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Abstract

We present recent developments in the geometric analysis of sub-Laplacians on

sub-Riemannian manifolds.
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1 Introduction

Study of sub-Riemannian manifolds. Focus on:
1. Sub-Laplacian comparison theorems
2. Volume doubling properties
3. Isoperimetric and Sobolev inequalities
Different sets of techniques:
1. Lagrangian methods: Jacobi fields

2. Eulerian methods: Bochner’s identities

2 Sub-Laplacian comparison theorems on Sasakian mani-
folds

This section is mostly based on [17], to which we refer for details and statements which
are not proved here.
2.1 Laplacian comparison theorems on Riemannian manifolds

In what follows, given x € R, we will indicate with M, the simply connected Riemannian
space form of constant sectional curvature x. We recall that:

the sphere S™ of constant sectional curvature x, when k > 0;
My = ¢ R™, when x = 0;

the hyperbolic space H" of constant sectional curvature x, when x < 0.

The next result plays a key role in Riemannian geometry.



Theorem 2.1 (Laplacian comparison theorem). Let M be a n-dimensional complete Rie-
mannian manifold with

Ric(M) > (n — 1)k, (k € R)

and denote by My, the n-dimensional simply connected space of constant sectional curvature
k. Let ry and ryp,, respectively denote the geodesic distances from some fixved points in M
and M. If x € M is such that ry; is differentiable at x, then for any y € My at which
rv(z) = rv, (y), we have

AMT’M(LE) < AMNTN(?/)‘ (2.1)

The inequality (2.1) can be equivalently written

(n— 1)\/Ecot(\/ETM(a:)), if k>0,
Aypry(z) < ¢ 2t if k= (2.2)

ryv(z)?

(n — 1)+/|k| coth( \FJTM( ), ifk<O.

On the whole manifold M the inequality (3.3) holds in the sense of the distributions.

Several proofs:
e Jacobi fields

e Bochner’s formula

2.2 Sub-Riemannian manifolds

Let M be a smooth, connected manifold with dimension n + m. We assume that M is
equipped with a bracket generating sub-bundle H C TM of rank n and a fiberwise inner
product gy on that distribution.

e The distribution H is referred to as the set of horizontal directions.

e Sub-Riemannian geometry is the study of the geometry which is intrinsically asso-
ciated to (H, g ).

In sub-Riemannian geometry, for sub-Laplacians comparison theorems the situation is
much more difficult. Though, there is a sub-Riemannian distance

d(z,y) mf / V(Y (), (t))dt

')/EC
and in many situations a natural sub-Laplacian, several questions arise:

1. What is the analogue of Ric(M) > (n — 1)k ?

2. What is a sub-Riemannian space form 7



Already in the lowest possible dimensional case 3, the situation is difficult and was first
addressed by Agrachev-Lee [2]. Of course, one should think of the Heisenberg group
as a space form with zero curvature, but the sub-Laplacian A of the sub-Riemannian
distance function r turns out to have an ugly form. Actually Ayr is not a function of r
only, but of r and Zr, and this function though explicit is not as simple as one could hope
(Agrachev-Lee [2]):

AHT = FH(T, ZT)
with

F(r,v) =

r(2—2 cos(rv)—rvsin(rv))’
4

{ ro(sin(rv)—rv cos(rv)) v >0

r

But, it turns out that F(r, Zr) < F(r,0) = 2, so one gets the clean upper bound

:;7

Ayr < é
r
The 4 is a little puzzling since it implies a measure contraction property MCP(0,5),
whereas the Hausdorff dimension of the Heisenberg group is 4 !
Agrachev-Lee proves then that for 3-dimensional Sasakian manifolds with non-negative
sectional curvature:

AHT‘ < FH(T7ZT) <

S I

The result was then extended to general Sasakian manifolds by Lee-Li.

2.3 Sasakian model spaces

We first present the sub-Riemannian Sasakian model spaces.
2.3.1 Heisenberg group
The Heisenberg group is the set
H* ! = {(2,9,2),z € R",y € R", 2z € R}
endowed with the group law
(21,91, 21) * (T2, 2, 22) = (¥1 + 22,41 + Y2, 21 + 22 + (21, Y2)rn — (22, Y1)R").-

The vector fields

0 0
Xi= 75— —Yiq
ox; y@z
0 0
Y; N 33/1 +xi&



and

0
7 = —
0z
form an orthonormal frame of left invariant vector fields for the left invariant metric on
H?"*!. Note that the following commutations hold

(X:,Y;] =260;;2, [X;,Z]=1[Y;,Z]=0.
The map

H2n+1 SN RQn

T (g2 = (2y)

is then a Riemannian submersion with totally geodesic fibers. The horizontal Laplacian
is the left invariant operator

n

Ay = Z(Xiz +Y7)
i=1
n n
0? 0? 0 0\ 0 9 5. 02
— —~ 4L~ _ 19 I -
Zoa oty (“"layz. vi a@ﬂj) 57+ (2l +1lvl*) 55
and the vertical Laplacian is the left invariant operator

82
Ay = —.
VT 922
The horizontal distribution
H = Span{X17 e 7Xn7Y17 o 7Yn}

is bracket generating at every point, so Ay is a subelliptic operator. The operator Ay is
invariant by the action of the orthogonal group of R?" on the variables (z,y). Introducing
the variable 2 = ||z]|? + ||y||?, we see then that the radial part of Ay is given by

. 9> 2m—-10 5 02
A=grt e T a2

This means that if f : R>o x R — R is a smooth map and p is the submersion (z,y,z) —

(VlzlI* + lly[l?, z) then

An(fop)=(Anf)op.

2.3.2 The Hopf fibration

Let us consider the odd dimensional unit sphere

S = {z= (21, , 2n41) € C"T |2 = 1}.



There is an isometric group action of S! = U(1) on §?"*! which is defined by

0 0

(Zlv”' 7Zn)_>(ei 21yt >€i Zn)'

The quotient space S?"*+!/U(1) is the projective complex space CP" and the projection
map 7 : S?»*1 — CP" is a Riemannian submersion with totally geodesic fibers isometric
to U(1).

2.3.3 The Anti-de Sitter space

Let us consider the odd dimensional unit Lorentz sphere
Ad2n+1 - {Z - (Zl, T 7ZTL+1) S CnJrl?Q(Z) = 1}7

where ¢ is the Lorentz norm
n
q(2) = Y|zl = lznsl?
i=1

There is an isometric group action of S! = U(1) on Adg,;1 which is defined by

0 0

(21, 7Zn)%(€i 21yt ,ei Zn).

The quotient space Adg,+1/U(1) is the complex hyperbolic space CH" and the projection
map 7 : Adg,1 — CH” is a pseudo-Riemannian submersion with totally geodesic fibers
isometric to U(1).

2.3.4 Sasakian spaces

Sasakian spaces are a special case of sub-Riemannian manifolds that arise in contact
geometry.

Let (M, 0) be a 2n + 1-dimensional smooth contact manifold. On M there is a unique
smooth vector field S, the so-called Reeb vector field, that satisfies

0(5) =1, Ls(0) =0,

where Lg denotes the Lie derivative with respect to S. On M there is a foliation, the Reeb
foliation, whose leaves are the orbits of the vector field R. As it is well-known (see [51]),
it is always possible to find a Riemannian metric g and a (1, 1)-tensor field J on M so that
for every horizontal vector fields X, Y

g(X,8) =0(X), J*X)=-X, ¢g(JX,Y)=(dd)(X,Y), JS=0.

The triple (M, 6, g) is called a contact Riemannian manifold. It is then known and easy
to prove that the Reeb foliation is totally geodesic with bundle like metric if and only if
the Reeb vector field S is a Killing field, that is,

Lgg = 0.



In that case, (M, 6, g) is called a K-contact Riemannian manifold. Observe that the hori-
zontal distribution H is then the kernel of 8 and that H is bracket generating because 6 is a
contact form and therefore non degenerate. The Bott connection is the unique connection
that satisfies:

1. VO = 0;
2. VS =0;
3. Vg =0;

4. T(X,Y)=di(X,Y)S for any X,Y € I'*°(H);
5. T(Z,X) =0 for any vector field X € I'*°(H).

If M is a strongly pseudo-convex CR manifold with contact form 6, then the Tanno’s
connection is the Tanaka-Webster connection. In that case, we have then VJ = 0 (see
[23]). CR manifold of K-contact type are called Sasakian manifolds (see [23]).

In the following, we consider a complete Sasakian space (M, 6,g) . The sub-Riemannian
structure of interest is (M, H, g3 ) where H is the kernel of . Observe that H is bracket-
generating since 6 is a contact form.

The Riemannian gradient will be denoted V and we write the horizontal gradient as V4,
which is the projection of V onto H. Likewise, Vy will denote the vertical gradient. The
horizontal Laplacian (our sub-Laplacian) Ay is the generator of the symmetric closable
bilinear form:

Enlf.g) = - /M (Vaf, Vg du, g € C3o(M).

It is then easy to prove that:
A=5%+ Ay

where A is the Laplace-Beltrami operator of the Riemannian manifold (M, g). The opera-
tor S2 can be understood as a vertical Laplacian, and we will often denote Ay = S2. For
a fixed g € M denote

ro(z) = do(zo, ).

The cut-locus Cutg(zg) of zg for the sub-Riemannian distance dy is defined as the com-
plement of the set of 4’s in M such that there exists a unique length minimizing normal
geodesic joining xp and y and xo and y are not conjugate along such geodesic (see [1]).
The global cut-locus of M is defined by

Cuto(M) = {(z,y) € M x M,y € Cuty(z)}.

We first collect several known regularity results about ry in our Sasakian manifold frame-
work.

Lemma 2.2 ([1], [37], [43]). The following statements hold:



1. The distance function x — ro(z) is locally semi-concave in M — {xo}. In particular,
it 1s twice differentiable almost everywhere.

2. For any point x for which the function x — ro(z) is differentiable, there exists a
unique length minimizing sub-Riemannian geodesic and this geodesic is normal.

3. The set M — Cutq(z) is open and dense in M.
4. The function (x,y) — do(z,y)? is smooth on M x M — Cutg(M).

To state the main theorem we are interested to prove, we start by introducing some helpful
functions,

sinilﬁ)/ﬁt if >0, sinh \/27;2—\/% if 4> 0,
O L MU B if =0,
SOE i<, VIS it <o,
Notice that QM fo qﬁﬂ s1) dsy dsa. We also introduce the following function:
“3/2 (Vi — L tanh /ar) if >0,
Vu(r)=q 577 if p =0,

|M|}3/2(%tan ‘:U"T Y ’ND if p <0.

In the following, R will denote the full Riemannian curvature tensor of the Bott connection.

Theorem 2.3 (Horizontal Laplacian comparison theorem). Let ki,ks € R and ¢ > 0.
Assume that for every X € I'°(H), || X =1,

(R(X,3X)IX, X > k. (2.3)
and that,
Ricy (X, X) — (R(X,JX)IX, X)y > (n — 2)ks. (2.4)
Let x # xo which is not in the cut-locus of xg.

¢, (10) N ¢, (ro) W_y, (ro)
G—ky(r0) Dby (10) ¥ty (ro/2)

One deduces from the previous theorem that:

Ayrg < (n—2)

(n — 2) Vkg cot Vkaro + <2t;ir(lﬁ?/2m;gﬁ) Vk1 cot ko if ki, ko > 0,

A'HTO S nt2 lf k‘l,k'g == O,

8

v/ |k1|ro—tanh \/|k1|ro .
(n— \/|k2|coth\/|k2|ro—i—< Tktlro—2 tanh(y/Ikalror2) k1] coth \/|ki|ro if k1, k2 < 0.



Our theorem may be compared to Theorem 1.3 in [36] which holds under the same as-
sumptions. There are however a few differences. The first one is that, for the sake of
simplicity, we omit in our computations the terms involving the vertical derivative of the

distance function, since this term is anyhow difficult to estimate. The second one is that

we actually get a sharper constant for the term (n— 2)% whereas [36] obtains the less
-2

¢, (T0)
P—kq (T0)
is optimal on the set of z for which Vyro(z) = 0 (worst possible situation). In Sasakian
manifolds the quantity K3(X) := (R(X,JX)JX, X)y is called the pseudo-Hermitian sec-
tional curvature of the Sasakian manifold (see [10] for a geometric interpretation). It can
be seen as the CR analog of the holomorphic sectional curvature of a Kéhler manifold. It
is known that the holomorphic sectional curvature determines the whole curvature tensor,
however there exist explicit examples of manifolds with positive holomorphic sectional
curvature without any metric of positive Ricci curvature (see [30]). As a consequence it is
likely that there exist examples for which k1 and k2 do not have the same sign.

precise (n — 1) . As can be seen from [2], in the 3-dimensional case, Theorem 2.3

Theorem 2.3 will be proved when k; = ko = 0 in the next sections. We first point out a
relatively straightforward corollary

Theorem 2.4 (Sub-Riemannian Bonnet-Myers theorems). Let ki,k2 € R and ¢ > 0.
Assume that for every X € T'°(H), || X =1,

(R(X,IX)JIX, X)3 > ki, (2.5)
and that,
Ricy (X, X) — (R(X,JX)JX, X)y > (n — 2)ks. (2.6)
1. If k1 > 0, then M is compact and

diam (M, do) < —=.
iam ( 0) < N

2. If kg > 0, then M s compact and

™

di M, dp) < ——.
iam ( 0) < NG

2.4 Canonical variation of the distance

Our strategy to prove the sub-Laplacian comparison theorem is the following. The Rie-
mannian metric g of the Sasakian space can be split as

9=9u®gv, (2.7)



and we introduce the one-parameter family of rescaled Riemannian metrics:

1
9 =g ® gy, >0 (2.8)

It is called the canonical variation of g (see [20], Chapter 9, for a discussion in the submer-
sion case). The Riemannian distance associated with g. will be denoted by d.. It should
be noted that d., ¢ > 0, form an increasing (as € | 0) family of distances converging
pointwise to the sub-Riemannian distance dg.

To prove Theorem 2.3, the main strategy is to prove an estimate for Ayr. by using the
classical theory of Jacobi fields on the Riemannian manifolds (M, g.) and then take the
limit € — 0.

The following lemma will be useful to take the limit:

Lemma 2.5. Let x € M, x # x¢ which is not in U,>1Cuty (7o), then

lim |[[Vyry (@)l =1.

n—-+o0o

Proof. Let 7y, : [0,1] — M be the unique, constant speed, and length minimizing g, s,
geodesic connecting o to . One has dy (w0, )| V71 /n(7)[lg = [|7,(0)][3. We therefore
need to prove that lim,_, [|7,,(0)||% = do(zo,x). Let us observe that

17 (0)1I3, + nll7n () = dijn (o0, 2)*.

Therefore, lim,, oo ||7,(0)||3 = 0. Let us now assume that |7, (0)|l% does not converge to
do(wo,x). In that case, there exists a subsequence ny such that [|7;, (0)[% converges to
some 0 < a < do(zg,x). For f € CP(M) and 0 < s <t <1, we have

| (i () = (i (] < (1, O) 22l Ve lloo + 170, O) IV Vv Flloo) (£ = 5).

From Arzela-Ascoli’s theorem we deduce that there exists a subsequence which we continue
to denote 7,, that converges uniformly to an absolutely continuous curve 7, such that
~v(0) = o, ¥(1) = x. We have for f € C§°(M) and 0 < s <t <1,

IF(v(#) = F(v()] < al| Vi flloo(t = 5).

In particular, we deduce that

[f(z) = f(zo)| < al|Vayflloo-

Since it holds for every f € C§°(M), one deduces

do(zo, ) = sup{|f(z) — f(zo)], f € C7M), [Vafl <1} <a.

This contradicts the fact that a < do(zo,x). d

10



2.5 Interlude: Second variation formulas and index forms

In this interlude, for the sake of reference, we collect without proofs several formulas used
in the text. The main point is that the classical theory of second variations and Jacobi
fields (see [22]) can be reformulated by using a connection which is not necessarily the
Levi-Civita connection. To make the formulas and computations as straightforward and
elegant as for the Levi-Civita connection, the only requirement is that we have to work
with a metric connection whose adjoint is also metric.

Let (M, g) be a complete Riemannian manifold and V be an affine metric connection on M.
We denote by V the adjoint connection of V given by

VxY =VxY —T(X,Y),

where T is the torsion tensor of V. We will assume that V is a metric connection. This is
obviously equivalent to the fact that for every smooth vector fields X,Y, Z on M, one has

(T(X,Y),Z) = —(T(X,2),Y). (2.9)

Observe that the connection (V 4 V)/2 is torsion free and metric, it is therefore the Levi-
Civita connection of the metric g. Let v : [0,7] — M be a smooth path on M. The energy

of v is defined as

1

T
B0 =35 [ WP

Let now X be a smooth vector field on « with vanishing endpoints. One considers the
variation of curves y(s,t) = expj(t)(sX (7(t))) where exp" is the exponential map of the
connection V. The first variation of the energy F(v) is given by the formula:

T T T
| vx e mayyde= [y a = [y, x) an
0 0 0
As a consequence, the critical curves of E are the geodesics of the adjoint connection V:
~ /A
Vi =0.
These critical curves are also geodesics for V and for the Levi-Civita connection and thus

distance minimizing if the endpoints are not in the cut-locus. One can also compute the
second variation of the energy at a geodesic v and standard computations yield

T
/0 (<v7,X, V. X) — (R(Y, X)X, »/>) dt (2.10)

where R is the Riemann curvature tensor of V. This is the formula for the second variation
with fixed endpoints. This formula does not depend on the choice of connection V.

11



The index form of a vector field X (with not necessarily vanishing endpoints) along a
geodesic v is given by

I(v, X, X) : = /OT ((waXv Vo X) — (R(Y, X)X, 7’)) dt

T
_ /0 ((VV/X,@7/X>—<R(7’,X)X,7’)) dt.

If Y is a Jacobi field along the geodesic «y, one has
V.V, Y =V, Vyy = R, Y)Y
because @7/7’ = 0. The Jacobi equation therefore writes
VyVyY =R, Y)Y, (2.11)
We have then the following results:

Lemma 2.6. Let vy € M and z # xg which is not in the cut-locus of x. We denote by
r = d(xo,-) the distance function from xo. Let X € T,M be orthogonal to Vr(x). At the
point x, we have

VAr(X,X)=1(7,Y,Y)

where v is the unique length parametrized geodesic connecting xg to x and Y the Jacob:
field along v such that Y (0) =0 and Y (r(z)) = X.

Combining this with the index lemma yields:

Lemma 2.7. Let xg € M and x # x¢ which is not in the cut-locus of x. Let X € T,M.
At x, we have

V2r(X, X) < /0 (<v7,X,@7,X> - <R(’y',)~())~(,’y’>> dt

where 7 is the unique length parametrized geodesic connecting zo to x and X is any vector

field along ~ such that X(0) =0 and X (r(z)) = X.

2.6 Horizontal Hessian and Laplacian comparison theorems in non-negative
curvature

In this section, we prove a Hessian comparison theorem for r. under the assumption of
non-negative sectional curvature and deduce a horizontal Laplacian comparison theorem.
The idea is to use a convenient family of almost Jacobi fields, yielding optimal results when
€ — 0. The result shall be generalized to negative and positive sectional curvature in the
next sections, but since the computations are quite involved, for the sake of presentation,
we first present the case of non-negative sectional curvature. Our main theorem is the
following:

12



Theorem 2.8. Assume that the horizontal sectional curvature of the Bott connection is
non negative, namely for every horizontal fields X,Y,

(R(X,Y)Y, X)3 > 0.

Let x # xg which is not in the cut-locus of xg. Let X € T, M which is horizontal, orthogonal
to Vyre(z) and such that || X |y = 1. One has at x

1 1 r(JX, Vyre)?
2 < - = € bl € ’H
VHTE(X’ X) — ’["E + 46 1 + HVH,’,,SHQTg
12e

Proof. Let v be the unique length parametrized geodesic connecting xy to z. We consider
at x the vertical vector
T(X,v)

1
T o IR
1 + 12¢

Z

We still denote by Z the vector field along v which is obtained by parallel transport of Z
for the Bott connection V. We will also still denote by X the vector field along v which is
obtained by parallel transport of X € T,M for the adjoint connection V& = V + éJ . We
now consider the vector field Y defined along v by:

Y (t) L t(t Yz + tX-i- t L (e _1 2) VI3, ) Z + £ (', X)
=——t(t—r — —— |5 —zr — .
% ez T o 2e \3 2" )M in o\

We observe that:
1. Y(0) =0 and Y (r;) = X;
2. Vva = T(")//, Y) + Z;
3. @i,YH = iX — 5= (2t —e)Jz.

For 2., we used the fact that since M is a Sasakian manifold T'(v', Jzv') = ||7/[|3,Z.
We point out that Y is actually the solution of the differential equation:

. 1. - 1 ,

ViIVfY/Y + EJ,},/VE//Y = gJT(’Y/7Y)’7
with the boundary conditions Y'(0) = 0, Y (r.) = X. Thus, even when R = 0 (Heisenberg
group case), Y is not a Jacobi field, unless 7 is horizontal. However, considering this Y
simplifies computations, and moreover for € — 0, we shall get optimal results since v will

converge to a sub-Riemannian geodesic, which is horizontal.

From lemma 2.6 and the index lemma, one has

V2 (X, X) < / (V5 Y, 951, — (B(7, Y)Y,A)..
0

13



‘We now observe that

(R (., Y)Y, 7)) = (R(Y, Y)Y, ") — |T(Y,7)]2
= (R(Yay, Y ) Yo, Vi) — | T(Y,7)|I2
> —||T(Y,7)]2.

Therefore we have
Te R
V(XX < [ (TR0, + 100
A lengthy but routine computation yields

/0 (VEY, V5 Y)e + IT(Y,7)]2

1 Te r2 2 2 1 2 Te re 2 /
=— — \% Z —||T(X — \Y% Z, T, X))e.
= (2 gl ) 1212 + AT + (7 4 35 IVl ) (2.7 )
Using the fact that
,_ 1 T(X.7)
) r2y 15,
1+ 12¢ "
one gets
re - 1 1 ro(JX, Vyre)?
VEY,VEY) 4 TV, )2 = — + — 2 i
[ e R T o T
The proof is then complete. O

We now estimate V%rE(VHTE,VHrs), which was the missing direction in the previous
theorems.

Lemma 2.9. Let x # xg which is not in the cut-locus of ro. We have at x:

min(T(re),1 — 1“(7“5))'

Te

vg—lrf(vﬂrav VHTE) <
Proof. From the index lemma, one has
Vi (Vare, Vure) < Iv=(7, X, X),

where v is the unique length parametrized geodesic connecting xzg to x and X = i%{
An immediate computation gives

T
IV5(77X7X) = (ra)'
Te
Therefore r
V%ﬂ“g(v;ﬂ%, V’}-['rs) S ,(rrs) .
g

14



‘We now observe that
IVarel3 + el Vyrellp = 1.

AS a consequence
Val Varel3 + eVl Vore|[3 = 0

and
VVHVHTEH%{ + EVvHVV?}”% =0.

From the first equality we deduce
(VullVarel3, Vare)w + e (V[ Vyre|l, Vare) = 0.

and therefore,
V%{TE(V'HT@ Vur:) + EV%{,V’I“E(VTE, Vr.) =0.

Similarly, from the second equality we have
V%ﬂre(Vrs, Vre) + eVir(Vyre, Vyre) = 0.
It is easy to check that V%?H = V%{y (see [14]). Consequently,
V21 (Vure, Vire) = e2Var.(Vyre, Vyr:) = 2| Vyre |3 Apr-.

From a vertical Laplacian comparison theorem one has

1
AVTE < —.
ETe

This yields

Vyrel|Z 1= ||[Vyre|2 1-T
V2o (Vare, Vure) < 5” vrelly 1= 1Varells, (re)
Te Te Te

We now prove the horizontal Laplacian theorem:

Theorem 2.10. Assume that for every X € T°(H), || X|| =1,
Ricy (X, X) > (R(X,JX)JX, X)3 > 0.

Let x© # xo which is not in the cut-locus of xg. At x we have

n—+ 2 1 1
A < — mi —1,1].
HTe S + min <F(7“5) R >

Te Te

15



Proof. We first assume that Vyr.(z) # 0. Let Xi,---, X,,_o2 be horizontal vectors at z

such that ( X1, -+, X9, rrtle JVare ) ig a horizontal orthonormal frame. From the
o P IVarellsn TVaHrelln

proof of theorem 2.8, we get

n—2
Apre = ——— V3o (Vare, Vagre) + ————— Ve (IVare, IVara) + > Varo(Xi, X;
HTe HV’HTSH% H E( HTe H 8) ||V'Hra”%{ H 5( HTe H 5) ; H 5( )
1 n—1 3
< e V2 (Viyre, Viyre) + —
Wl Ve Ve
1 n+2

- V2 Voure, Vyr:) +
Ve, * 1re(Vare Vare) + =

2 1 1
< n++min<—1,1>.
Te Te (re)

If Vyre(x) =0, one can find Xj,---, X, horizontal vectors at x such that (X, -+, X})
is a horizontal orthonormal frame and theorem 2.8 yields

Aqyre < n—|—3.

Te

To finish the section, we study the limit when ¢ — 0 in the previous theorem.
We can now conclude:

Theorem 2.11. Assume that for every X € T°(H), || X|| =1,
(R(X,IX)JIX, X)3 >0

Ricy (X, X) — (R(X,JX)JIX, X) > 0.

Then, outside of Cuty(xg), and in the sense of distribution, for the sub-Riemannian dis-

tance we have 49
n
AHTO < .
To

Proof. Since the cut-locus of z( for the metric g. has measure 0, by usual arguments, we
have in the sense of distributions:

n—+ 2 1 1
A < — mi —-1,11.
HTe S ; + min (P(Tg) R )

€ Te

This means that for every smooth, non negative and compactly supported function f,

n+2 1 1
/M(Ayf) rgdug/M< . —f—r—smln (F(rs)—1,1>>fdu.

Taking the limit when € — 0 yields the result. O
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2.7 Measure contraction properties

We now recall the following definition (see [40, 49, 50]).

Definition 2.12. Let (X, d,v) be a metric measure space. Assume that for every xop € X
there exists a Borel set Qg of full measure in X (that is v(X \ Qg,) = 0) such that any
point of Q0 is connected to xo by a unique distance minimizing geodesic t — ¢y z,(x),
t € [0,1], starting at x and ending at xo. We say that (X,d,v) satisfies the measure
contraction property MCP (0, N), N > 0, if for every zo € X, t € [0,1] and Borel set U,

V(a0 (U)) 2 (L= t)Vu(U).
As an immediate corollary of Theorem 2.10, we deduce:

Corollary 2.13. Let (M, gy) be a Sasakian structure such that

K’H’J > 0, RinH’JJ_ > 0.
Then, for every e > 0, the metric measure space (M, de, ) satisfies the measure contraction
property MCP(0,n + 5).

This corollary is interesting because the Ricci tensor of the metric g for the Levi-Civita
connection blows up to —oo in the directions of the horizontal space when € — 0. Such
similar situations are pointed out in Lee [35].

Proposition 2.14. Let (M, gy) be a Sasakian structure such that for every X € T'°°(H),
X =1,
(R(X,JX)IX, X)3 >0

Ricy (X, X) — (R(X,JX)IX, X)y > 0.

Then the metric measure space (M, dy, 1) satisfies the measure contraction property MCP
(0,n + 3).

17



3 Volume doubling properties on sub-Riemannian manifolds

3.1 Framework

Throughout the section, we consider a smooth connected n + m dimensional manifold M
which is equipped with a Riemannian foliation with a bundle like metric g and totally
geodesic m dimensional leaves. We moreover assume that the metric g is complete and
that the horizontal distribution H of the foliation is bracket-generating. We denote by p
the Riemannian reference volume measure on M.

As is usual, the sub-bundle V formed by vectors tangent to the leaves is referred to as the
set of vertical directions. The sub-bundle H which is normal to V is referred to as the set
of horizontal directions. Saying that the foliation is totally geodesic means that:

(Lx9)(Z,Z) =0, (Lz9)(X,X) =0, for any X € I'°(H), Z € (V).

The literature on Riemannian foliations is vast, we refer for instance to the classical ref-
erence [53] and its bibliography for further details.

The Riemannian gradient will be denoted V and we write the horizontal gradient as Vy,
which is the projection of V onto H. Likewise, Vy will denote the vertical gradient. The
horizontal Laplacian Ay is the generator of the symmetric closable bilinear form:

En(f.g) = - /M (Vaf, Vg du,  frg € C3°(MD).

The vertical Laplacian may be defined as Ay = A — Ay where A is the Laplace-Beltrami
operator on M. We have

Ev(frg) = /M (Vo f, Voghy dyi = /M FAvgdu, f.g e C(0).

The hypothesis that H is bracket generating implies that the horizontal Laplacian Ay is
locally subelliptic and the completeness assumption on g implies that Ay is essentially self-
adjoint on the space of smooth and compactly supported functions (see for instance [12]).

3.2 Bott connection

There is a first natural connection on M that respects the foliation structure, the Bott
connection, which is given as follows:

ooy () Y eI (H),
X mw(X,Y]), X eD™(H), Y € I=(V),
m(VLY), XY e I=(V),



where VY is the Levi-Civita connection for g and 7y (resp. myp) the projection on H
(resp. V). It is easy to check that for every € > 0, this connection satisfies Vg. = 0. A
fundamental property of V is that H and V are parallel.

The torsion T of V is given as
T(X,Y) = —mp[muX, mY].

For Z € T'°(V), there is a unique skew-symmetric endomorphism J; : H, — H, such
that for all horizontal vector fields X and Y,

gH(JZ(X)vy) :gV(Z7T(XaY))7 (3'1)

where T is the torsion tensor of V. We extend Jz to be 0 on V,. Also, if Z € I'°(H),
from (3.1) we set Jz = 0.
We now introduce the relevant tensors which will be used to control the index forms. The

horizontal divergence of the torsion 7" is the (1,1) tensor which in a local horizontal frame
X1,...,X, is defined by

n

HT(X) ==Y (Vx,T)(X;, X).
j=1

Going forward, we will always assume in the sequel of the course that the horizontal
distribution H satisfies the Yang-Mills condition, meaning that dxT = 0 (see [12, 26, 27]
for the geometric significance of this condition).

We will denote by Ricy the horizontal Ricci curvature of the Bott connection, that is
to say the horizontal trace of the full curvature tensor R of the Bott connection. Using
the observation that V preserves the splitting H @ V and from the first Bianchi identity,
it follows that Ricy(X,Y) = Ricy(muX, Y ). We will also denote Ricy the vertical
Ricci curvature of the Bott connection (this is also the Ricci curvature of the leaves of the
foliation as sub-manifolds of (M, g))

If Z1,...,Zy is a local vertical frame, the (1,1) tensor

2= "Iz Jz
(=1
does not depend on the choice of the frame and may globally be defined.

3.3 Horizontal and vertical Bochner formulas and Laplacian comparison
theorems

It is well-known that on Riemannian manifolds the Laplacian comparison theorem may
also be obtained as a consequence of the Bochner formula.
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We first recall the horizontal and vertical Bochner identities that were respectively proved
in [19] and [14] (see also [26, 27] for generalizations going beyond the foliation case).

Theorem 3.1 (Horizontal and vertical Bochner identities). For f € C*°(M), one has

SAWIAF2 — (A f, df)e = V52 + (Ricw(df ), ) + - (3(F),

and

%Adeng — (dAy fdf)- = [IV3pfIIP + el VRFI? + e (Ricy(df), df ), -

Proof. The first identity is Theorem 3.1 in [19]. The second identity may be derived from
Proposition 2.2 in [14]. O

Those two Bochner formulas may be used to prove general curvature dimension estimates
respectively for the horizontal and vertical Laplacian.
We introduce the following operators defined for f,g € C*°(M),

D(f0) = 3 (An(F9) ~ 9Dnf — FAng) = (Vauf. Vug)w
TY(f.9) = (Vv f. Vv,
and their iterations which are defined by
TH(7,0) = 5 (AT (f,9)) — Tlg, Anef) ~ T(f, Ang)
T3V (f,9) = 5 (Au(T(£.9)) ~ TV (g, e f) ~ TV (f, Arag)
Y™ (f,9) = 5(Au(T(f.9)) ~ (g, Avf) ~ T(f, Avg))

and
T¥(f,9) = 5(Au(TV(£.9)) ~ T¥(9, Avf) ~ TV(f, Avg))

As a straightforward consequence of Theorem 3.1, we obtain the following generalized
curvature dimension inequalities for the horizontal and vertical Laplacians.

Theorem 3.2.

1. Assume that globally on M, for every X € T°(H) and Z € T>°(V),
. 1
Ricy (X, X) > pi(re) | X3,  —(3X, X)n < w(re)[| X 13, _ZTI'H(J%) > pa(re) 121,

for some continuous functions p1, p2, k. For every f € C*°(M), one has

K(re)
€

S|

TR, f) + DV (L F) > = (Auf)* + (m(ra) - )r<f, F)+ pa(re )TV (£, ).
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2. Assume that globally on M, for every Z € T>°(V),
RiCV(Z7 Z) > p3(7’5)HZH%,

for some continuous functions ps. For every f € C*°(M) one has

TV (L, £) + DY (f, £) > —(Av )2 + eps(ro)TV(f, ).

£
m
Proof. The proof of 1. follows from
1
IV5edf 112 > V311 = Ten( )
1
> —(Af) + po(re) TV (S ),

where we refer to the proof of Theorem 3.1 in [19] for the details. The proof of 2. is
immediate. O

We deduce the following theorems:

Theorem 3.3. Let x € M, x # x¢ and x not in the d. cut-locus of xo. Let G : [0,7:(x)] —
R be a differentiable function which is positive on (0,7-(x)] and such that G(0) = 0. We
have

Muree) < g | o (r602 = | () = 29 ) P21 (0) + oo ) 0)| 92 ) s

Theorem 3.4. Let x € M, x # xg, not in the d. cut-locus of xo. Let G : [0,7(z)] = R>g

be a differentiable function which is positive on (0,7-(z)] and such that G(0) = 0. We
have

1 (@) m
A < —G'(s)* - rv G(s)?) ds.
V@) € g [ (00 = m@)eT ) )G ds
To prove Theorem 3.3 and 3.4, we shall need the easily proved following lemma.

Lemma 3.5. We have

: 2 1 2 _
mli}HmlO T&(x) AHTE(SU) = xli>H£0 7"5(‘73) AVT€($) =0.

We are now in position to give a proof of Theorem 3.3.

Proof (Proof of Theorem 3.3). Let v(t),0 <t < r.(x), be the unique length parametrized
ge-geodesic between xg and z. We denote

o(t) = Lre(v(1), 0<t<r(zx).
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From Theorem 3.2, we get the differential inequality

02 2007 + () - ") L@ 4 O, 62

1
n
because I'(r;) and T'V(r.) are constants along y. We now notice the lower bound

1 G'(t)
Lo0)? =25

¢(t) —

Using this lower bound in (3.2), multiplying by G(¢)?, and integrating from 0 to r.(z)
yields the expected result thanks to lemma 3.5. Ul

The proof of Theorem 3.4 is identical.

Corollary 3.6. Assume that the functions p1, Kk, pa are constant. Denote

. K p2
Re = 1IN (pl - g,?) .

For x # xg € M, not in the d. cut-locus of xq

Nk cot(y/Eere(x)), if ke >0,
n

Ayre(z) < if ke =0, (3.3)

re(x)’

/n|ke| coth( |”—n€‘7“5(x)), if ke <O.

Corollary 3.7. Assume that the function ps is constant. Then, for © # x¢ not in the
cut-locus of xq,

Ayre(z) < F(Ts(x)arv(%)(m))
where

VmpsV(r:) cot ( ’M;nwre) , if p3 >0,

m .
F(’I"E, FV(TE)) = er.’ Zf pP3 = Oa
€

/—mp3TV(r:) coth < —p362£nv(re)r5> , if p3 <O.

3.4 Li-Yau inequality and volume doubling properties for the sub-Riemannian
distance

Throughout the section we assume that globally on M, for every X € I'*°(H) and Z €
=),

. 1
Ricy (X, X) > ;i | X115, =X, X)n < sl X[5, =5 Tru(JZ) = pall 23,
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for some p; € R, Kk, p2 > 0. We also assume that the horizontal distribution H is Yang-
Mills, which means that
oxT = 0.

We show in this section how to obtain the Li-Yau estimate.
Henceforth, we will indicate C;°(M) = C*°(M) N L>*(M) and by P; the semigroup gener-
ated by Ay. A key lemma is the following.

Lemma 3.8. Let f € Cy°(M), f >0 and T > 0, and consider the functions
¢1(x,t) = (Pr—¢f)(2)L(In Pr— f) (),

¢2(z,t) = (Pr—of)(@)T” (In Pr- f)(2),
which are defined on M x [0,T). We have

Andr + 928 = 3Py f)a(n Prof).

and 96 §
Angz + .= = 2(Pr—f)T5 (In Pr—.f).

Proof. This is direct computation without trick. Let us just point out that the formula
Ay + % = 2(Pp_/)TY (In Pr_¢ f).

uses the fact that T'(g, TV (g)) = T'V(g,T'(g9)) and thus that the foliation is totally geodesic.

O

We will need the following classical lemma.

Lemma 3.9. Let T > 0. Let u,v : M x [0,T] — R be smooth functions such that for every
T >0, supyejo.) [ul-,t)lloc < 00, supsepo 7y [|0(-)lloc < 005 If the inequality

ou
A — >
HUt G =Y

holds on M x [0,T], then we have

T
PﬂMwﬂX@ZUWﬁX+A Py(u(-,5))()ds.

We now show how to prove the Li-Yau estimates for the horizontal semigroup F;.

Theorem 3.10. Let a > 2. For f € C°(M), f >0, f # 0, the following inequality holds
fort>0:

L(InP.f) + %tPV(ln Pf)

— =t —
Ptf + 20 2

2
ar___2n1 > Aulif | nei,  pin <1+ - > Qe (1+ &=

§<LFMUm o S(a—2)t

(a—1)p2
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Proof. We fix T' > 0 and consider two functions a, b : [0,7] — R>q to be chosen later. Let
feC®M), f > 0. Consider the function

¢(x,t) = a(t)(Pr—of) (@)L (In Pr—y f)(2) + b(t)(Pr—f) (@)L (In Pr— f) ().
Applying Lemma 3.8 and the curvature-dimension inequality in Theorem 3.2, we obtain

¢
A -
HO + 5t

:a/(PT_tf)F(ln PT—tf) + b’(PT_tf)FV(ln PT—tf) + Qa(PT_tf)Fg(ln PT—tf)
+ 20(Pr— f)T' (In Pr_. f)

o2
> <a’ + 2p1a — 2I€b> (Pr—¢f)T(In Pr—yf) + (' + 2p2a)(Pr— f)TY (In Pr_, f)

+ %(PT—thAH(ln Pr-if))*.

But, for any function 7 : [0,7] — R

(Ay(In Pr_y f))* > 2yAyn(In Pr_yf) — 7,
and from chain rule

AyPr—ef

AH(]D PT,tf) = PT,tf

F(hl PT,tf).

Therefore, we obtain

0 2 4
Ayd+ 9% >d +2p1a— o 29 (Pr—+f)T'(In Pr_¢ f)
ot b n
, v 4ary 2ay?
+ (0" 4+ 2p2a)(Pr— /)T (In Pr_.f) + TA’HPT—tf - Pr_:f.
The idea is now to chose a, b,y such that
a’+2p1a—2n%—4a77 =0
b+ 2p2a =0
With this choice we get
0 4a 2ay?
T N Y R (34)
n n

We wish to apply Lemma 3.9. We take now f € C§°(M) and apply the previous inequality
with f; = f + ¢ instead of f, where ¢ > 0. If moreover a(7T) = b(T') = 0, we end up with
the inequality

a(0)(Prf:)(z)I (In Prf.)(z) + b(0)(Prf) (@)l (In Pr f.)(z)

T 4 T 2) 2
—/ CwdlﬁAHPTfe(fC)Jr/ “atPrf.(x) (3.5)
0 n 0 n

IN
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If we now chose b(t) = (T — t)® and b, such that

a’+2p1a—2n%—4a77:0
b+ 2paa =0

the result follows by a simple computation and sending then £ — 0. O

Observe that if Ricyy > 0, then we can take p; = 0 and the estimate simplifies to

2
2
ak > agpr =17 (14 G2
(a=1p2) Pof 8(a—2)t

By adapting a classical method of Li and Yau and integrating this last inequality on sub-

Riemannian geodesics leads to a parabolic Harnack inequality (details are in [16]). For
a > 2, we denote

LA f) + PV P ) < (1 ;

n(o =12 (1+ 2%5)
4 —2)

The minimal value of D, is difficult to compute, depends on k, po and does not seem

relevant because the constants we get are anyhow not optimal. We just point out that

the choice a = 3 turns out to simplify many computations and is actually optimal when
K = 4pa.

Corollary 3.11. Let us assume that p1 > 0. Let f € L®M), f > 0, and consider
u(z,t) = Pif(x). For every (x,s),(y,t) € M x (0,00) with s < t one has with Dy, as in

(3.6) .
(@, s) < u(y,t) (i) 7 exp (%M) .

Here d(z,y) is the sub-Riemannian distance between x and y.

D, =

(3.6)

It is classical since the work by Li and Yau and not difficult to prove that a parabolic
Harnack inequality implies a Gaussian upper bound on the heat kernel. With the curvature
dimension inequality in hand, it is actually also possible, but much more difficult, to prove
a lower bound. The final result proved in [15] is:

Theorem 3.12. Let us assume that p1 > 0, then for any 0 < € < 1 there exists a constant
C(e) = C(n, K, pa,e) > 0, which tends to co as € — 0T, such that for every x,y € M and
t > 0 one has

OO Dade®Y o CE) ()
u(B(x, V1)) p( n(4—e>t>§“( WS B D) p( <4+E>t>’

where py(x,y) is the heat kernel of Ay.

This theorem implies the following important result:

Theorem 3.13. Let us assume that p; > 0. Then the metric measure space (M, d, )
satisfies the global volume doubling property and supports a 2-Poincaré inequality.

25



4 Sobolev and isoperimetric inequalities

In this section, we study Sobolev and isoperimetric inequalities for the sub-Laplacian. We
work in the framework of Section 3 and keep the same notations. Throughout the section
we assume that globally on M, for every X € I'°(H) and Z € I'*°(V),

. 1
Ricy (X, X) > pu| X[, —(IPX, X < sl X3, —5Tru(J3) > pal 2113

for some p; € R, &, py > 0.
As seen before, it implies that for every f € C°°(M) one has

1
n

DD + eV (1) = —(Buf)? + (o1 = Z) DU ) + 02l V().

In the sub-Riemannian structure (M, ?H, g3), a notion of intrinsic horizontal perimeter
associated to can be defined as follows .

4.1 BV functions in sub-Riemannian manifolds

Let us first observe that, given any point x € M there exists an open set x € U C M in
which the operator Ay can be written as

A== XX, (4.1)
=1

where the vector fields X; have Lipschitz continuous coefficients in U, and X indicates
the formal adjoint of X; in L?(M, dpu).

We indicate with F(M) the set of C' vector fields which are subunit for Ay. Given a
function f € L} (M), which is supported in U we define the horizontal total variation of

loc
a. ( ) sup / (Z - i ¢ ) 1%

peF (M)

where on U, ¢ = >, ¢;X;. For functions not supported in U, Var(f) may be defined by
using a partition of unity. The space

BV(M) = {f € L'(M) | Var(f) < oo},

endowed with the norm
1fllBvan = £l + Var(f),

is a Banach space. As in the Riemannian case, WhH1(M) = {f € L'(M) | T f € LY(M)}
is a strict subspace of BV (M) and when f € W1!(M) one has in fact

Var(f) = H\/WHU(M)'
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Given a measurable set £ C M we say that it has finite perimeter, or is a Cacciopoli set
if 1z € BV (M). In such case the horizontal perimeter of E is by definition

P(E) = Var(1p).

As in the Riemannian case, we have the following approximation result, see Theorem 1.14
in [25].

Lemma 4.1. Let f € BV(M), then there exists a sequence { fn }nen of functions in CG° (M)
such that:

(i) 1fn = fllLrowy — 0O
(i) fM V L(fn)dp — Var(f)

4.2 Pseudo-Poincaré inequalities

For p > 1, we define the Sobolev space W1P(M) as the closure of C§°(M) with respect to
the norm || f||, + [[v/T'(f)||p. The following inequality can be proved from the generalized
curvature dimension inequality with p; > 0.

Proposition 4.2. Let 1 < p < +o00. There exists a constant C, > 0 such that for every

f € WhP(M) we have
1f = Pefllp < CovVElVT()llp-

4.3 Sobolev embeddings

For av < 0, we define the Besov norm || - |po. _ on M as follows :
£l Bg, o = sup ™2 Pof oo (4.2)
>0

It is clear from this definition that || f||pe
u >0, |P, f| <u where t, = u?/® .

< 1 is equivalent to the fact that for every

,00 —

Theorem 4.3 (Improved Sobolev embedding). For every 1 < p < q¢ < oo and every
f e WHP(M), we have

1fle < CIVTDIRIL 9/(9 H (4.3)

where 0 = % and where C' > 0 is a constant that only depends on p,q, p2, K, d.

Proof. The proof follows [33]; for the sake of completeness, we reproduce the main argu-
ments and make sure they adapt to our sub-Riemannian framework. The proof proceeds
in three steps.

Step 1. We first prove the weak-type inequality

1£llg00 < ClIVT (I Hlew b
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Without loss of generality, we can assume || f[| ;o/0-1) < 1, which is equivalent to the

condition:
P, f] <u, ty = w1/ for every u > 0. (4.4)

We have then
Wff > ) < Wl - Pofl>u) < ulP / f — P fPdu
M

From Proposition 4.2, we have

1f = Pifllp < CoVEIVI(S)llp-

Since ¢ — p + %@ = 0, we conclude

a1 > 2u} <ut> (CP2| /D)D)
<PVl

We finally observe that sup,,squ?u{|f| > 2u} = 5; | f||¢.0c, to conclude Step 1.
Step 2. In the previous weak type inequality, we would like to replace the L?°°-norm
by the L-norm. Again, we assume [|f|| zo/0-1) < 1, that is [P, f| < u for ¢, = u0=1D/0,

Yu > 0. For f € WHP(M) N LY(M) such that | P, f| < u, Vu > 0, we want to show that
for some constant C' > 0,

/ |f|%dp < C/ T (f)P2dp.
M M

Let ¢ > 5 be an arbitrary constant. For any u > 0, we introduce the truncation

fu= (=Wt A((c=Duw) + (f+u)” V(=(c—1)u).

That is, f,(z) = f(x) —u when u < f(z) < cu, and fu(z) = f(z)4u when —cu < f(z) <
—u, otherwise |f,| is truncated as constants 0 or (¢ — 1)u. Observing

{1f1 = 5u} C {|ful = 4u},

yields

o0

/ T ulf] > sup)d(ut) < / u({1ful > du})d(u)
0 0
< /0 w({(f — P f1 > 3ub)d(ut) ( since [Py, (f)] < u)

oo

< / T {F = Pl > u})d(ut) + / WP (f — Ful) > 2u})d(ud).
0 0
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We now apply the pseudo-Poincaré inequality for fu as follows,
p(l1Fu= Pl 2 ) < [ |Fu = P Fupdu
M

<cwra [ ()
M

=C'u1 / L(f)P 2dp.
{u<|fl<eu}

So by integration we get,

/°° w({|fu = Pr, ful > u})d(u) S/OO C/qu_l/ L (f)* 2 dpdu
0 0 {u<|f|<cu}

T
gC’q/ F(f)p”/ o
" fle U

=C'q lnc/ T(f)P2dp.
M
On the other hand, we have

| = Ful =1 = Ful Ypi<euy + 1 = Ful 1pmen)
= min(u, | f]) Ls<cy + (If]1 = (e = Du) Lpseny S ut [l Lpiscu-

By integrating, we obtain then
| ePLUf = b = 20 < [ PO 1) 2w
§/ 1 </ (If] Lgip1>cuy)dp ) d(u?) (P is a contraction on LY(M))

a / ([ Vet )

= IIqu

cd— 1

Gathering all the estimates, we can then conclude

1 oo

5o [l =17l = [ 7] = supd(ue)

M 0
<Clqlme [ T(PPdu+ 5 1Al
M
If we pick a large ¢ > 5 depending on ¢ such that 5% > q%’l Cq%l, we have proved the
1£113 < CUVIHIP
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, 1/q
with C — (qu) .
1=

(g—1)c?~1
Step 3. Finally, it remains to prove || f||, < oo is actually a consequence of ||\/I'(f)||, <
00, || fllgose-1 < 1, so that we can remove the condition f € L?(M) from Step 2 and

complete the proof of theorem. From the weak type inequality of Step 1, we have || f|/g,00 <
0o. For any 0 < € < 1, we define

1/e
NAp) = [ il = subate) < 22 () £l < o

Following the argument in Step 2 again, we see that

eopan [ ([ 01 aten,

The first term is bounded, and the second term can be estimated as follows.

/el/ei (/M(m 1{f|>cu})du> d(u?)

:/El/ei<cuu({\f]>cu})+cL {lf] > cv})d )d

N.(f) < Clqlne /

M

1/e
< ) [ 1 2 o) + =S [ itz ey
¢ 5 ca [ o[
<N <c5>q 0+ = e
q
:A;lNe(f)+1cq 1Hf q,00 <qln +>

So, by choosing ¢ large enough, we have supy...; Ne(f) < oo which implies ||f|l, =
lime_,0 5(N(f))'/9 < 0o. This completes the proof.
O

4.4 Isoperimetric inequalities

Theorem 4.4. Let D > 1. Let us assume that M is not compact in the metric topology,
then the following assertions are equivalent:

(1) There exists a constant C1 > 0 such that for every x € M, r > 0,

w(B(z,r)) > CrP.

(2) There exists a constant Cy > 0 such that for v € M, ¢t > 0,
Cy

D
2

p(z,z,t) <

~+
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(8) For some 1 < p,q,r < oo with % =

qLD, there exists a constant C3 > 0 such that
Vf e C(M), we have

1_
p

I£1la < oIV 117

(4) There exists a constant Cy > 0 such that for every Caccioppoli set E C M one has
u(B)5 < C4P(E).
Remark 4.5. if we replace the condition of (3) by for all1 < p,q,r < oo with % = %— qLD,
(1),(2), (3) and (4) would still be equivalent.
Proof. That (1) — (2) follows immediately from the Li-Yau Gaussian upper bound

¢
u(B(z,Vt)

The proof that (2) — (3) follows from the improved Sobolev embedding Theorem 4.3.
Indeed, (2) implies first that for x,y € M,

p(z,z,t) <

p(x,y,t) = / p(x,2,t/2)p(2,y,t/2)p(dy)

M
< /Mp(:v,z,t/2)2u(d2)\//Mp(y,%t/?)?u(d@

= V/p(a, 2, )p(y, y, t)
Cs

=
t3

<

Therefore, for every f € L*(M), we have

POl = | [ #5001l < 5300

e}

On the other hand, P; is a contraction on L>*°(M), i.e. ||Pl/cos00 < 1. Therefore, by the

Riesz-Thorin interpolation theorem, we deduce that we have the following heat semigroup
embedding

Cl/r
||Pt||r~>oo < 15D2W7 r> 1.
Let now 1 < p,q,r < oo such that% = % — qLD. Since for 6 = g, —% — % = 0, we have
11l goso—n =supt=?2E=D| P, £l
00,00 >0
Cl/r
—0/2(6—-1) L2 _
<supt 20D 22, = €31
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we can conclude (3) from the improved Sobolev embeddding of Theorem 4.3.

The proof that (3) is equivalent to (4) follows the classical ideas of Fleming-Rishel and
Maz’ya, and it is based on a generalization of Federer’s co-area formula for the space
BV (M).

Finally, we show that (3) — (1). We adapt an idea in [47] (see Theorem 3.1.5 on p. 58).
For any fix x € M, s > 0, consider the function

fly) = max{s — d(x,y),0}.

Then, it is easily seen that

1fllq >(s/2)u(B(x, s/2))
I fllr <su(B(z,s))"
IV lp <s(Bz, 5))/7.

Hence, from (3) we have

(B(x,5/2))/1 <2C357P/1pu(B(x, s))!/a+1/m0=p/a)
=2C3s P/9(B(x, s))/atp/aD,

This can be written as follows.
w(B(z,s)) > (203)_Dq/(D—i_p)st/(D""p)'u(B(x’ s/Z))D/(D-HD)_

p(B(x,s)) = {(2C3)"*s"}* u(B(x, s/2))"
where a = D/(D + p) < 1. Replacing s by s/2 iteratively, we obtain

w(B(z, s)) > (203)—q(2§:1 o) p(5 aj)2_p(z;:1(j_1)aj)M(B(x’ S/Qi))ai_
From the volume doubling property proved in [15], we have the control
u(B(w,s/2") > C71(1/2)u(B(z, 5)),

for some C' = C(p1, p2,K,d) > 0 and Q = log, C'.
Therefore, we have

lim inf 4(B(a, s/20)" > lim (O™ (B, ) (1/2)190" = 1.

Since » 22, a’ = D/p, > = 1)a’ = D?/p?, we obtain the volume growth control

w(B(x,s)) > 2*(‘1+D)D/pc3—qD/psD_

This establishes (1), thus completing the proof.
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