.

Now, we introduce three kinds of inequalities : the discrete estimates (the second and third)
will enable us to patch the continuous ones (the first) together.

Definition 1.3 Given k in ]1,00] and p in [1,k[, we will say that a good covering U satisfies a
continuous LP Sobolev inequality of order k with respect to the pair of measures (\, ) if there exists
a constant S such that for every i in I, one has

k—p
2

vieo=@), ([ 1r- ool an) " <s [ jara

and
k—p

ok &k
vV feo=Uh, (/ |f = fusn|F7 dA) SSc/ﬁ|df|pd#-
Uy U;



Definition 1.4 Given k in |1, 00] and p in [1, k[, we will say that the weighted graph (G, m) satisfies
a discrete LP Sobolev-Dirichlet inequality of order k if there exists a constant Sq such that for every
feLr(V,m), one has

k—p

<Z|f<i>|&m<i>> <Sa 3 1F6) = £GP mi, ).

SY {i,j}€€&

Definition 1.5 Given k in |1,00] and p in [1,k[, we will say that a finite weighted graph (G, m)
satisfies a discrete LP Sobolev-Neumann inequality of order k if there exists a constant Sy such that
for every f € RY, one has

k—p

(Df(z‘)—m(f)%m(i)) <8 Y 16— FG)F mi.g).

SY {i,j}€&

Remark 1.6 In this terminology, a LP Poincaré inequality is nothing but a LP Sobolev inequality
of infinite order.

Remark 1.7 Of course, one can say that a good covering U satisfies a discrete Sobolev inequality,
by considering the associated weighted graph (G,my).

The following theorem is the crucial tool for us.
Theorem 1.8 Fiz k in ]1,00] and p in [1,k[. If a good covering U of A in A* satisfies the

continuous LP Sobolev inequality of order k (1.3) and the discrete LP Sobolev-Dirichlet of order oo
(1.4), then the following Sobolev-Dirichlet inequality is true :

vfeCE(A), /(lfl’““dA = <S/ df P d.

Moreover, one can choose S = S, Q12P~ 1% (1 + SdQ2(2pQ%)ﬁ)k%.

Remark 1.9 The case where X = p, k = oo and p = 2 was proved by A. Grigor’yan and L.
Saloff-Coste in [GSC].

Proof :
We set q := kap and consider f € C2°(A). Thanks to a little convexity, we can write
Jan < 52 [ iy
A %
< 297 12/ |f = fooalTdXh+277 12/ | fu. A" dA
% %
= 297 12/ f = fuoaldA+ 2771 | oo al T A(
eV eV

The continuous Sobolev inequality gives an upper bound for the first term ; noticing that ¢ > p
and remembering the assumptions on the covering, we find

a/p
Z/ If = fualfdh < SW”Z(/ Idflpdu>
eV i€V
a/p
< Sq/p (Z/ |df|pd,u>
%
/
< st ( | Idflpdu)q .
At



To estimate the second term, we use the discrete Sobolev inequality :

Y o al"AU) < S0 Y [ fuin = fuyal " max(AU:), A(U;)).

SY {i,j}e&

For {i,j} € &€, a Holder inequality and the fact that we have a good covering lead to :

o = foal max(\U). MU)) = maf(%f o D))
max(A(U; .

- A(Uz / / F(5) — £ @A)

- k(z’j) /k(L 7) ‘/k(i 7) f(y)|q d)\(x)d)‘(y)

Now, if X is a Borel set with finite and nonzero A-measure and if g is a function in LI(X, \),

/ / l9(2) — g M@)dAy) < / / D)7+ 9(y)|T)dA)AA(y)
q q
< 2 /X l9(2)] dA(z)
Let us apply this to f — fU;(i,j),/\’ on U} ki) -

dA.

[ fuix = fu, ] max(A(U:), A(U;)) < Q21 / = oz

k(t 7)

The continuous Sobolev inequality yields

oo — fu, | max(M(T), MU5)) < Q2205207 ( /. Idfl”du>
k(i,5)
Therefore : .
ST AlTAMU) < Sa > Q20847 (/’i |df | du)
i€V {i,j}€€& k(i,5)

As q is greater or equal to p,

1)

q ) < q¢q/p P
Z|fUL,>\| A, Sa(Q22757 ( Z /f( ‘) |df | dM)

iV fijree’U
By using twice the fact that we have a good covering, we see that :
> [ s Z/ [ de < @3 [ lafl?a
{1,j}€€ w ) i€V

Hence :

S ol AU;) < 84Q52754/7 Q307 (/ Idfl”dﬂ)

eV

Eventually, we get :

[ urtan < 2 sQu 4 saarsyr Qe ([ larran)
And this is what we wanted to prove. l

There is also a "Neumann" version of this result.



Theorem 1.10 Fiz k in ]1,00] and p in [1,k[. If a finite good covering U of A in A* satisfies the
continuous LP Sobolev inequality of order k (1.3) and the discrete LP Sobolev-Neumann inequality
of order oo (1.5), the following Sobolev-Neumann inequality is true :

Ve o=(A), /(|f Faal®5 dn) " <S/ dfP? de

And one can choose S = S, Q122P~ 1% (1 + SdQQ(ZPQ%)ﬁ)k;kP.

Proof :
Again, set ¢ := kap and fix f € C>°(A). First, note the inequality

If - fA,AHLq(A,)\) < 2ér€1£{|‘f - C”L(I(A,/\) :
Indeed, if ¢ is a real number, we can write
f— fAJ\”Lq(A,,\) < \f- CHL(I(A,A) +lle— fA,/\HLq(A)\)
1
= |f = cllpagan T [fax—clAM(A)7
1
= IIf —cllpocan + ’/A(f—C)d/\’A(A)q '

and by Hoélder inequality,

1
1 _1 1_
1 = Farlpaany < I = ellaan + ( - cm) AA) A4
= 2|f —cllpacan -
As this is true for each ¢ € R, this proves the statement. In particular, for

Zigv fUi,)\)\(Ui)

c=mx(fu) =

Ziev/\(Ui) ’
we can write
/|f—fA,,\|qd)\ < 2q/|f—c|qd)\
A
<y / [ = cl?dA
2%
< 2 12/ |f = fooal? dX+ 227 12/ [ fun — el dA
2% 2%
e 12/ = Jooal7dA 422703 [ fu,n — el AU,
2% 2%

We then estimate both terms as in the proof of theorem 1.8 : for the second, it is made possible
by our choice of ¢. B

Remark 1.11 In fact, our argument leads to more general theorems. We will not use them but
let us phrase the "Dirichlet” version. Suppose 1 < p <r < ¢ < o and set k = qp . If a good

covering U of A in A? satisfies the continuous LP Sobolev-Neumann inequality of order k (with
constant Sc), the discrete L" Sobolev-Dirichlet inequality of order ;= (with constant Sg), and

the continuous LP Sobolev-Neumann inequality of order T’i (with constant S’.), M satisfies the
following LP Sobolev-Dirichlet inequality of order k :

p/q
vfeo®(a (/|f|qu) <5 [l dn,

r p/a
with S = 2P~P/4 ((Q1 )P 4 (SdQ22T(S’)T/7’)q/ qu/p) . For instance, this kind of result could
be used to patch local Sobolev and Poincaré inequalities together.



1.2 Sobolev and isoperimetric inequalities on graphs.

Now, we know that discrete inequalities on appropriate graphs make it possible to patch local
Sobolev inequalities together. The problem is : how can we show such discrete inequalities 7 Our
first purpose here is to clarify the link between Sobolev inequalities of the same order on weighted
graphs. We explain why, as in the continuous case, the L' inequality of order k (1 < k < oc) imply
the LP inequalities for 1 < p < k.

Proposition 1.12 We consider an infinite weighted graph (V,E,m) (see remark 1.2). We assume
that the degree of each vertex is bounded by some integer d and also that there exists a number
C > 1 such that for {i,j} in &, C~tm(i) < m(j) < Cm(i). Then given k in]1,00], the L' Sobolev
inequality of order k

k-1

Ve v.m) (Zlf Z~>> <5 S 156) - 76 m ) ©

i€y {i.j}e€

implies the LP Sobolev inequality of order k

8=

k—p

v feLr(V,m), (Zlf )p <S8 |0 @) = fOIPmG.g) | (7)

Y {i,7}€€

provided p belongs to [1,k[. Moreover, one can choose S’ = 2pk 1S(dC’)

Proof :
Let f be an element ok RY with finite support. We apply (6) to |f|” where v > 1 is a parameter
that we will fix later :

k—1

<Z|f(i)|mm(i)> <s Y W@ = £ mi, 5)-

S {i,j}e&
If a, b are real numbers, the following is true :

— —1 _
lla” = 16" < ymax(lal , b))~ [la] = [bl] < vla = b] (la]”~" + [b]"7").

Consequently,
<Z|f(i)|’:k1m(i)> <as doUf AAFGP™ LGOI m, ).
i€y {i,j}€€&

Holder inequality bounds the right hand side by

1 1—1
P

298 | N 1£G) = FG)IFmi, g) ST O L )

{i,j}€€ {i,j}e€€&

ol

and our assumptions on the graph bound this by

1

295(dC) v | S0 1) — £GP mi, ) (Zu(i)ﬁ”‘”ﬁmu)) gy

{i,j}€& Y

Set v := pZ— 1 to conclude the proof. B

Now, let us explain why inequalities like (6) stem from isoperimetric inequalities on the graph.
Definition 1.13 Let (V, &) be a graph. We define the boundary 0 of a subset 2 of V as
00 = {{i,j} € & {i.j} NQ#0 and {i,5} 0 (\Q) # 0}

10



Proposition 1.14 Let (V,E,m) be an infinite weighted graph and fix k in |1, 00]. Then the isoperi-
metric inequality of order k

m(Q) "%
) <
VQ C VY with m(Q) < oo, () <I (8)
is equivalent to the L1 Sobolev inequality of order k
k—1
Tk
VfeL'(v,m), <Z|f klmz)) <IZ 7| m(i, 7).
i€V {i,j}€€&

Proof :

By considering characteristic functions of subsets of V), one easily sees that the Sobolev inequality
implies the isoperimetric inequality. To prove the converse, set ¢ = % and let f be a function on
V, with finite support. For every i in V, we write

. f(@) 0
f@) = / dt = / 1t<f(i)dt.
0 0

iowm < [ Mgl = [ X m))]
0 0 {ieVv, f(i)>t}

Thus,

Q=

If the isoperimetric inequality is true, we find

1l < 1 / m(@{i €V, (i) > t})dt
0
I/ > m(i, j)dt
O [{igYeE, FG)<t<f(i)}

Iy 1) = f()Imli. ).

{i,j}€€

|

This paragraph shows that if the graph obtained by discretization (as explained above) satisfies
an isoperimetric inequality, it will satisfies a convenient Sobolev inequality, so that we will be
able to implement our patching process. It is time to turn to geometry so as to obtain concrete
inequalities.

2 Inequalities on manifolds with nonnegative Ricci curvature.

Sobolev inequalities are a major tool of global analysis. Unfortunately, they are not always avail-
able. It is known that on manifolds with nonnegative Ricci curvature and maximal volume growth,
they actually occur (|Crol), providing a lot of analytical, geometrical and topological information
(see [BKN], for instance). As soon as the volume growth is not maximal, the Sobolev inequality
cannot be true. Our aim here is to show that, even if the volume growth is not maximal, a weighted
Sobolev inequality still occurs.

2.1 Geometric preliminaries.

We would like to emphasize here some features of complete manifolds with nonnegative Ricci
curvature. These are the typical manifolds where the discretization scheme applies.

Let us fix some notations. Recall we denote by B(z,t) the geodesic ball centered in 2 and of
radius ¢. In the same way, S(z,t) will be the corresponding geodesic sphere OB(x,t). V(x,t) will
be the volume of B(z,t). We will constantly distinguish a point o in the manifold : when the
center of the ball considered is this point o, we will often omit it and write B(¢) or V(¢). Finally,
we will work with annuli A(s,t) := B(t)\B(s).

First, the Bishop-Gromov comparison theorem says that, in manifolds with nonegative Ricci
curvature, the volume growth of balls is "subEuclidian" in a very strong way.
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Theorem 2.1 (Bishop-Gromov) Let M be a complete Riemannian manifold with nonnegative
Ricci curvature. Then for every x in M, the function p, defined fort >0 by

t’ﬂ

palt) = vol B(x, t)

is a nondecreasing function. It implies that for 0 < s < t,

vol B(z,t) t\"
v M, ———=< (-] .
ze M vol B(z,s) — (s> ©)

And a useful corollary is that for v,y € M and 0 < s < t+d(x,y) :

vol B(y, t) < vol B(z,t 4+ d(z,y)) < t+d(z,y)\"
vol B(z,s) — vol B(z, s) - s '

(10)

For a proof, see [Chal]. Note the following simple consequence. The argument of the proof will
constantly be used in the sequel.

Corollary 2.2 Let M™ be a connected complete noncompact Riemannian manifold with nonneg-
ative Ricci curvature. Then for every k > 1, there exists a positive constant C(n, k) such that for
any x € M andt > 0,

B vol (B(z, kt)\B(z, 1))
Conr) ™ = ST B \B i 1t)

< C(n, k).

Proof :
To prove the lower bound, choose a point y on the sphere S(z, (k+1)t/2) centered in x and of radius

(k + 1)t/2 (such a point exists since M is assumed to be complete, noncompact and connected).
Then the ball B := B(y, (k — 1)t/2) is contained in B(x, kt)\B(x,t). Therefore

vol(B(z,t)\B(z, s~ 1t)) < vol B(x, t)
vol(B(z, kt)\B(z,t)) ~— vol B(y, (x — 1)t/2)’

and (10) yields

vol(B(w, )\B(x, k1)) _ [t+ EEN" /o g\"
vol(B(z, it)\B(z.1) << C= ) _</~;—1) '

The upper bound is proved likewise. ll
Moreover, starting from the comparison theorem, P. Buser [Bus| showed the following

Theorem 2.3 (Buser) In a complete noncompact Riemannian manifold with nonnegative Ricci
curvature, for any p in [1,00][, every ball B(x,t) satisfies the LP Poincaré inequality

v f € C%(B(a, 1)), /

1 = Fon|” dvol < C(n,p) 7 / \df P dvol, (11)
B(z,t)

B(z,t)

where fp(y+ denotes the mean value of f on the ball B(x,t), with respect to the Riemannian
measure vol.

This result yields the fundamental inequalities we need. Besides, it will prove useful in the
study of the geometry at infinity of manifolds with nonnegative Ricci curvature.

Let us mention the Cheeger-Gromoll theorem ([CG1],[Bes|), which enlightens the structure of
manifolds with nonnegative Ricci curvature :

Theorem 2.4 (Cheeger-Gromoll) A connected complete Riemannian manifold with nonnega-

tive Ricci curvature is always the Riemannian product of the Euclidian space R and a connected
complete Riemannian manifold with nonnegative Ricci curvature which possesses no line.

12



Corollary 2.5 A connected complete noncompact Riemannian manifold with nonnegative Ricci
curvature possesses exactly one end, unless it is a Riemannian product of R and a compact manifold.

Remark 2.6 In our setting, the volume growth of balls will forbid the particular case, which is
therefore irrelevant here.

In what follows, we will be working on annuli, so that we are interested in understanding their
topology/geometry ; connectedness is particularly important for us since it is an obvious necessary
condition for a Sobolev or Poincaré inequality on them. In [And], M. Anderson proved that the
first Betti number of a connected complete Riemannian manifold with nonnegative Ricci curvature
is bounded by its dimension. Now, [LT] points out a consequence of the finiteness of the first Betti
number :

Proposition 2.7 Let M be a connected complete Riemannian manifold with nonnegative Ricci
curvature, finite first Betti number and exactly k ends. Let us fiz a point o € M and consider
balls and annuli centered in o. Then for large R and any r > 0, denoting by Mg the union of
all unbounded connected components M\B(R), it is true that A(R,R + r) N Mg has exactly k
connected components. In particular, if M has ezactly one end, for large R and any r > 0, the
annulus A(R, R+ 1) possesses one and only one component that can be connected to infinity inside
M\B(R).

Let us give an interpretation in terms of discretization. Consider a manifold M with nonnegative
Ricci curvature, possessing one end, and fix a point in M. Let us choose R > 0 and x > 0. We
discretize M in the following manner. We associate a vertex to B(R) and to every connected
component of the annuli A(x’R, k1 R), i € N. Let us decide that there is an edge between two
given vertices if and only if the closures of the corresponding subsets of M intersect. Then the
proposition above says that for large R this graph is a tree and its root is the vertex corresponding
to B(R). From another point of view, it says, that even if R is small, outside a finite subset, the
graph is a tree.

Now, there is no reason why this tree should not have branches, and for technical reasons (see
the proof of lemma 2.15 below), we would like to make them as small as possible. What we need
is some kind of control on the size of bounded connected components of the complements of balls
in the manifold. This is given by the following proposition, which we state with rather general
assumptions.

Proposition 2.8 (RCA) Let M be a connected complete Riemannian manifold, satisfying the
volume doubling property

Vo e M,Vt>0, vol B(z,2t) < Cpvol B(z,1),

the scaled LP Poincaré inequality centered in some point o in M

VfelCr(M), Vt>0,/

|f— fB(o,t)‘pd'UOZ <Cp tp/ |df P dvol
B(o,t) B(o,t)

and the reverse volume doubling condition centered in o

vol B(o, t) t\”
> YO0 s o,
VE2s>0, vol B(o, s) 2 G <s)

with v > p. Here, Cp > 1, p>1,Cp >0, C, > 0. Then there exists ko > 0 such that for R > 0,
if x,y are two points in the geodesic sphere S(o, R), there is a path from x to y which remains

inside B(o, R)\B(o, KalR). Moreover, it is possible to find an explicit constant kg, in terms of
p7CD70P;COaV'

In terms of the discretization we have introduced, this means that for large k, for every two
vertices on the same level of the tree (i.e. corresponding to the same annulus), there exists a vertex
of the previous level which is connected to both of them.
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Figure 1: A manifold and its discretization.

Proof :

Consider the graph obtained as above by working with 4; := A(2"1R,2‘R), i € N*, R > 0, plus
B(R) =: Ag. Set B; = B(2'R). We define C as the bijective map which associates to every vertex
of the graph the corresponding component of annulus. Let us write A; for C~1(4;) and B; for
C~Y(B;). Now, fix I € N*, consider the nonempty set

I; ={i €[0,1], A; is contained in a connected component of B;\B;_1}

and set ¢, = max I;. Call M, the connected component of B;\B;,—1 which contains .4;. We assume
[ —4; is greater than 3 and think of it as a large number. By definition, M;\.4;, is not connected.
We choose one of its connected component X/ and name )] the union of the other connected
components. We finally define X/ := C71(X/), Y/ := C7 1Y), X; :== X\Ai,+1, Y1 == Y/\Ai 41,
ZX = XN A1, Z) =Y/ N A1 and Z, := ZX U Z) (see figure 2.1).

Given real numbers a and b, we can define a Lipschitz function f; on B; in the following way :

a on Xy,

b on Y},

_ ro—21R X
fi={ a~Fmgr— onZp,

r,—2""R Y
b g on Z;,
everywhere else.

The Poincaré inequality says

|fi — (f))B,|P dvol < Cp2'PRP | |dfi|P dvol. (12)
B B,
We choose a and b so that the mean value of f; on X;UY;is0: avol X;+bvolY; =0. With a :=1,
this means b = —%.

On the one hand,

- P dxd
R L

_,vol X;volY; b — al”
vol B;

p
vol X; volY; (1 + VOIXZ)

volY;
vol Bl

V

Y

2
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On the other hand,

P X a \P Y b\’
/Bl \dfy|? dvol < (VolZl (2“5{) +vol Z; <2uR)

p
volZlX + volZlY (VO]XL)

_ volY;
- 2up RP
So
p
vol X, vol Vi (14 325 o . v (vl X;\?
9= < (Oporl-i 17 17 -
vol B; = P (VO Lohvels <vom>>
p
< Cp2rt=iyol Zy (1 + volX, ;
volY]
hence

vol Z; vol By
vol X;volY;’

By definition, the volume of Z; is bounded by V(0,2%T'R). A lower bound on vol X; can
be obtained as in the proof of (2.2). Choose a point z; in S(o, (2!72 + 2I=1)R/2) N X, et note
that B(z;,2'73R) is contained in X : it lies in A(2""2R,2'"'R) and it is connected, so it lies in
the connected component of its center z; in A(2'72R,2!"!'R), hence in X;. The volume doubling
property implies

1 < 2rCp2ri=i) (13)

Vo e M, Vt>s>0,V(z,t) <Cp(t/s) 2PV (x,s),
so that

l l -2 -1 log, Cp
V(o,2'R) <0 28+ (2724 27h)/2 _ CD1110g2 Ch
V(z, 213 R) 2l=3

and
vol X; > V(x;,2'73R) > Cpt 11718260V (0, 2! R).

As we have the same lower bound for volY;, (13) yields :

(I—in) V(O, 21'L+1R)

1 < 2°CpCh121'08 “rP Vo0

(1) enables us to write :
1 < 2PCpCH121%082 Crov 20— (h=r),

Since v > p, this inequality says that [ — i; is bounded by some constant independent of [ : the
branches of the tree have a bounded length. (2.9) stems from it easily. B

Corollary 2.9 Let M be a connected complete Riemannian manifold with nonnegative Ricci cur-
vature and assume there are o in M, C, > 0 and v > 1 such that

vol B(o, t) t\”
s _
YVt > s> 0, ol Blo,s) = Co <8)

Then there exists kg = ko(n, v, Cy,) > 0 such that for R > 0, if x,y are two points in S(o, R), there
is a path from = to y which remains inside B(o, R)\B(o, k' R).

2.2 Inequalities on connected components of annuli.

We show here that Poincaré or Sobolev inequalities on balls imply analogous inequalities on con-
nected subsets of annuli.
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Lemma 2.10 Let M™ be a noncompact connected complete Riemannian manifold with nonnegative
Ricci curvature. Fixp > 1, R >0, k > 1 and consider a connected Borel subset A of the annulus
B(o,kR)\B(0o,R), o € M. Then if we let As be the d R-neighbourhood of A, with 0 < § < 1, the
following Poincaré inequality is true :

¥ f e C®(Ay), / \f — fal? dvol < Cn, 5, 5,p)Rp/ \df|? dvol.
A As

Proof :
Set s = R and cousider a s-lattice (z;);cs of A, i.e. a maximal subset of A such that the distance
between any two of its elements is at least s. We set V; = B(ay,s), V;* = Vilj = B(z;,3s). It
is easy to see that (V;, V.*, V;ﬁ)ie[ is a good covering of A in As (cf. (1.1)), with respect to the
Riemannian measure. Indeed, for (iii), we can note that the V;* under consideration are contained
in B(zi,,9s) and use (10) to get vol(B(x;,,9s)) < 30" vol(B(x;, 5)) ; since the balls B(x;, §) do
not intersect, we see that @1 = 30™ is convenient. In (iv), we can choose k(i,j) = i. As to (v), (9)
yields vol(V;*) < 3" vol(V;) and (10) gives vol(V;*) < 5™ vol(V}), so that we can set Q2 = 5.

We intend to apply the theorem 1.10 with & = co. Buser Theorem (11) yields the continuous
inequality, with constant C(n, p)s?>. What about the discrete inequality ?

Noticing the balls B(z;, 5) do not intersect and are contained in the ball B(o, xR + 5), we find
that

Card(I) Iznel}l vol(B(zi,8/2)) < vol(B(o,kR + s/2)),

and with (10), this implies an upper bound on the number of balls in the covering

KR+ s/24+ kR

Card(I) < ( o2

n
> = (1+4k/0)" =: N = N(n,k,9).
The point is it is independent of R.

Now, every finite connected graph endowed with the counting measure satisfies a Poincaré
inequality : this stems from the fact that any two norms on a vector space of finite dimension are
equivalent (the connectivity is necessary here to ensure that we indeed compare two norms). As
there is only a finite number of such graphs which have at most N vertices, we conclude that every
such graph satisfies a Poincaré inequality for some constant P = P(N, p) (see below for an explicit
constant). Since (10) implies

vol(V;)

Vi
i,j €V, vol(V;)

< (1+21/0)",

there is a number K = K (n, x,8) > 1 such that K ~'mg < m(i) < Kmyg, where my is proportionnal
to the counting measure on our graph G = (V,£). Then for every f € RY,

1/p 1/p
(Z |f(i) — m(f)pm(i)> < 2inf (Z |f(@) — Clpm(i)>
icV icy
1/p
< 9 (Z FG0) — mo(f)IP m(z’))
=%
1/p
< 2K (Zlf(i)—mo(f)lpmo(i)>
=%

1/p

< 2PKYP [N (F() = £ moi )

{i,5}€€

1/p

< 2PKP |37 1£6) — FG)P mli, )

{i,j}€€&

This yields a discrete Poincaré inequality with a constant depending only on n,x,d,p and
finishes the proof, thanks to (1.10). W
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The same pattern gives an analogous Sobolev inequality. We first recall a theorem of P. Maheux
and L. Saloff-Coste ([MSC]) : in a complete Riemannian manifold with nonnegative Ricci curvature,
every smooth function f on a ball B(x,t) satisfies the Sobolev inequality

</ |f = [Ba)
B(z,t)

This Sobolev inequality on balls is an automatic consequence of the volume doubling property (9)
and Poincaré inequality (11). We deduce the

2n_ = 12
"2 dvol < C(n)

vol B(z, )=

/ \df|? duol, (14)
B(z,t)

Lemma 2.11 Let M™ be a noncompact connected complete Riemannian manifold with nonnegative
Ricci curvature andn > 3. Fix R > 0, k > 1 and consider a connected Borel subset A of the annulus
B(o,kR)\B(o,R), 0 € M. Then if we let As be the d R-neighbourhood of A, with 0 < § < 1, the
following Sobolev inequality is true.

n—2

_2n_ " R? 2
Y f e C®(4y), / — a2 d z) §C7,572/d dvol.
rec=as, ([ 17 - 1al? avo (n.00) s [0 o

Proof :

We just explain how to adapt the previous argument, using the same notation. We want to apply
(1.10) for p = 2 and k = n, with the same good covering. Set ¢ = % The discrete L? Poincaré
inequality we need is given by the previous proof. Now (10) gives for every 4 in I :

e = ()

hence V' (x;,3s) > V(z;,s) > C(n,k,0)V (0, R), so that Saloff-Coste theorem (14) yields a continu-
ous Sobolev-Neumann inequality for the pair of measures (vol, vol) :

vfeom ), (/V |f = fvilqclvol)E < C(n, k,0)R*V (0, R) "2/ /V |df|? dvol,  (15)

and

Vfe (v, ( / |f—fv,;qdvol> < C(n,x,)R*V (0, R) /" / |df| dvol.— (16)
Vi Vi

(1.10) ends the proof. B

Let us make a little remark. In the arguments above, we obtained discrete inequalities thanks to
a finiteness argument. Indeed, we can make the constants (P in the proof of lemma 2.10) explicit,
using the following proposition.

Proposition 2.12 Consider a finite connected graph G = (V,&) with N, vertices, endowed with
the counting measure. Fix p > 1. Then for every real function f on V,
1/p
sup (i) —m(f)| < NTYP Y 1F@) — FG)F
eV {ijyeE
and in particular,
DO If@) = m)I < No(N =177 Y (£~ FG)I
Y {i,7}€€

Proof :

First, we can assume the graph is a tree : cutting off edges does not change the left-hand sides and
makes the right-hand sides of the inequalities grow. Then, the graph has exactly N, — 1 edges.
Now, to each edge e we associate a copy I. of the segment [0, 1] ; the ends of I. (corresponding to
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0 and 1) can be viewed as two vertices in the graph G. We then build a space X by gluing all I., in
the natural way, that is, we decide that the ends of segments corresponding to the same vertex in
G give rise to one point in X. X is endowed with a natural topology and a natural Borel measure,
steming from those of [0,1]. Note that the complement X of the points where two segments are
glued together even possesses a natural differential structure, and a Riemannian metric. Given a
function g which is continuous on X, C! on X and vanishes somewhere, we claim the following
inequality is true :

gl (x) € (Vo = D7 /]| o) - (17)

Let us prove it. We choose x such that g(xo) = 0. Then, given a point z in the arcwise connected
space X, we can find a unit speed path 7 from xy to = which runs along each segment at most
once. We can write g(z) = f7 ¢’ and use Holder inequality :

1/p
o) < tengt)' 77 ([ 1917) < (04 = 1) g
Y

Given f in RY, we can define a continuous function g on X in the following manner : g is linear on
each segment I, and its values at the ends of segments are simply those of f. Let e be an edge of
the graph, between the vertices i and j, that we identify (respectively) with 0 and 1 in [0, 1]. The
restriction of g on I, can be identified with a function g. defined on [0, 1] by the formula

ge(t) = f(@) +t(f(5) — f(2))-

Such a function g has a derivative ¢’ which is defined outside the vertices and constant on the
(image in X of the) interior of each I. : g, = {(j) - f(i). If f has zero mean value, we can apply
(17) to the corresponding function, since g takes every value in the convex hull of the values of f
and thus vanishes somewhere. Observing

Hg||L°°(X) = ||f||L°°(V)

and
1/p

9Ly = | Do @ —FOIF]
{i.jtee

(17) yields the result. B

Remark 2.13 It is possible to give a discrete proof of this result. For instance, observing that for
any real number c

1/p 1/p
<Z|f(i) —m(f)p> <2 (Zlf(i)—dp)
i€V i€V

we can choose ¢ so that f — c vanishes at some vertex. It is then easy to adapt the argument above,
keeping it completely discrete. But the constant we find that way is twice the one in the proposition.

2.3 The weighted Sobolev inequality.

In this paragraph, M is a connected complete Riemannian manifold, with dimension n > 3, non-
negative Ricci curvature and satisfying (1) for some point 0. We want to prove a weighted Sobolev
inequality on M, by applying the theorem (1.8) for p = 2 and k = n with a good covering that we
design now.

2.3.1 A good covering

We fix some large k, so as to be sure that, for any R > 0, any two connected components of
A(R,kR) are contained in one connected component of A(k"!R,xR) : this is made possible by
(2.9). Recall k can be chosen so that it depends only on n, C, and v. We also choose a ray starting
from o and call it v. We will sometimes use the notation R; := k%, i € Z.
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For every integer i, we denote by U] ,, 0 < a < h} the connected components of A(R;-1, R;),
U}, being the one which intersects . As in the proofs of 2.10 and 2.11, (10) provides a bound
h = h(n, k) < oo on the various h, i € Z.

A priori, this will not yield a good covering because some of the Ui"a may be small compared to
their neighbours, contradicting (v) in 1.1. This is the reason why we need to modify the covering
slightly : we will glue every small component on the level ¢ to a large one on the level : — 1. Let
us explain what we mean precisely.

We proceed in two steps.

e First, we set U; , = U], for every i in Z and 1 < a < h] such that m intersects A(R;, Rit+1)
; every such U, , contains a point x on the sphere S((R;—1 + R;)/2) and thus a ball centered
in z and with radius R;_2, whose volume is comparable to V(R;) (with (10)).

e Then we consider every (i,a) such that U], N A(R;, Ri41) is empty. There is b in [0, h]_,]
such that U] , UU]_, ; is connected : we enlarge U;—1 by adding U] , to it.
After deleting the indices which are not used any more, this yields a covering (U; ) of M\ {0},
indexed by i € Z and a € [0, h;], h; < h}, with U, , C A(R;—1, Ri+1) and volU, , =~ V(R;).
Figure 2.3.1 gives an example : on the left, different connected components of annuli A(R;_1, R;)
; in the center, the modified covering ; on the right, the associated graph.

® (4,0)
(3,1) 5.0
T (2,0)
® (1,0)

ForiinZ and 0 < a < h;, we furthermore let U/, be the union of all the U;p, j € Z, 0 < b < hy,
whose closure intersects U; ,. And likewise, let Uf’a be the union of all the U7}, j € Z, 0 < b < hy,
whose closure intersects U/ ,,.

We introduce the measure du, = p(r)_%dvol, where r = r, = d(0,.) and p(t) = p,(t) is
defined for ¢ > 0 by p(t) = % Bishop-Gromov theorem says it is a nondecreasing function and
indeed, for 0 < s < t, the following inequality is true :

1<%< G)n (18)

Besides, p(0) = w;, !, where w,, denotes the volume of the unit sphere in R™.

It is easy to see that U = (U;, U, Uf) is a good covering of M in M with respect to (u,,vol) :
(v) is again a consequence of (10).

Let us prove the continuous and discrete Sobolev inequalities we need.

2.3.2 The continuous Sobolev inequality.

Lemma 2.14 For every i in Z and 0 < a < h;, each smooth function f on Uﬁa satisfies

</ |f = fu..

Ui,a

/ ‘f - fU,.* e d,up S Sc/ |df|2 dUOl,
Ula Ufa

n—2

o o
"=z dﬂp> < S, /U * \df|” dvol

and

with S = Sc(n, k).
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Proof :
Set ¢ = 2% For f in C'O"(Uri ) and i in Z, we can write

q .
/ |f_fUi,a7/1.p| - 2qégﬂg/ljia If =" dp,

i,a

IN

2{1/ if_fUi,a,vol|qd:upa

i,a

so that (2.11) (with some small § : 0 < § <1 — ') and (18) imply

2/q
</ If—fUi,a|qdup> < PRl n)p(Ria " [ Jaf? dvol
U'i,a U:a
< C(TL7I€)I{2”/ |df|? dvol
<

C(n,ﬁ)/ |df|? dvol.

And such estimates with the pairs (U;,, U, t{a) also hold for the same reason. W

1(1.7

2.3.3 The discrete Sobolev inequality.

We consider the weighted graph (V,£,m,) associated to the good covering U of M in M, with
respect to (u,,vol) (to simplify the notation, we write m, instead of m,,). What about the
structure of the graph ? Proposition 2.7, plus the fact that the geometry near o is quasi-Euclidian,
implies the associated graph, outside a finite subset, consists of two trunks, corresponding to
neighbourhoods of 0 and of infinity ; moreover, thanks to the bound h(n, k) on the h;, the degrees
of the vertices admit an upper bound in terms of n and k.

The measure m,, is defined as follows : for each i in Z and a in [0, h;],

mp(i,a) = /U ;J(?")7%c1l1)ol7

so that we can estimate :
2

vol(Uy a)p(Ris1) 72 < my(i,a) < vol(Uya)p(Rimr) 7%

using (10) and (18), this yields

2

Cn, k)" V(R)p(Rs) ™72 <my(i,a) < C(n, k)V (Ri)p(Ri) ™72 (19)
In particular, again with (10) and (18), this allows us to apply proposition 1.12 : we are left to
show that an isoperimetric inequality (8) actually occurs.

Let © be a finite subset of V. Set | := max{i € Z, Ja € [0, h;], (i,a) € Q}. First, we choose a
convenient edge in 9f).

e If (1,0) belongs to €, the edge e := ((1,0), (I + 1,0)) is in 9.

e Otherwise, we choose (I,b) in Q. Our choice of k ensures there is a sequence of edges staying
on the levels | and [ — 1 and which connects (I,b) to (1,0). Among these, there is necessarily
an edge which connects a vertex in ) to a vertex outside 2 and we call it e : it belongs to

of.

Then we can write

m,(€2) Zfl:foo ZZ: my(i,a) Za mp (i, a)
m,(09) = mp(e(; Cln, k) Z m(; ,o)

1=—00
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With (18), we find

M, (09) 20 V(R)p(Ry) ™72

l —2 nﬁ2

_ V(R;) ( R;

= C(n,k) 2 |\ V(R) (Rl>

so that (1) gives
() LR\
mp < —ﬁ _z n—2
g < Clncr ™ 3 ()

1=—00

n(v—2)

oo
__n
C(n,k)Co "2 E K=z
i=0

__n_
C(n,k)Co "2
= T a2
1—r"=2

since v > 2. Then (1.12) and (1.14), with k = oo, lead to the

Lemma 2.15 For any 1 < p < oo, there exists a constant Sg, depending on p, k, n, C,, v, such
that for every real function f with finite support in'V :

(Z |f(v)[? mp(v)> <Sa| Do 1f@) = fw)Pmy(v,w) |
veY (v,w)ee€
2.3.4 Conclusion.

Theorem 2.16 (Weighted Sobolev inequality) Let M™, n > 3, be a connected complete Rie-
mannian manifold with nonnegative Ricci curvature. Assume that there exists o in M, v > 2 and

C, > 0 such that
vol B(o, t) t\”
> _— > — .
V2 s>0, vol B(o,s) — Co (s)

Then M satisfies the weighted Sobolev inequality

1—-2

Ve Cx(M), (/ 72 po(ro)ﬁdvoz) " <5 [ jaf? dvol.
M M

Here, S can be chosen to depend only on n, C,, v.

Proof :
We just use 1.8, 2.14 and 2.15. &

Remark 2.17 Note 2.16 implies there is a constant S such that

-z
viecran, ([ 107 ael) <8 [ 1,
M _ M

where 1, is the function which is equal to 1 inside B(o,1) and to r, outside this ball (just use (3)).
Observe we cannot write v, instead of ro, unless v =n. The obstruction to do this for the Sobolev
inequality is that locally the weight would not fit : the corresponding inequality is false on R™, hence
on any Riemannian manifold (use the family of functions max(1l —r,/€,0), € > 0). Note also that
S depends on n, C,, v and V(0,1).

Let us introduce some notation for the best constant in our inequality.
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Definition 2.18 Let M™ be a connected complete Riemannian manifold, n > 3. For every o in
M, we define the Riemannian invariant

2

n

Jas 111 = Po(r0)” 722 dyol
So(M) := sup ( M 5 )
FeCs(M)\{0} S ldf|” dvol

The same method gives the

Theorem 2.19 Let M™, n > 3, be a connected noncompact complete Riemannian manifold with
nonnegative Ricci curvature. Assume that there exists o € M, v > 1 and C, > 0 such that

vol B(o, t) t\”
R S AN B
vol B(o,s) — Co <s)

Vit > s >0,

vfec(M ( [ 18175 a2 2dvol) " <8y [P putr) o,
M

with Sﬂ = Sﬁ(n7c()) v, 6)

Proof :

We wish to apply (1.8) to the measures p,(r,) 557 dvol and po(ro)Pdvol and the same good covering.
Our choice of weights ensures the continuous Sobolev inequality, as in (2.14) : for ¢ in Z, a in [0, h;]
and f in C*(U}), (2.11) yields

1-2/n
(/ |f = foa ™7 polro) ffdv01> < C(n, 1)po(Rs) 7 po(Ri) / df | dvol
Ui,a ha

and the right hand side can be bounded by

*

Clon, 0o Be) ™ o) puB) [ a1 (o) dvol = Cln) [ (a1 ().

As for the discrete inequality, we proceed as in the proof of 2.15. Essentially, using the same
notations as in this proof, we obtain

_na-p X (24 B(n—v
o < Cln )y 7 3 e
§=0

which is finite thanks to our assumption on 3.

Remark 2.20 If g =1, the inequality reads

DO n—2 9 "< 711
VfecCs (/ ] VolB )dvol> _SM|df| B

The picture is the following : the volume growth of balls is in general not Fuclidian (i.e. it does
not behave like r™) and therefore we cannot hope to find a nonweighted Sobolev inequality (cf. next
paragraph) ; nevertheless, by radially modifying the Riemannian measure so that it has FEuclidian
growth, we manage to obtain a Sobolev inequality.
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2.3.5 Weighted Sobolev inequality and volume growth.

The aim of this short paragraph is to explain what the weighted inequality (in the form given by
remark 2.17) implies on the volume growth of balls. The following proposition generalizes a well
known feature of the standard Sobolev inequality (without weight).

Proposition 2.21 Let M™, n > 3, be a connected noncompact complete Riemannian manifold
with nonnegative Ricci curvature. Assume that there exists o in M, o > 0 and S > 0 such that

n—2
n

Vf e C®(M), (/ T g%mz) gs/ \df|? dvol.
M M

Then there is a constant A, > 0 such that for t > 1, vol B(o,t) > A,t", where v is the real number
defined by a = 22=%

n—2"°

Remark 2.22 In case there is no weight (o = 0), we recover the fact that the usual Sobolev
inequality requires a volume growth of balls which is at least Euclidian.

Proof :

As usual, we set ¢ = 2n/(n —2) > 2. Then we fix R > 2 and 0 < ¢t < R/2 and consider the
Lipschitz function f := max(t — d(.,S(0, R)),0) : f =t on the sphere S(o, R), f = 0 outside some
t-neighbourhood of this sphere and, on this ¢-neighborhood, it decreases radially at unit speed.
Thus

/ |f19r~“dvol > (t/2)4(R+t)"*vol(A(R — t/2, R+ t/2)
M

and
/ |df|” dvol < vol(A(R —t, R +t).
M

The Sobolev inequality yields :
(t/2)%(R +t)"2/9vol(A(R — t/2, R+ t/2)%/7 < Svol(A(R — t, R+ t).
For i € N*, we apply this to ¢t = 27'R. With V; := vol(A(R(1 — 27%), R(1 +27%)),
R4 (14 27)R)2/av7 /8 < 5V,
By induction, there is a constant C' which does not depend on R such that for every i > 1

15 (2/9)

i1
vol(B(2R)) > V1 > (CR2720‘/‘1) H(4*J’)(2/q)-7 V.
j=0

As a Riemannian manifold is locally quasi-Euclidian,

liminf V%" > liminf (w, (27 R)")¥*" =

11— 00 11— 00

1.

Eventually,
vol(B(2R)) > CT=47a R'3/a" [ (49)®/0),
§=0

. 2—2 . —
And indeed, v = 9/4 s the same as o = 22=% . W
’ 1-2/q n—2

2.4 The Hardy inequality.

With 1.8, we can also patch local Poincaré inequalities together. Working under the same assump-
tions as above, the global inequality we find is a Hardy inequality.
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Theorem 2.23 (Hardy inequality) Let M™, n > 3, be a connected noncompact complete Rie-
mannian manifold with nonnegative Ricci curvature. Fix some p > 1. Assume that there exists o
in M, v>pand C, >0 such that

vol B(o, t) t\”
> _ > - .
vizs>0, vol B(o,s) — Co (s)

Then M satisfies the Hardy inequality

VfeCXr(M), / |fIP r;Pdvol < H/ |df|” dvol,
M M

with a constant H depending only on n, C,, v, p.

Proof :

The proof consists in applying 1.8 with k& = co. We will use the same "good" covering U as in
paragraph 2.3.1, noticing it is also "good" for the pair of measures (r~Pdvol,dvol). We need a
continuous Poincaré inequality. Indeed, as for 2.14, if we choose i in Z and a in [0, h;], each smooth
function f on Uf’a satisfies

IN

/ ‘f - fui a,ua|p7ﬁpd”0l 2F inﬂg |f —c|” r~Pdvol
. ’ Ce

i,a U'i,a

2”/ |f - fUi‘a|pr*pdvol
Ui

i,

IN

so that, with 2.10,

/ |f = forwp |/ 7 Pdvol < 2°C(n,k)R; % RY,, . |df|? dvol

i,a i,

< C(n, /@p)/ |df|? dvol.

i,a

Ut ).
2,a0 “i,a

The discrete inequality required in 1.8 follows from the argument of 2.15 ; here, we estimate
the discrete isoperimetric quotient by

And the same argument works with the pairs (U}

which is bounded by
o0
C(n,k)C, Z kIR < oo
j=0
thanks to our assumption on the volume growth of balls. H
For convenience, we give a name to the best constant in the L' Hardy inequality.

Definition 2.24 Let M be a connected complete Riemannian manifold. Given o in M and r, :=
d(o,.), we define the Riemannian invariant

fM |f|r5 tdvol
Ho(M) = sup LY LA
fecennfoy Sy ldfldvol

3 Weighted Sobolev inequalities and Schrodinger operators.

In this section, we explain a few analytical consequences of the weighted Sobolev inequality. They
will find geometric applications in the last section. We assume here that M" is a connected
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complete noncompact manifold with nonnegative Ricci curvature and such that for some point o
in M and S > 0, the following weighted Sobolev inequality is true :

1-2
VY f e Cx(M), (/ V= po(ro)ﬁdvol) <S8 [ |dff? dvol.
M M

As previously, we will often write p(r) for p,(r,) = %, but also du, = p(r)_%dvol and
q = % We only need the assumption Ric > 0 in 3.4 and 3.6 (to ensure the volume doubling
property).

We consider a smooth Euclidian vector bundle E — M, endowed with a compatible connection
V. We will always denote by (.) the pointwise scalar product on a Euclidian vector bundle, by |.|
the pointwise norm, by A = V*V the Bochner laplacian (or "rough laplacian"). Our interest lies in
Schrédinger operators A+ V', where V is a continuous field of symmetric endomorphisms of E. We
decompose V as V =V, — V_, where V; and V_ are fields of positive symmetric endomorphisms
of E. We describe here some consequences of the weighted Sobolev inequality on these operators.

3.1 A vanishing theorem.

The following theorem is a generalization of [Carl]. It says there are no nontrivial sections which
are small at infinity and subharmonic for Schrédinger operators with nearly nonnegative potential.

Theorem 3.1 (Vanishing theorem) Fiz m > 1 and assume the potential V satisfies

s (/M V% p(r)dvol) " % (2 - %)

Then every locally Lipschitz section o of E such that (Ao + Vo,0) <0 and

/ |o|™ dvol = o( R?)
A(R/2,R)

18 identically zero.

Remark 3.2 In this statement, the distribution (Ao, o) is defined by :

Vo e Cx(M), < (Ao,0),¢ >:/ (Vo,V(¢o))dvol.
M
Proof :
Let R be a positive number and let x be a smooth function which is equal to 1 on B(R), to 0
on M\B(2R), takes its values in [0, 1] and satisfies |dx| < 2/R. We apply the weighted Sobolev

/2

inequality to the locally lipschitz function yu."?, where ue = \/|o|> +¢, € > 0 (we omit the

riemannian measure in the next formulas so as to make them easier to read) :

1 mgqg 2
_ q 2 T h—2
! (/Mx w3 p(r) )

BN

IN

2
[ itz
M
2. m 2 m/2 2 m/2 m/2
axPur+ [ [dr )| 2 [y ()
M M M

1) [+ 0y [ 3 faer)

IA
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for any b > 0. Integration by parts yields

/ X ‘d(UZ”/Q)
M

2
I N CREN S
M
[ o avdwr )+ [ s’
M M

2/ (U?/de,xd(uZ”/Q)H@/ X ul " Aue
M 2 M

2 2 m/2 2
(m 1) /MX ‘d(ue )’ '

’ 2

_|_

So, if a > 0, we find

2 2
Qdm/2‘<_
[ efaer)| <

If moreover a < 2 — 2/m, we obtain

2 2 1
[l <=2 oo (5[ s D [ o).
M m 2 Ju aJm

m 1
—1+a)/ XQ‘d(u?/Q) +E/ X2u2”’1Aue+—/ |dx|2u;”.
M M aJm

Hence :
1 mgq 2 %
— </ xTue? p(r)_m) SC(m,a,b)/ |dx|2u:"‘—|—D(m,a,b)/ Yu™ " Au,
S \Jum M M
where Lab
b=1+1/b+ ————
C(m,a,b) +1/ +a(2—2/m—a)
and (140)
+0)m
D —__LuTom
(m.a.b) = 55 —2/m —a)

We compute

2 2 2 . 9
UeAue = (0'7 ZU) _ € |v0'| _ |U| |VU| (U, VO')

3

to ensure B
uAue < (0,A0) < (V_oo,0) < |V_|ul.

Therefore, we can write

2
1( [ o p(r)nzz)q<c<m7a,b> [ it + D) [ vjr
S M M M

so that, when € goes to zero, we find

§
<

2
1 mq a m m
5( / xq|a|2p<r>n22) < Clm,a.b) [ |dxPlo]" + Demoa,t) [ FIV-llol".
M M M

Hoélder inequality implies

/ IV o™
M

A\
—
=
[\v]
Q
3
=
=
3
~
=
=
3o

IN
(S
=<
=}
S
N|§
=
]
S~—
|
i
N
~__
Ql
VRS
=
=~
s
e}
—~
-
~__

All in all, we find
2
mq a 45C ,b
(1= sty Dlm,an) ([ o oyt )< B [
M A(R,2R)
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and the assumption on the potential allows us to write

2
_ 2\’ 1 45C(m,a,b)
</B(R) i pr) ~ 1-SNyD(m,a,b) R? A(R2R) i

1 2 1
<———=——-(2-2/m—a),
SD(mab) _ mSitpl HYm-9
which, under our assumption on V, can always be achieved by choosing sufficiently small a and b.
Letting R go to infinity, we obtain ¢ = 0.

providing
Ny

3.2 Some general decay estimates.

Now what can we say if we only have [ Y |V,|% p(r)dvol < co? Adapting a technique developped
in [BKN], we can prove some decay estimates on the sections o such that Ao + Vo < 0. We prove
three general lemmas and we will see later (cf. 4.2) how to apply them in a geometric setting, where
the potential and the section o are related. The idea is to implement a Moser iteration : this is
the third lemma. But this lemma only works under a technical assumption on the potential, which
can be ensured by the first lemma. Finally, the second lemma is a key to a "self-improvement" of
the decay estimate we will find.

Lemma 3.3 (Initiation) We assume V_ belongs to L"2(E, p(r)dvol) and we consider a locally
Lipschitz section o of E such that (0, Ac + Vo) <0 and for some m > 1 :

/ lo|™ dvol = o(R?).
A(R,2R)

2
/ o] dp, | < %/ lo|™ dvol.
M\B(2R) R? Ja(r2R)
Proof :

Proceeding as in the proof of the vanishing theorem, we find for u := |a|m/2 and y in CX (M) :

(e so( s )
M M M

Using Holder inequality, this yields :
2 2
__2_\1 n _ 2 \1 2 o
Vulp(r) 7 ) <0 VI p(r) ()" ) C
M supp x M M

Now we set R >> 1, R’ > 2R and we choose x with values in [0, 1] and support in A(R,2R’),
with value 1 on [2R, R], satisfying |dx| < % on A(R,2R) and |dx| < & on A(R’,2R’). Thus :

Then for large R :

3o

(/, xquwrr%)% < c ( J o V12 pm) ([ oty =)

. £ / 2 / 2
R? ) A(Rr2R) R? Jar oy

By assumption, the integral [, [V_ |n/2 p(r) is finite : we can make fB(R)C |V_|n/2 p(r) as small
as we like by choosing a large R, so that we obtain the estimate :

2
.\ C , C
ulp(r)y"»—2 | < — u+—/ u?.
</A(2R,R’) r) ) R? ] A(Rr2R) R? ) st 2r)
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Letting R’ go to infinity, we find :

> C
ulp(r)”n=2 < —/ u?.
</M\B(2R) r) ) R? Ja(r2R)

QN

Lemma 3.4 (Key to the self-improvement) We assume V_ belongs to L™/?(E, p(r)dvol) and
we consider a locally Lipschitz section o of E which belongs to L™(E,dp,) for some m > q/2 and
satisfies (o0, Ao + Vo) <0. Then for large R :

[ eltdu<c o™ duy.
M\B(2R) A(R,2R)

As a consequence, there exists a positive number a such that

[ ol dn, = 0r.
M\B(R)

Remark 3.5 The proof will show that a can be chosen so that it depends continuously on m.

Proof :
Set m’ = 2m/q. The preceding proof says that for large R, with the same truncature function x
and u = |o|™ /% ;

([ oy =) <0 [ a2
M M

We use Hélder inequality to obtain :

( Loonm qum-%)g <o( [ om) ([ o=

From the definition of p and the volume doubling property, we see that

3o

/ ldx|" p(r) < CR™™p(2R) vol A(R,2R) < C
A(R,2R)

and

/ ldx|" p(r) < C.
A(R'2R’)

so that we obtain

2 2

m __2 ‘ m __2 !
( / o™ p(r) ) sc( / lo]™ p(r) ) |
A(2R,R’) A(R,2R)UA(R’ 2R’)

Letting R’ go to infinity, we find the first part of the claim :

m _ 2 m 2
[ lelmem < o™ p(r)~ 7.
M\B(2R) A(R,2R)
Now, if we consider the function 7 : R — fM\B(R) |a|mp(r)_%, we see that it satisfies the
inequality I(2R) < C(I(R) — I(2R)), i.e.

C
C+1

I(2R) < I(R). (20)
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Fix a large R; and denote by kg the integer such that logy R/Ry < kr < logy 2R/R;. Iterating
the inequality (20), we find

c \" " c o\
< [—— Ry < (2 m
1< (a57) 102 < (G57) 11,

hence :

C logy, R . ( o )
< __ — 0&2\T+1)
I(R)_C<C+1> C R'e= (7

Since CLH < 1, the second statement follows.

Lemma 3.6 (Moser iteration) We assume the potential V satisfies for some x > n/2 :

. w73 .
/ V|7 p(r) 72 dvol = 0 (p(r) ™R
A(R,2R)

Consider a locally Lipschitz section o which belongs to L™(M, p,) for some m > 1 and satisfy
(0,Ac 4+ Vo) <0. Then the following estimate holds for large R :

" 1/m
swp ol <€ (=R )™ ([ o™ duy |
A(R,2R) A(R/2,5R/2)

Proof :
Fix 8 > m. In this proof, C' will denote a constant which does not depend on 5. Again with the
same technique, one sees that if y belongs to C'°(M), the following estimate holds :

a8 __2 %
( / ol pr) ) <cp / CloP Vo] + ¢ / ldx 2o (21)
M M M

If the numbers ¢t and s are defined by

1 1 1
—+-+4+-=1 and i—i—
r s t 2s

~&~ | =

Holder inequality gives :
5 [ el vl
M

< 6( / |v_|mp(r>—n’/5l)
supp x

Note t =

gl

xol ¥ p(r)~ 7 % X2 ol” p(r)=7= i
U (. )

ﬁ Given € > 0, Young inequality and (22) yield a constant C, such that

8 / ol V|
M

IS 2 % m _z—1 g __2_
< ([ oo =) ves ([ v ) ([ el o).
M supp x M

Consequently, for small e (regardless of ), we obtain in (21) :

(f et am=)" < e ([ woram ) ([ o oire)

+C / dx2|ol?
M
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Now, given large Ry < Rz < 5R; and 0 < 6 < R;/2, we consider a truncature function y with
the following properties : it takes its values in [0, 1], it is equal to 1 on A(R1, Rz), it is equal to 0
outside A(Ry — §, Ry + 0) and its differential is bounded by 2/§. Our assumption, thanks to (18),

implies
t

( / VP o) —n751> < Cp(Ry — )75 (Ry — 8)2
A(R1—6,R2+9)

With this in mind, our estimate gives

a8 _ 2 ? 2 _ _ 2
( / o1% p(r) ) < CF'p(R) — 6)7% (Ry — 6)~? / of? plr)~ 7
A(R1,R2) A(R1—6,R2+9)

+ Cp(Ry+0)7257 o) plr) 7
A(R1—6,R2+9)

C' p(Ra) 72672 o1 p(r) ="z,
A(Rl 75,R2+6)

IN

so that, with respect to the measure p,,

2\ B
1o poarz ) < (Cﬂ p(Ro)727 6 z) [ (23)

Given some large R > 0, we set for every non negative integer & :

k k
B :=m (g)k . 8 :=2"'R Rig:=R-Y 0, Rop:=2R+Y 4.

i=1 =1

Iterating (23), we find ||o{| 5, (a(r2r)) < Ck 191160 (A(R, 4, Ry ) Where the constant C' is estimated
by o
k—1

Ge=]l (Cﬂip(R)%R‘%’?)Wi < (cor)7 R—z)ZfJJ 1/
i=0

(4((1/2)1‘)25;01 i/Bi )

n

Since Y .2 0,3 = et Y0 05 < 00, this implies limsup,__, . Cr < C( (R )n TR™ )zm S0
that

2 by
sup |o|= lim |lo|;s §C<pRmR*2) ol m .
A(R,QR)| | k%ooH oo ar2my) (R) ol 2 acr/2.5m/2))

|
Let us carry on our study of general Schrodinger operators. We wish to point out a Gagliardo-
Nirenberg type inequality, which will prove useful later.

3.3 The inversion of Schrédinger operators.
Our purpose is to solve (A + V)o = 7 with a convenient 7 and to obtain bounded solutions. First,
the weighted Sobolev inequality easily yields the

Lemma 3.7 Fors > there exists a constant C(n, s) such that for every section o in C°(E),

ot

loll 7245 g,y < Lo (Bop(r) ST dvol)

Proof :
Set k = —-1-2 > 1 and fix ¢ in C°(E). The weighted Sobolev inequality gives

1 2k k 2 k k 2k—1
— o ns < o = al” Allo < o Alol|.
S H ||Ln—25 (E7Il'p) — / ‘d(| | )’ / | | (| | ) — k/ | | | |
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Kato inequality then implies

k=1 A n(s—1)
— || || =55 S k/ |0‘|2 AJ — k/ |0—| n—2s
oty < [l B =

and Hoélder inequality yields

1/s e 1-1/s
_|| HLn (B, ) < (/ |AU| p(r n/z 1dv0l) (/M|U|m d,u,,)

so that eventually
1 — .1 1/s
= ns < ‘ EyPEsT
S HU”L”*ZS (Bopp) — & </M |AU} p(r)rre 1d”0l) )

which is indeed the claim. l

Ao

We now use a Moser iteration to obtain a L°° estimate.

Lemma 3.8 For every t > n/2 and x > 1, there exists a constant C(n,xz,t) such that for every
section o in CX°(E),

1

in tx
0l ooy < Cln,,t) <Szt T || Aoz lo|%. )—— .
el (E) H ||L‘(Ep(r)n/211dvo) Iz (E,up)

Proof :
As above, for every o in C°(F) and every k > 1 :

2/q
</ || d,u,,) < kS/ o 2F 1 |Ac| dvol.
M M

Using Hélder inequality, we deduce:

2/q ., . 1-1/t
</ || d,u,,) <kS </ |Ac| p(r) "L/Zldvol> (/ |0’ ) .
M M

Define the sequence (3;) by o =  and (41 = 2 (% B + 1). For every nonnegative integer i, the
following holds :

Bi g <
o135k < (@7 Bir N (01125,

1/t
— t—1 —1
N, =S (/ |Aa|tp(7") "/2—1dvol> and (= alt — 1) > 1.
M

where

2t

Iterating this, we see that for every nonnegative integer 1,

a/2

_ Z; C i—j ¢
Ty < (N2 P50 Hﬁ< (1175 5.0)

1

Thus ;
q¢®
q ¢i-1 v N\ <
-1 - T=1 -7 Bi
Iy < (0 N) T8 (lole,)
j=1
. — i q . q . . .

Using 3; = ¢ (ﬂo + —2(4_1)) o1y, We see that < 5 " tends to m, as i tends to infinity.
Writing

tog ( [T :;jcﬂogu;cﬂogf—j
J= J=

Jj=1
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we see that this expression has a limit when ¢ goes to infinity. Eventually :

ol

bl fot3e T M%:
1 Bot ol — i o =
o]l oo (B0, < (q~1N;) P 7D Hﬁc ||g||m0(zé<7“;>) )

As ﬁ = Qf—fn and By = x, this is what we claimed. W

These facts lead to the

Theorem 3.9 (Inversion of the Bochner laplacian) Fiz an element s in [n+2, 5[ and a num-
bert > %. Let Q be an open set with smooth boundary. Then we can define a continuous operator

-1

AL (EQ, p(r) e dvol) NnL' (EQ, p(r) e dvol) — L*™°(Eq)

which is an inverse for the Bochner laplacian over ), with Dirichlet boundary condition. Moreover,
every section o in C°(Eq) obeys the estimate

1
t _s_ 4 _t
ol () < Cln,5,1) § (IIAUH“ T Al ) T
(Eq,p(r) /21 dvol) Lt(Eq,p(r)™/2=1 dvol)

Proof :

The estimate is simply obtained by combining (3.7) and (3.8). Given ¢ in C°(Egq), the classical
L? theory yields a smooth solution o to the equation Acg = 1 on QN B(R), with Dirichlet
boundary condition. We extend it into a continuous function on 2 by deciding it is zero outside
B(R). The L*-estimate (which is easily seen to hold for o, by looking at the proofs above) gives

1
i st
lomlimsn < Custs (17T ™ Y
s(Eq,p(r)"/2=1 dvol) Lt(Eq,p(r)™/2=1 dvol)

For every compact set K, there is an Ry such that the family (og|x, R > Ri) is uniformly bounded
in C*(Ek) (by elliptic regularity), so that Ascoli yields a sequence converging in C*°(Ef). By
diagonal extraction, we find a sequence (og,) which converges to o in C?(Egq). o is easily seen
to be a weak solution of Ag = 4, it is therefore smooth and thus a strong solution. For every
compact set K, we can write |[o| o,y = limi— oo [|[0R, | e (55, ), hence

1
B e
Iollm < Clnss)s (0175 )T
Ls(Eq,p(r) ”/2 1 dvol) Lt(Eq,p(r) ”/2 T dvol)

so that, by taking the supremum over K, we obtain a L*-estimate on 2. We can thus define

~—1 . . . .
an operator A~ on C°(Eq) which is continuous for the expected norms. We then extend it by
continuity. W

By a perturbation technique, we deduce an analogous result for Schrédinger operators.

Theorem 3.10 (Inversion of Schrédinger operators) Set 2f2 < s < % and t > % Then

there exists a positive number n(n, s,t,S) such that, given an open set with smooth boundary Q and
a potential V' satisfying

t
wa (V21 V) M,
L5 (Q,p(r) */2=1 dvol) Lt (Q,p(r) /21 duol) S

there is a continuous operator

(A +V)~' 1 L*(Eq, p(r) 77T dvol) N LY(Eq, p(r) 77T dvol) — L (Eg).
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Proof :
First, the previous analysis works for H := A + V. as well as for A. Then define n(n, s,t) to be S
divided by the norm of

H' 1 L*(Eq, p(r)"/7 dvol) N L'(Eq, p(r) 7771 dvol) —s L™ (Eg),
so that, under our assumption,
V. : L®(Eq) — L*(Eq, p(r)7/71 dvol) N L*(Eq, p(r)7/7-T dvol),

is a continuous operator whose norm is strictly inferior to n(n, s,t)/S and H~'V_ is a continuous
endomorphism of L>°(Egq), with norm strictly inferior to 1. The operator Id +H ~'V_ is then
an automorphism of L>°(Eq). So we can define the continuous operator (Id+H 1V_)"1H~! =

(A + V)71, from L*(Eq, p(r) "7 dvol) N L*(Eq, p(r) 77T dvol) to L=(Eq).

4 Applications.

4.1 L?-cohomology.

Our study of Schrédinger operators gives geometric information as soon as the potential depends
only on the curvature tensor. For instance, if the weighted Sobolev inequality is true, the van-
ishing theorem (3.1) forces the kernel of such "geometric operators" to be trivial, under integral
assumptions on the curvature. We discuss here the case of the Hodge laplacian A = dd* + d*d. It
is well known that this operator, when acting on k-forms, admits the Weitzenb6ck decomposition
AF = A4+ RF¥, where R is a field of symmetric endomorphisms of the vector bundle of k-exterior
forms, depending only on the curvature. In particular, R! = Ric. Our results apply and we can
obtain information on the (reduced) L2-cohomology Hp2(M). We refer to [Carl] for the defini-
tions. The point is that H%,(M) can be identified with the kernel of A¥, seen as an unbounded
operator on L? k-forms. We can indeed generalize G. Carron’s results in [Carl]. Before stating our
theorem, we need to introduce the following decreasing function, derived from the Euler I" function

(4= 2n/(n —2)) 2
s in? (F(%)) :
s\t )

2

Theorem 4.1 (L?-cohomology) Let M™, n > 3, be a connected complete Riemannian manifold
such that for some point o in M, S,(M) is finite. Then for every k in N, the following holds :

if HRliHLg(po(rn)dml) < 0o then dimH%,(M) < oo ;

o if |RY||, 2 (o roydvoly < So(M)™" then HE, (M) = {0} ;

. —1 tq(k . n : 7 .
o if H’REHL%@O(“MWD < So(M) 1Lq(§V3) for some integer No > () then dimH5, (M) < Ny ;

e given 712_47}2 < s < n/2 <t, there exists a constant C = C(n,s,t) such that the dimension of
HY (M) is bounded by

(Z) max <1,CHSO(M)R’3||t lsonRx | Gl

i n—2s
_t—1 L .
Lt(E,po(ro) ™/2~1 dvol LS(E,pn(rn)mdvol)

Corollary 4.2 Let M™, n > 3, be a connected complete Riemannian manifold with nonnegative
Ricci curvature. Assume there exists o in M, v > 2 and C, > 0 such that

vol B(o, t) t\”
> _— > -
vizs>0, vol B(o,s) — Co (s)

and the Riemann curvature tensor satisfies [, |R|% po(10)dvol < co. Then the L?-cohomology of
M s finite dimensional.

We omit the proof, which consists in using the weighted Sobolev inequality (2.16), in order to
make the techniques of [Carl] work. The vanishing results stem from 3.1, of course.
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4.2 Ricci flat manifolds.

4.2.1 Flatness criterions.

We want to explain here why the weighted Sobolev inequality and the Hardy inequality help
understanding Ricci flat manifolds. We are interested in rigidity properties of these manifolds,
under volume growth assumptions. In this paragraph, we will show that if their curvature is small,
in some sense, then they are actually flat. The key tool is a property of the Weyl tensor W of a
Ricci-flat manifold with dimension n > 4 (note this tensor is nothing but the Riemann curvature
tensor R, since Ric = 0) : it obeys the nonlinear equation

AW =W « W,

where the right-hand side is a quadratic expression in the Weyl curvature [Bes]. In particular, W is
either identically zero, or vanishes only on a set of zero measure. So, outside a set of zero measure,
|W| is smooth and satisfies the estimate

AW < e(n) W,

where ¢(n) is a universal constant, depending only on the dimension n. Now, for every k > 1, we
can write

AWE =k WM AW = k(k = 1) W] |d[W][* < ke(n) W[

It turns out that this inequality is still true for some k < 1. This is made possible by the refined
Kato inequality ([BKN], [CGH]), which says that the Weyl tensor W of a Ricci-flat n-manifold
satisfies almost everywhere

-1
AW < = VW

n+
From this, one can deduce that almost everywhere,

AW < e(n)y W',

with v := Z—j Indeed, note Z—I_i = ﬁ and write
AW = W AW 4 y(1 =) W] |d W

o (1 _
= WP (AW W) 40 W

= W (W,BW) = (VW) 452 = ) W] |d W]
c(n)y W =y W2 (VW + 4 (W2 VWP
= c(n)y W'

Now, given k > -y, we can write k = ~l, [ > 1, and then

AWE = AW

= U(WMTIA(W]) = 1= D)W 2 a(w )

(W) e(n)y W
= ke(n) |W|FTT.

IA

Therefore, for any k > v = Z—:?, the following is true :

AW|F < e(n)k |[W|FT. (24)

With this differential inequality in hand, we can prove flatness and curvature decay results. To
express them, we need the
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Definition 4.3 The "Sobolev-curvature” invariant of a connected complete manifold M™ is defined
by

SC(M) := inf [SO(M) (/M |R|2 po(ro)dvol>1 ,

oeEM

where R is the Riemann curvature tensor. We also define a "Hardy-curvature” invariant :

HC(M) := inf {HO(M)2 sup(|R|r2)] ,
oeM M

We use the convention 0.00 = co.

Now, let us phrase our first rigidity result.

Theorem 4.4 (Flatness criterion (1)) We consider a connected complete Ricci-flat manifold
M™, with n > 4. There exists e(n) > 0 such that if SC(M) < €(n), then M is flat.

Proof :

Set e(n) = nc%n) (2 — %) The theorem is a consequence of the vanishing theorem 3.1, applied to

the operator A —¢(n) |W| and the section |W|, thanks to our weighted Sobolev inequality. Setting
m = % in (3.1), we obtain W = 0, and as Ric =0, M is flat. W

Corollary 4.5 Let M™, n > 4, be a connected complete Ricci-flat manifold. Assume there exists
oin M, v>2 and C, >0 such that

vol B(o, t) t\"”
t > ——=2>C | =] .
vizs>0, vol B(o, s) 2C <s)

Then there is a constant €(n, C,,v) such that M is flat as soon as

/ |W|% po(ro)dvol < e(n,Cy,v).
M

There is also a flatness criterion based on the Hardy inequality (2.23). An easy adaptation of
the previous argument would work if we used the L? Hardy inequality. But we want to use the
L! version of this inequality : indeed, it will allow quite small volume growth in corollary 4.7 (by
doing this, we pass from v > 2 to v > 1 in the assumptions of this corollary). It will just need a
little more work.

Theorem 4.6 (Flatness criterion (2)) We consider a connected complete Ricci-flat manifold
M™, with n > 4. There exists e(n) > 0 such that if HC(M) < €(n), then M is flat.

Proof :

We set e(n) = c¢(n)~1(n +2)~2 and choose o in M such that H,(M)?sup,,(|W|r2) < e(n). Set
H = H,(M), K = sup(|W]|r%) and k = 22 (our choices will become clear at the end of the
proof). We consider, for large R, a smooth function y which is equal to 1 on B(R), equal to 0 on
M\B(2R), has values in [0, 1] and satisfies |dx| < }%. The Hardy inequality says that

[oewrrt < [ aoe ).
M M

The right hand side can be bounded via triangle and Cauchy-Schwarz inequalities :

1/2 2 1/2
[ o) <o [ aqmw ez ([ ewee) ([ elamnf )
M M M M

Set k' := k — 1/4. So as to perform integration by parts, we kill the r in the lattest integral :

[ faawrs| g
M

’ 2 ’
r= G [ e aqw [ e < [ agw)
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We can write
;12 ’ ’ 2 /12 ’
[oefaawis| = [ Jaodw) = iw x| <z [ Jaowi)[ vz [ e i,
M M M M

Integration by parts and (24) yield :

[ )
M

2 / ’ ’
Fos 2 e am e [ ag?
M M
2K/ c(n) / CIWPE 44 / W dy?
M M

2kc(n)\/E/ W r_1+4/ (W12 a2
M M

IN

IN

Hence the estimate :

[
M

IN

21 / x ldx] (W[
M
+ 8H2Kc(n)k3/ ><2|V[/|2k7“_1
M

1/2
+ 4HK1/4k (/ X2 |W|2k: T_—l) (/ |W|2k71/2 |dX|2)
M M

Our choice of €(n) and k ensures /8H?2Kc(n)k? is strictly less than 1, so that we obtain

(1—\/8H2Kc(n)k3)/ WPkt < %/ Wk
M

B(R)
SHKY4k < w2k r_1>1/2 (/ |W|2k—1/2>1/2.
R M M

Recall W has quadratic decay and the volume growth is at most Euclidian : our choice of k ensures
the integrals on the right-hand side are finite. Letting R go to infinity, we find W = 0, and since
the Ricci tensor vanishes, M is flat. B

1/2

Corollary 4.7 Let M™, n > 4, be a connected complete Ricci-flat manifold. Assume there exists
oinM,v>1and C, >0 such that

1B(o,t t\"”
wi>s>o0, YBOD o ()
vol B(o, s) s
Then there is a constant €(n, C,,v) such that M is flat as soon as

sup(|W[12) < e(n, Co, ).
M

4.2.2 Curvature decay.

In the preceding paragraph, we have seen that when SC(M) is small, the curvature vanishes. Now
using the decay lemmas of 3.2, we can show that if SC(M) is only finite, then the curvature decays
at infinity. We will first show quadratic curvature decay, and then we will try to improve the rate
of decay.

Proposition 4.8 Consider a connected complete Ricci-flat manifold M™, n > 4, such that SC(M)

is finite. Then for any point o in M, sup |W|= o(t™2).
S(o,t)

Corollary 4.9 Consider a connected complete Ricci-flat manifold M™ with n > 4. Assume there
exists o in M, v > 2 and C, > 0 such that

vol B(o, t) t\"
> P20 s o2
VE2s>0, vol B(o, s) 2 G <s)

and the curvature tensor belongs to L3 (M, py(r,)dvol). Then sup |[W|= o(t™?).
S(o,t)
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Remark 4.10 This should be compared with the result of [CT] : sup |W|= O(t™%) as soon as
S(o,t)
n =4, Ric =0 and W belongs to L*(M, dvol).

Remark 4.11 If we assume W behaves like v, 7, the assumption [, [W |2 po(ro)dvol < +oo is
equivalent to o > 2 : the above result therefore turns an integral estimate into the pointwise estimate

we can hope. The next theorem will point out an automatic improvement of the decay : it is another
rigidity phenomenon.

Proof :
As (A —c(n) |W]) |W| < 0, we want to apply the lemma 3.6 with the operator A —¢(n) |W/|. To do

this, we need an estimate on the potential. Set z = 2(2—;), so that in particular x — n/2 = 2.

For large R, Lemma 3.3 (with m = n/2) implies :

=n
(/ Wi dup> < W duol.
M\B(R) A(R/2,R)

Since p(R) fA(R/2 R) [W|2 dvol is uniformly bounded, we obtain the following estimate :

1
e
/ |w* p(r)WTildvol
A(R,2R)

It allows us to use lemma 3.6 with m =n/2 :

sup [W| < Cp(R)72R* ( / w2 dw)
S(R) A(R/2,5R/2)

CR™? / |W|n/2 p(r)dvol
A(R/2,5R/2)

As the lattest integral tends to zero when R goes to infinity, the result follows. B

x—1 2
n/271+n72

CR_Qp(R)_lJr z—n/2

IN

She

IN

In general, such a quadratic curvature decay is not so meaningful : actually, any smooth
connected noncompact manifold admits a metric with quadratic curvature decay (|Gro],[LS]). Note
however that a Riemannian manifold with nonnegative Ricci curvature, maximal volume growth
(v = n) and quadratic curvature decay has finite topological type [SS]. In case the volume growth
is not maximal, such a strong topological consequence is not known.

We would like to point out a consequence of the quadratic curvature decay. Applying one of
the results of [LS], it yields the

Corollary 4.12 Let M™, n > 4, be a connected complete Ricci-flat manifold. Suppose there exists
oimM,2<v<nand B, > A, > 0 such that

YVt > 1, At <volB(o,t) < B,t",

and the curvature tensor belongs to L3 (M, p,(ro)dvol). Then the integral of the Chern-Gauss-
Bonnet form is an integer.

1
Remark 4.13 On a four-manifold, this means W/ |W|2dvol is an integer. In particular, if
™ Jm

/ |W|? dvol < 872, M has to be flat. We recover a flatness criterion (in dimension 4).
M

Now, it is well known that manifolds with faster than quadratic curvature decay enjoy nice
properties [Abr]. This motivates our quest for a better estimate on the curvature. The key is the
refined Kato inequality.
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Theorem 4.14 (Curvature decay (1)) We consider a connected complete Ricci-flat manifold
M™, n > 4, such that SC(M) is finite. Fiz a point o in M and assume there exists v > 2 and
A, > 0 such that Vt > 1, vol B(o,t) > AytY. Then

-2 -2 -1
sup |[W|=0@t"%) forb=2 and every b < v = v=2)(n )
S(o,t) o n—3

Proof :
Set w = |[W/|" and by = sup {b >0/w=0 ([T2/V(7‘)]b) } We know, from the previous propo-

sition, that w = O(r~27) ; since V(r) < w,r" (Bishop), this implies w = O(V(r)~>/") =
O([r?/V (r)]?¥/™), so that by is a positive number. Suppose by < 1. We can choose b; > 0,

m > 0 such that
> n > n > n
T hn—2) bon—2) n-2

Since by < by, w = O ([TQ/V(T)}bl), so that for any R > 0,

/ w[™dp, < C[R2/V(R)™ p(R)™ 2 V(R)
A(R,2R)

C[R*/V(R)]™" "
CRf(V72)(mb1 7ﬁ) ]

IN

This implies [,, |w|™ du, < 4+00. Now, recall that almost everywhere (A — yc(n) [W])w < 0. We
intend to apply lemma 3.4 to the function w, which is unfortunately not locally Lipschitz. To

overcome this, once again, we consider u, := 4/ |W|2 + €, € > 0. Direct computation yields almost
everywhere

WAl = qu 2 (WIAIW] = e [dWF) + (1 = )u2r = (W |d W]

IN

272 (WA W]+ (1 =) ld[W]?)
and, using the refined Kato inequality as in the proof of (24), we find (everywhere)
ul Ay < U2 (W, BW).

As in the proof of (3.1), by making e go to zero, we are able to obtain the first inequality in the
proof of lemma 3.4 (m > —5). Eventually, we find :

/ ol ™ dysy = O(R™),
M\B(R)

for some a > 0 which is independent of the choice of m in a neighbourhood of Now,

n
bo(n—2)"
applying the lemma 3.6 (again, one must adapt the proof because w is not locally Lipschitz) with

this m, we find for large R :

supw < C (p(R)%R”) o ga/m
S(R)

C [R*/V(R)] ™™ R/
C [R/V/(R)] ™ot

IA

where we again used the Euclidian upper bound on the volume growth of balls. When m goes to
#5Tn=2y> the exponent tends to b, + 17"(27;2)“
a contradiction to the definition of b,. So b, > 1 and, with the lower bound on the volume growth,
we are done. W

. if we choose m sufficiently close to m, we obtain
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Corollary 4.15 We consider a connected complete Ricci-flat manifold M™ with n > 4. Assume
there exists o in M, v > 2 and C, > 0 such that

vol B(o, t) t\"
> _ 7 > _
V2 s>0, vol B(o,s) — Co (s)

and the curvature tensor belongs to L' (M, po(r,)dvol). Then

sup |[W|=O(R™®) forb=2 and every b < v-2_ (1/—2)(n—1).
S(o,R) v n—3

Let us point out the topological consequence we were expecting.

Corollary 4.16 (Finite topology) Let M™ be a connected complete Ricci-flat manifold, n > 4,

for which there exists a point o, v > 42’:%, C, > 0 such that

vol B(o, t) t\"
> _— > -
Vi 5>0, vol B(o, s) ~ Co (s)

and whose curvature tensor belongs to L3 (M, po(r,)dvol). Then M is homeomorphic to the interior
of a compact manifold with boundary.

Proof :
The previous theorem implies M has faster than quadratic curvature decay so that the statement
follows from [Abr|. B

One can wonder whether the limiting decay exponent in 4.14 is indeed attained. Actually, this
is true.

Theorem 4.17 (Curvature decay (2)) We consider a connected complete Ricci-flat manifold
M™, n >4, such that SC(M) is finite. Fix a point o in M and assume there exists v > 4Z—j and
A, > 0 such that Vt > 1, vol B(o,t) > Ay,tY. Then

(r=2)(n=1)
sup |[W|=0 (r_if‘o‘l) .

S(o,R)
Proof :
In [Gur], Gursky introduced the following operator :
n—2
Ly =7, + =D Scalg —ye(n) [W], .

It turns out that this operator is conformally invariant in the following sense : if ¢ is a smooth
positive function,

_n42
R )] (25)

We intend to use this property to find in the conformal class of g a new metric g such that outside

a compact set
Lg = Ag,
ie. 9
n—
We seek g in the form of § = (1 + u)ﬁg, where ¢ is our Ricci-flat metric and u is a smooth
function to determine. Applying (25) to the constant function 1, we find

n+

(1) = (1 +u)" =2 Ly(1 + ),

L) =L, yate,
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so that, since Scal, = 0,

n—2
4(n—1)

_ n+42
n—2

Scalg —ye(n) [Wlg = (1+u)" =2 (Agu — ye(n) [W],) (1 + ).

‘We thus have to solve
Agu —ye(n) [W], u = ye(n) [W], . (26)

Let us solve it on M\ By(o, R), with large R (let us assume S (0, R) is smooth, this not a problem).
We would like to use the inversion theorem 3.10 with Ay —~yc(n) [W/,. The assumption v > 4n=2
ensures “=2 > 2 : theorem 4.14 says that |[W| = O(r~?) for some b > 2. In particular, using

Bishop’s upper bound on the volume growth, one sees that for small § > 0,
n/2+5—1
/ |W|n/2ﬂp(7‘) n/2=1 " dyol < 0.
M
Choosing R sufficiently large, we ensure

24+6—1

So(M) ( / W28 () e dvol) <n(n/2,n/2—6,n/2+36).
M\Bg(o,R)

So 3.10 yields a bounded solution u of (26) on M\By,(o, R), and by enlarging R if necessary, we
can even assume [|ul| ;- < 1. Extending u to the whole M in a convenient way, we obtain a metric
g which is conformally quasi-isometric to g and such that its Gursky operator and its laplacian
coincide outside some ball. Note that the Holder elliptic regularity implies u is C? (since the
coefficients of the equation are Lipschitz) and this is what we need.

Next, we observe that, as soon as [Wy|, is positive, |Wg|3 is smooth and

Ly |Wg|3 =14y |Wg|3 —e(n) |W|g |Wg|3 <0,
so that, with (25),
Ly((1+u)™H [Wyl]) 0,

which means
Ag((L+w) W, ) <0,

outside a compact set.

Now, since (M, g) is quasi-isometric to (M, g), it satisfies the volume doubling property as
well as the scaled Poincaré inequality. These properties are equivalent to the following two-sided
gaussian estimate on the heat kernel p (.,.) : for every z,y in M, for every t > 0,

m exp (—M) < pilz,y) < ﬁ exp (_M)

(see [SC], [Grig]). As for large R, V(o, R) > A,R”, v > 2, this in turn implies the existence of
a positive Green function G(.,.), which is simply fooo pt(.,.)dt) [LY]. Using this formula and the
upper bound on the heat kernel, we see that :

G(o,2) = O(ro(z)*™")
when r,(z) goes to infinity. The maximum principle implies that for every point « in M\By(o, R),

maxg (o, ) (1 +u) =t W[

1 -1 vy < g9 .
(L4u)™" [Wy|, (z) < ming o) G (o) G(o, )
We deduce )
sup |[W|=0O(R ~ ).
S(o,R)
|
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Corollary 4.18 We consider a connected complete Ricci-flat manifold M™, with n > 4. Assume
there exists o in M, v > 42—:% and C, > 0 such that

vol B(o, t) t\”
> YO s o,
VE2s>0, vol B(o, s) 2 G <s)

and the curvature tensor belongs to L' (M, po(r,)dvol). Then
sup |W|= (’)(Tf(yii)ﬁgil) ).
S(o,R)

Remark 4.19 When v =n = 4, we obtain the same decay as [BKN].

Example 4.20 The Taub-NUT metric is a Riemannian metric on R* introduced by Stephen Hawk-
ing in [Haw| (see [Leb] for a mathematical point of view). This is a Hyperkdihler hence Ricci-flat
metric with curvature decaying like r—3 and volume growth like r3. In this example, our theorem
predicts the exact decay of the curvature.

Example 4.21 Let us give another example, inspired from the famous Schwarzschild metric. We
consider R? x S"=2, n > 4, endowed with the metric

g = dr® + F(r)2dt* + G(r)*do?.

r, t are polar coordinates on the R? factor, do? is the standard metric on S"~2, F and G are smooth
functions. Using the symmetries of this metric (see [Bes], [Pet]), it is easy to obtain formulas for
the curvature. And one sees that g has vanishing Ricci tensor if and only if for some positive
parameter v, G satisfies

G'(r) = 1= ()"
G(0) =~
G'(0) =0

and

2y Y\ 3
F(r) = 1- (_) .
n—3 G
2 gnd F ~ r near 0.

G increases from 7y to oo and G ~ r at infinity ; F increases from 0 to

In particular, g is C°-close to the flat metric on R"~1 x St at infinity (the radius of the circles at
infinity are proportionnal to ) and the distance to a fixed point in this manifold behaves like the
coordinate r at infinity. Fventually, this provides on R? x S*™2, n > 4, a complete Riemannian

metric which is Ricci flat, has volume growing like v~ and curvature decreasing like r— (=1,
This is what our theorem predicted.
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