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Abstract. Let M be a smooth connected manifold endowed with a smooth measure x and a smooth
locally subelliptic diffusion operator L satisfying L1 = 0 and symmetric with respect to u. Asso-
ciated with L one has the carré du champ I' and a canonical distance d, with respect to which
we suppose that (M, d) be complete. We assume that M is also equipped with another first-order
differential bilinear form I'2 and we assume that I" and "% satisfy Hypotheses 1.1, 1.2, and 1.4
below. With these forms we introduce in (1.12) a generalization of the curvature-dimension in-
equality from Riemannian geometry (see Definition 1.3). In our main results we prove that, using
solely (1.12), one can develop a theory which parallels the celebrated works of Yau and Li—Yau
on complete manifolds with Ricci curvature bounded from below. We also obtain an analogue of
the Bonnet—Myers theorem. In Section 2 we construct large classes of sub-Riemannian manifolds
with transverse symmetries which satisfy the generalized curvature-dimension inequality (1.12).
Such classes include all Sasakian manifolds whose horizontal Webster—Tanaka—Ricci curvature is
bounded from below, all Carnot groups with step two, and wide subclasses of principal bundles
over Riemannian manifolds whose Ricci curvature is bounded from below.

Keywords. Sub-Riemannian geometry, curvature dimension inequalities

1. Introduction

In the present paper we introduce a generalization of the curvature-dimension inequality
from Riemannian geometry which, as we show, is appropriate for some sub-Riemannian
geometries. The central objective of our work is developing a program which, through a
systematic use of the curvature-dimension inequality, connects the geometry of the am-
bient manifold, expressed in terms of lower bounds on a generalization of the Ricci ten-
sor, to global properties of solutions of a certain canonical second-order diffusion (non-
elliptic) partial differential operator, a sub-Laplacian, and of its associated heat semi-
group.

In Riemannian geometry the Ricci tensor plays a fundamental role. Its connection
with the Laplace—Beltrami operator is provided by the celebrated identity of Bochner
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which states that if M is an n-dimensional Riemannian manifold with Laplacian A, then
for any f € C°°(M) one has

AV =21V fIP +2{V £, V(AS)) +2Ric(V £, V f). (1.1
Consider the following differential forms on functions f, g € C*°(M):

T(f.8) = 3(A(fg) — fAg — gAf) = (Vf, Vg),
T2(f.8) = 3[AT(f. g) — T (f. Ag) — T'(g. A)].

When f = g, we simply write ['(f) = ['(f, f), T'2(f) = I'2(f, f). The functional cal-
culus of these forms was introduced and developed in [8]. As an application of Bochner’s
formula, which in terms of these functionals can be reformulated as

AT(f) = 2|IV2£|1> + 20 (f, Af) + 2Ric(V £, V f),

one obtains
D2(f) = IV fI3 + Ric(V £, V ).

Using the Cauchy—Schwarz inequality, which gives || v2f ||% > %(A )2, we thus see that
the assumption that the Riemannian Ricci tensor on M is bounded from below by p; € R
implies the so-called curvature-dimension inequality CD(p1, n):

1
N(f) = ;(Af)2 +o0(f),  feCTM. (1.2)

In the hands of D. Bakry, M. Ledoux and their co-authors the inequality (1.2) has proven
a powerful tool in combination with a systematic use of fine properties of the heat semi-
group. Among other things, these authors have succeeded in re-deriving, from a purely an-
alytical perspective, several of the well-known fundamental results which, in Riemannian
geometry, are obtained under the assumption that the Ricci curvature is bounded from
below (see for instance [5], [9], [36], [39]). It is remarkable that the curvature dimension
inequality (1.2) perfectly captures the notion of Ricci curvature lower bound. It was in
fact proved by Bakry [5, Proposition 6.2] that on an n-dimensional Riemannian manifold
M the inequality CD(p1, n) implies Ric > pj1. In conclusion, Ric > p; < CD(p1, n).
Inspired by the ideas contained in the above mentioned works, in the present paper
we introduce a generalization of the curvature-dimension inequality (1.2) which can be
successfully used in sub-Riemannian geometry. At this point, we feel it is important to
say a few words concerning the organization of the paper. The essential contribution of
the present work is based on ideas and tools which are purely analytical in nature: as
mentioned above, we systematically use the heat semigroup to derive new results in sub-
Riemannian geometry. On the other hand, an equally important aspect of the present
work is the construction of examples from geometry: as the title indicates, the main class
studied in this paper is that of sub-Riemannian manifolds with transverse symmetries. We
show that this class is quite large, as it incorporates (but is not limited to) examples which
are geometrically as diverse as CR manifolds with vanishing Tanaka—Webster torsion
(Sasakian manifolds), graded nilpotent Lie groups of step two, and orthonormal frame
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bundles. To facilitate the perusal of this paper by an audience of analysts we have strived
as much as possible to separate the presentation of the analytical part of our work from
the geometrical discussion of the examples. With this objective in mind, we have chosen
to present the analytical part of the paper in an axiomatic way. By this we mean that all
that is asked of a reader less inclined toward geometry is to accept a set of four “abstract”
assumptions, which are listed as Hypotheses 1.1, 1.2, Definition 1.3 and Hypothesis 1.4
below. The geometrical relevance, and the motivation, of such assumptions is unraveled
in Section 2, where we discuss the examples and we develop the geometric setup.

This being said, we now introduce the relevant setting. We consider a smooth, con-
nected manifold M endowed with a smooth measure @ and a smooth second-order dif-
fusion operator L with real coefficients satisfying L1 = 0, and which is symmetric with
respect to i and non-positive. By this we mean that

/ngdu=/ gLf du. /foduso, (13)
M M M

for all f, g € Cg°(M). We make the technical assumption that L is locally subelliptic in
the sense of [25]. We associate with L the following symmetric, first-order, differential
bilinear form:

I'(f.g) = 3(L(fg) — fLg — gLf). f.g € C®M. (1.4)

The expression I'(f) = ['(f, f) is known as the carré du champ. Furthermore, using the
results in [44], locally in the neighborhood of every point x € M we can write

m
L=-Y X/Xi, (1.5)
i=1

where the vector fields X; are Lipschitz continuous (such a representation is not unique,
but this fact is of no consequence for us). Therefore, for any x € M there exists an open
neighborhood U, such that for any f € C°°(M) we have, in Uy,

L(f) =Y (Xif) (1.6)
i=1

This shows that I'(f) > 0 and it actually only involves differentiation of order one.
Furthermore, as is clear from (1.4), the value of I'(f)(x) does not depend on the
particular representation (1.5) of L.
With the operator L we can also associate a canonical distance:

dx,y) =sup{|f(x) = fOI f € CTM), IT(NHlleo =1}, x,yeM, (1.7

where for a function g on M we have let ||g|loc = ess supyy |g]- A tangent vector v € T, M
is said to be subunit for L at x if v = Y1 | a; X;(x) with }_7*; a? < 1 (see [25]). It turns
out that the notion of subunit vector for L at x does not depend on the local representation
(1.5) of L. A Lipschitz path y : [0, T] — M is called subunit for L if ' (¢) is subunit for
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L aty(¢t) fora.e. t € [0, T]. We then define the subunit length of y as £;(y) = T. Given
x,y € M, we set

Sx,y)={y :[0,T] - M | y is subunit for L, y(0) = x, y(T) = y}.
In this paper we assume that
Sx,y)#0 forallx,y e M.
Under this assumption it is easy to verify that
ds(x,y) =inf{ls(y) | y € S(x, y)} (1.8)
defines a true distance on M. Furthermore, thanks to [17, Lemma 5.43] we know that
d(x,y) =ds(x,y), x,yeM,

hence we can work indifferently with either one of the distances d or dy. Throughout this
paper we assume that the metric space (M, d) be complete.

We also suppose that on M a symmetric, first-order differential bilinear form I'Z :
C*®(M) x C*®(M) — R is given. Hereafter, the term “symmetric first-order differential
form” means that T2 (f, g) = I'“(g, f) and

T%(fg, h) = fT%(g, h) + gT%(f, h). (1.9)

In particular, we have I'# (1) = 0, where, as for I', we have set I'%(f) = I'?(f, f). We
assume that T2 (f) > 0.

We will work with four general assumptions. The first three will be listed as Hypothe-
ses 1.1, 1.2 and Definition 1.3, the fourth one will be introduced in Hypothesis 1.4 below.

Hypothesis 1.1. There exists an increasing sequence hy € Cy°(M) such that hy /' 1
on M, and
IT () loo + 77 (Ai)lloo — O as k — oco.

We will also assume that the following commutation relation is satisfied.
Hypothesis 1.2. For any f € C®° (M) one has
L(L.TZ() =T2(f.T().

Let us notice explicitly that when M is a Riemannian manifold and u is the Riemannian
volume on M, and L = A, then d(x, y) in (1.7) is equal to the Riemannian distance on M.
In this situation, if we take ' = 0, then Hypotheses 1.1 and 1.2 are fulfilled. In fact, Hy-
pothesis 1.2 is trivially satisfied, whereas Hypothesis 1.1 is equivalent to assuming that
(M, d) is a complete metric space, which we are assuming anyhow. More generally, in all
the examples of Section 2, Hypothesis 1.1 is equivalent to assuming that (M, d) is a com-
plete metric space (the reason is that in those examples I" + I'Z is the carré du champ of
the Laplace—Beltrami operator of a Riemannian structure whose completeness is equiva-
lent to the completeness of (M, d)). On the other hand, Hypothesis 1.2 is also satisfied as
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a consequence of the assumptions about the existence of transverse symmetries that we
make.

Before we proceed, we pause to stress that, in the generality in which we work, the
bilinear differential form ['Z, unlike T, is not a priori canonical. Whereas I is determined
once L is assigned, the form I'Z in general is not intrinsically associated with L. However,
in the geometric examples described in this paper (see the discussion below and Section 2)
the choice of I'4 will be natural and even canonical, up to a constant. This is the case, for
instance, of the important example of CR Sasakian manifolds. The reader should think
of I'? as an orthogonal complement of I': the bilinear form I" represents the square of the
length of the gradient in the horizontal directions, whereas I'? represents the square of
the length of the gradient along the vertical directions.

Given the sub-Laplacian L and the first-order bilinear forms I" and I'? on M, we now
introduce the following second-order differential forms:

T2(f, 8) = SILT(f,g) = T(f, Lg) — T'(g, L)1, (1.10)
TZ(f. ) = JILT#(f.8) — T%(f, Lg) — T%(g, L)1 (1.11)

Observe that if 2 = 0, then F2Z = 0 as well. Just as for " and T'Z, we will write
Ta(f) = Ta(f, f) and TF (f) =TE(f. f).

We are ready to introduce the central character of our paper, a generalization of the
above mentioned curvature-dimension inequality (1.2).

Definition 1.3. We shall say that M satisfies the generalized curvature-dimension in-
equality CD(p1, p2, k, d) with respect to L and ['Z if there exist constants p; € R,
p2 >0,k >0,and 0 < d < oo such that

1
Ta(f) + vIZ(f) = 3<Lf>2 + <p1 - %)F(f) + paTZ(f) (1.12)

for every f € C°°(M) and every v > 0.

It is worth observing explicitly that if in Definition 1.3 we choose L = A, '’ = 0,
d = n = dim(M), and ¥ = 0, we obtain the Riemannian curvature-dimension inequality
CD(p1, n) of (1.2). Thus, the case of Riemannian manifolds is trivially encompassed by
Definition 1.3. We also remark that, changing ' to al’Z, where a > 0, changes the
inequality CD(p1, p2, k, d) to CD(p1, apz, ak, d). We express this fact by saying that the
quantity /o7 is intrinsic. Hereafter, when we say that M satisfies the curvature dimension
inequality CD(p1, p2, k, d) (with respect to L and I'?), we will routinely avoid repeating
at each occurrence the sentence “for some py > 0, x > 0 and d > 0. Instead, we will
explicitly mention whether p; = 0, or > 0, or simply p; € R. The reason for this is that
the parameter p; in (1.12) has a special relevance since, in the geometric examples of
Section 2, it represents the lower bound on a sub-Riemannian generalization of the Ricci
tensor. Thus, p; = 0 is, in our framework, the counterpart of the Riemannian Ric > 0,
whereas when p; > 0 (resp. < 0), we are dealing with the counterpart of the case Ric > 0
(resp. Ric bounded from below by a negative constant).
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Since, as we have stressed above, we wish to present our results in an axiomatic
way, we will also need the following assumption which is necessary to rigorously justify
computations on functionals of the heat semigroup. Hereafter, we denote by P, = e'l
the semigroup generated by the diffusion operator L (see the discussion below and Sec-
tion 4).

Hypothesis 1.4. The semigroup P; is stochastically complete, that is, fort > 0, P;1 = 1
and for every f € C{°(M) and T > 0, one has

sup IT(P, f)lloo + IT# (Pt f)lloo < 00
1€[0,7]

In the Riemannian setting (L = A and '’ = 0), Hypothesis 1.4 is satisfied if one
assumes the lower bound Ricci > p for some p € R. This can be derived from Yau [55]
and Bakry [4]. It thus follows that, in the Riemannian case, Hypothesis 1.4 is not needed
since it can be derived as a consequence of the curvature-dimension inequality CD(p1, 1)
of (1.2). In this paper we will prove that, more generally, this situation occurs in the sub-
Riemannian setting of our work. As a consequence of the results in Section 2, in Theorem
4.3 we prove that in every sub-Riemannian manifold with transverse symmetries of Yang—
Mills type (for the relevant definitions see Sections 2 and 3), Hypothesis 1.4 is not needed
since it follows (in a non-trivial way) from the generalized curvature-dimension inequality
CD(p1, p2, k, d) of Definition 1.3.

In this connection it is worth observing that, even in the abstract framework of the
present work, if we assume that I'# = 0, then Hypothesis 1.4 becomes redundant since
it can actually be obtained as a consequence of CD(pj, n). This can be seen from the
results in [3, Chapter 5]. Whether it is possible to generalize this fact to the genuinely non-
Riemannian situation of I'# % 0 must be left to a future study. Concerning our axiomatic
presentation, we finally mention that, had we chosen to do so, we could have developed
our results in an even more abstract setting, as Bakry and Ledoux often do in their work.
We could have worked with abstract Markov diffusion generators on measure spaces and
replaced Hypotheses 1.1 and 1.4 with the existence of a nice algebra of functions which
is dense in the domain of L (see [3, Definition 2.4.2] for the precise properties that should
be satisfied by this algebra when I'* = 0). However, assuming the existence of such an
algebra is a strong assumption that may be difficult to verify in some concrete situations.

The above discussion prompts us to underline the distinctive aspect of the theory
developed in the present paper: for the class of complete sub-Riemannian manifolds with
transverse symmetries of Yang—Mills type that we study in Section 3, all our results are
solely deduced from the curvature-dimension inequality CD(p1, p2, k, d) of (1.12).

To introduce our results we recall that in their celebrated work [38] Li and Yau, gen-
eralizing to the heat equation some fundamental works of Yau (see for instance [54]),
obtained various a priori gradient bounds for positive solutions of the heat equation on a
complete n-dimensional Riemannian manifold M. When Ric > 0, the Li—Yau inequality
states that if u > 0 is a solution of Au — u; = 0 in M x (0, co), then

|Vul?
2

Uy n
- — < —. 1.13
u u - 2t ( )
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Notice that in the flat R” the Gauss—Weierstrass kernel u (x, 1) = (47t)~"/2 exp(—|x |2 /4t)
satisfies (1.13) with equality. The inequality (1.13) was the central tool for obtaining a
scale invariant Harnack inequality for the heat equation and optimal off-diagonal upper
bounds for the heat kernel on M (see [38, Corollary 3.1 and Theorem 4.1]). The proof
of (1.13) hinges crucially on Bochner’s identity (1.1), and on the Laplacian comparison
theorem which, for a manifold with Ric > 0, states that, given a base point xo € M, and
denoting by p(x) the Riemannian distance from x to xo, we have

n—1

Ap(x) = —— (1.14)

p(x)
outside of the cut-locus of xg (and globally in D’(M)). As is well-known (see for instance
[19]), the proof of (1.14) exploits the theory of Jacobi fields. In sub-Riemannian geometry
the exponential map is not a local diffeomorphism. As a consequence of this obstacle, a
general sub-Riemannian comparison theorem such as (1.14) presently represents ferra
incognita.

The main thrust of the present work is that, despite such obstructions, we have suc-
ceeded in establishing a sub-Riemannian generalization of the Li—Yau inequalities. In our
approach, we completely avoid those tools from geometry that appear typically Rieman-
nian, and instead base our analysis on a systematic use of some entropic inequalities for
the heat semigroup that are inspired by [7], [10], [12], and which, as we have stressed
above, in the geometric framework of this paper we solely derive from our generalized
curvature-dimension inequality CD(p1, 02, «, d) of (1.12).

More precisely, let P; = 'l denote the heat semigroup on M associated with the
operator L. It is well-known that P; is sub-Markovian, i.e., P;1 < 1, and it has a positive
and symmetric kernel p(x, y, t). If f € C;°(M), the function

u(x, 1) = P fx) = /M px.y, ) f(y)du(y)
solves the Cauchy problem

at

W _Ju=0 inM x (0, 00),
u(x,0)= f(x), xeM

For fixed x € M and T > 0 we introduce the functionals
®1(1) = P((Pr— /)T (n Pr_ f)) (x),

() = P ((Pr— /)T %(n Pr_, f)) (x),

which are defined for 0 < ¢t < T. The fundamental observation is that, in our framework,
the inequality CD(p1, p2, k, d) of (1.12) leads to the differential inequality

4 ! 20y b'y?
——— O +bdy | > — LPrf+ Pr f, (1.15)
20 dpa dpa

where b is any smooth, positive and decreasing function on the time interval [0, T'] and

_d b”+xb’+2
J/—4 b o b Pl -



158 Fabrice Baudoin, Nicola Garofalo

Depending on the value of py, a good choice of the function b leads to a generalized
Li—Yau type inequality (see Theorem 6.1 below). In the special case p; = O (i.e., our
Ric > 0), the latter becomes

d(1+ <)
3K>LP,f (1+55) 016)

200 5
F(lnP,f)+?tF (InPf) < (1+2_,02 ] >
for every sufficiently nice function f > 0 on M. In the Riemannian case, when rZ=0
and « = 0, (1.16) is precisely the Li—Yau inequality (1.13), except that our inequality
holds for positive solutions of the heat equation of the type u = P; f, i.e., they arise from
an initial datum f, whereas in the original Li—Yau inequality (1.13) that limitation is not
present.

It is worth emphasizing at this point that, even in the Riemannian case, our approach,
based on a systematic use of the entropic inequality (1.15), provides a new and elementary
proof of several fundamental results for complete manifolds with Ric > 0. In this frame-
work, in fact, besides the already mentioned Li—Yau gradient estimates, with the ensuing
scale invariant Harnack inequality and the Liouville theorem of Yau [54], we also ob-
tain an elementary proof of the fundamental monotonicity of Perelman’s entropy for the
heat equation [43], and of the volume doubling property on Riemannian manifolds (for
the statement of this classical result see for instance [18]). For these aspects we refer the
reader to the recent note [14]. The reader more oriented toward analysis and pdes might
in fact find it somewhat surprising that we can develop the whole local regularity theory
for solutions of the relevant heat equation starting from a global object such as the heat
semigroup. By this we mean that, at the end of our process, we are able to replace the
functions Py f in (1.16) with any positive solution u of the heat equation. This in a sense
reverses the way one normally proceeds, starting from local solutions, and then moving
from local to global.

We are now ready to provide a brief account of our main results.

(1) Li—Yau type inequalities (Theorem 6.1): Assume Hypotheses 1.1, 1.2 and 1.4 hold. If
M satisfies CD(p1, 02, k, d) of (1.12) with p; € R, then forany f € Cj°(M), f > 0,
f #0,andt > 0,

C(n P f) + Zsﬁrrz(ln P, f)

3k \2
<1+3_"_ﬂ;>LP’f ot d'ol<1+ 3K>+—d(l+m) .

200 3 ) PRf 6 2\ "2;m 2

<

(2) Scale-invariant parabolic Harnack inequality (Theorem 7.1): Assume Hypotheses
1.1, 1.2 and 1.4 hold. If M satisfies CD(p1, p2, k, d) with p; > 0, then for every
(x,s), (v, 1) € M x (0, 00) with s <  one has

(x,s) < u( t)<£>D/2 <2d(X7Y)2>
u(x,s) <u(y, . exp 7303

for u(x,t) = P, f(x) with f € C°°(M) such that f > 0 and bounded. The number
D > 0, which solely depends on p;, k and d, is defined in (6.2) below.
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(3) Off-diagonal Gaussian upper bounds (Theorem 8.1): Assume Hypotheses 1.1, 1.2
and 1.4 hold. If M satisfies CD(p1, p2, k,d) with p; > 0, then forall 0 < ¢ < 1
there exists a constant C(py, , d, €) > 0, which tends to oo as ¢ — 07, such that for
every x,y € M and ¢t > 0 one has

C(p2.k,d, €) o <_d(x,y)2)
(B, OV Pu(B(y, D2 TP\ @ e )

(4) Liouville type theorem (Theorem 9.2): Assume Hypotheses 1.1, 1.2 and 1.4 hold. If
M satisfies CD(p1, 02, k, d) with p; > 0, then there exists no entire bounded solution
of Lf =0.

(5) Bonnet—Myers type theorem (Theorem 10.1): Assume Hypotheses 1.1, 1.2 and 1.4
hold, and suppose that M satisfies CD(p1, p2, k, d) with p; > 0. Then the metric
space (M, d) is compact in the metric topology, and

3
diamM§2x/§7r\/K+'o2<l 42X )d.

P12 20

plx,y,1) <

Concerning the Gaussian upper bound in (3), we mention that a similar bound was ob-
tained for sub-Laplacians on Lie groups [53]. Our approach is totally different since it
does not use the uniform doubling condition on the volume of the metric balls, which is a
key assumption in [53]. We should also mention that in the sequel paper [13] we have in
fact established a uniform global doubling condition under non-negative lower bound on
the sub-Riemannian Ricci tensor (p; > 0).

Concerning the sub-Riemannian Bonnet—Myers theorem in (5), we emphasize that,
similarly to the Laplacian comparison theorem (1.14), the proof of its classical Rieman-
nian predecessor is based on the theory of Jacobi fields. Our proof of Theorem 10.1 is,
instead, purely analytical and exploits in a subtle way some sharp entropic inequalities
which, in the case p; > 0, we are able to derive from the inequality CD(p1, p2, , d).

Having presented the main results of the paper, we now turn to the fundamental ques-
tion of examples. This aspect is dealt with in Section 2, which is devoted to constructing
large classes of sub-Riemannian manifolds to which our general results apply. We begin
with a discussion in Section 2.2 of a class of Lie groups which carry a natural CR struc-
ture, and which, in our framework, are the 3-dimensional sub-Riemannian CR Sasakian
model spaces with constant curvature (see Hughen [33] for a precise meaning of the no-
tion of model spaces). Entropic inequalities on such model spaces were studied in [7],
and these inequalities constituted a first motivation for our theory.

Given a p; € R we consider a Lie group G(p;) whose Lie algebra g admits a basis of
generators X, Y, Z satisfying the commutation relations

X,Y1=2, [X,Z]l=-pY, [Y,Z]=pmX.

The group G(p;) can be endowed with a natural CR structure 6 with respect to which the
Reeb vector field is given by —Z. A sub-Laplacian on G(p1) with respect to that structure
is thus given by L = X? + Y2. The pseudo-hermitian Tanaka—Webster torsion of G(p1)
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vanishes (see Definition 2.23 below), and thus (G(p1), 0) is a Sasakian manifold. In the
smooth manifold M = G(p;) with sub-Laplacian L we introduce the differential forms
I" and I'? defined by

I(f.8)=XfXg+YfYg, T%(f g =ZfZg.

These forms satisfy Hypotheses 1.1 and 1.2. It is worth observing that since —Z is the
Reeb vector field of the CR structure @, the above choice of ' is canonical. It is also
worth remarking at this point that for the CR manifold (G(p;), 0) the Tanaka—Webster
horizontal sectional curvature is constant and equals p. Having noted these facts, in Sec-
tion 2.2 we prove the following proposition.

Proposition 1.5. The sub-Laplacian L on the Lie group G(p1) satisfies the generalized
curvature-dimension inequality CD(p1, 1/2, 1, 2).

The relevance of the model space G(py) is illustrated by the Lie groups:

@ SU®2);
(ii) the “flat” Heisenberg group H!;
(iii) SL(2, R).

In Section 2.2 we note that the Lie groups (i)—(iii) are special instances of the model CR
manifold G(p;) corresponding, respectively, to the cases p; = 1, p;y =0 and p; = —1.

After introducing these motivating examples, in Section 2.3 we turn our attention to
the construction of a large class of C° manifolds carrying a natural sub-Riemannian
structure for which our generalized curvature-dimension inequality (1.12) holds. As a
consequence, in these spaces all the above mentioned results (1)—(6) are valid as well. Let
M be a smooth, connected manifold equipped with a bracket-generating distribution
of dimension d and a fiberwise inner product g on H. The distribution H will be referred
to as the set of horizontal directions.

We denote by iso the finite-dimensional Lie algebra of all sub-Riemannian Killing
vector fields on M. It is readily seen that Z € iso if and only if:

(a) forevery x € M and any u, v € H(x), Lzg(u, v) =0;
(b) if X € H, then [Z, X] € H.

In (a) we have denoted by Lzg the Lie derivative of g with respect to Z. Our main
geometric assumption is the following:

Hypothesis 1.6. There exists a Lie subalgebra V C iso such that for every x € M,
.M =H(x) ® V(x).

The subbundle of transverse symmetries will be referred to as the set of vertical directions.
The dimension of V will be denoted by b.

The horizontal distribution H with its fiberwise inner product g plus the Lie algebra V
are the essential data of the construction in Section 2.3. By this we mean that the relevant
geometric objects we introduce, namely the sub-Laplacian, the canonical connection V
and the tensor R, defined in Section 2.3, solely depend on (H, g) and V), but not on the
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choice of the inner product on V. As a consequence, in those situations in which the
choice of V is canonical, our analysis will depend only on the choice of (#, g). This is
the case, for instance, in the basic example of Sasakian manifolds.

Our ultimate objective in Section 2.3 is proving that the smooth manifold M, with
a given sub-Riemannian geometry (#, g) and a vertical distribution of transverse sym-
metries V), satisfies a generalized curvature-dimension inequality (1.12) as soon as some
intrinsic geometric conditions are satisfied. To achieve this, we find it expedient to intro-
duce in Section 2.3.1 a canonical connection V. By means of that connection we define in
Definition 2.15 a generalization of the Riemannian Ricci tensor, which we denote by R.
In Theorem 2.18 we prove two Bochner identities which intertwine the tensor R with the
forms I" and I'%. With the Bochner identities in hand, in Theorem 2.19 we finally show
that, under the geometric assumptions of (2.26), the manifold M satisfies the generalized
curvature-dimension inequality CD(p1, p2, &, d). In Proposition 2.20 we prove that, re-
markably, the generalized curvature-dimension inequality implies the geometric bounds
(2.26), and therefore: on any sub-Riemannian manifold with transverse symmetries we
have: CD(p1, p2, k,d) < (2.26) holds.

The remaining part of Section 2 is devoted to presenting some basic examples of
manifolds which fall within the geometric framework of Section 2.3. In Section 2.4
we prove that all Carnot groups of step two satisfy the curvature-dimension inequality
CD(O0, p3, k, d) for appropriate values of p, and « (Proposition 2.21). Here, d is the di-
mension of the bracket-generating layer of their Lie algebra. This result shows, in partic-
ular, that in our framework all Carnot groups of step two are sub-Riemannian manifolds
of non-negative Ricci tensor, since p; = 0. In Section 2.5 we analyze another important
class of manifolds which falls within the scope of our work, namely Sasakian manifolds
endowed with their CR sub-Laplacian. These are CR manifolds of real hypersurface type
for which the Tanaka—Webster pseudo-hermitian torsion vanishes in an appropriate sense.
Concerning Sasakian manifolds we prove the following basic result.

Theorem 1.7. Let (M, 6) be a complete CR manifold with real dimension 2n 4+ 1 and
vanishing Tanaka—Webster torsion, i.e., a Sasakian manifold. If for every x € M the
Tanaka—Webster Ricci tensor satisfies the bound

Ric, (v, v) > pi|v|?

for every horizontal vector v € H,, then for the CR sub-Laplacian of M the curvature-
dimension inequality CD(p1,d /4, 1, d) holds with d = 2n and Hypotheses 1.1, 1.2 and
1.4 are satisfied.

Thanks to this result, the above listed results (1)—(5) are valid for all Sasakian manifolds.

We close this introduction by mentioning that, for general metric measure spaces,
a different notion of lower bounds on the Ricci tensor based on the theory of optimal
transport has been recently proposed independently by Sturm [51], [52] and by Lott—
Villani [40] (see also Ollivier [42]). However, as pointed out by Juillet [34], the remark-
able theory developed in those papers does not appear to be suited for sub-Riemannian
manifolds. For instance, in that theory the flat Heisenberg group H! has curvature = —oo.
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Agrachev and Lee [2] have used a notion of Ricci tensor, denoted by fRic, which was in-
troduced by Agrachev [1]. They study three-dimensional contact manifolds and, under the
assumption that the manifold is Sasakian, they prove that a lower bound on fRic implies
the so-called measure-contraction property. In particular, when PRic > 0, the manifold
M satisfies a global volume growth condition similar to the Riemannian Bishop—Gromov
theorem. An analysis shows that, interestingly, our notion of Ricci tensor coincides, up to
a scaling factor, with theirs.

We also mention that for three-dimensional contact manifolds, some sub-Riemannian
geometric invariants were computed by Hughen in his unpublished Ph.D. dissertation
[33]. In particular, with his notation, the CR Sasakian structure corresponds to the case
al2 + a% = 0 and, up to a scaling factor, his K is the Tanaka—Webster Ricci curvature.
In this connection, the Bonnet—-Myers type theorem obtained by Hughen [33, Proposi-
tion 3.5] is the exact analogue (with a better constant) of our Theorem 10.1, applied to
the case of three-dimensional Sasakian manifolds. Let us finally mention that a Bonnet—
Myers type theorem on general three-dimensional CR manifolds was first obtained by
Rumin [47]. The methods of Rumin and Hughen are close to each other, as they both rely
on the analysis of the second-variation formula for sub-Riemannian geodesics.

2. Examples

In this section we present several classes of sub-Riemannian spaces satisfying the gen-
eralized curvature-dimension inequality of Definition 1.3. These examples constitute the
central motivation of the present work.

2.1. Riemannian manifolds

As mentioned in the introduction, when M is an n-dimensional complete Riemannian
manifold with Riemannian distance dg, Levi-Civita connection V and Laplace—Beltrami
operator A, our main assumptions hold trivially. It suffices in fact to choose 'Y = 0
to satisfy Hypothesis 1.2 in a trivial fashion. Hypothesis 1.1 is also satisfied since it is
equivalent to assuming that (M, dg) be complete [30] (observe in passing that the dis-
tance (1.7) coincides with dg). Finally, with the choice k = 0 the curvature-dimension
inequality (1.12) reduces to (1.2), which, as we have shown, is implied by (and in fact
equivalent to) the assumption Ric > py.

2.2. Three-dimensional Sasakian models

The purpose of this section is to provide a first basic sub-Riemannian example which fits
the framework of the present paper. This example was first studied in [7]. Given p; € R,
suppose that G(p;) is a three-dimensional Lie group whose Lie algebra g has a basis
{X,Y, Z} satisfying:

O [X,Y]=1Z,

(1) [X,Z]=—p1Y,
(i) [Y, Z] = p1 X.
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A sub-Laplacian on G(py) is the left-invariant, second-order differential operator
L=X*+Y2 2.1

In view of (i)—(iii) Hormander’s theorem [32] implies that L is hypoelliptic, although it
fails to be elliptic at every point of G(p;). From (1.4) we find in the present situation

T(f) = S2L(P =2fLf) = (XH*+ (XY™

If we define
r%(f.g)=Z2fZg,

then from (i)—(iii) we easily verify that
T(f,T7(f) =T*(f,T ().

We conclude that Hypothesis 1.2 is satisfied. It is not difficult to show that Hypothesis 1.1
is also fulfilled.
We leave it to the reader to verify using (i)—(iii) that

[L,Z]=0. (2.2)
By means of (2.2) we easily find

TZ(f) = AL(TZ(f)) —=T%(f, Lf) = ZfIL, ZIf + (XZf)* + (Y Zf)*
= (XZf)* + (Y Zf)*.
Finally, from definition (1.10) and (i)—(iii) we obtain
T2(f) = LT () = T(f. Lf)

=piD(f) + (X2)? + (Y X + (XY ) + (Y2 f)?
+2YF(XZf) —2Xf (Y Zf).

‘We now notice that
(X2 + (YXF) + (XY + (Y7 ) = VR fIP + 3T (),
where we have denoted by

V3 f (1 X2 f %(XYfZ—I— YXf)>
(XYf+YX[) Y2 f

the symmetrized Hessian of f with respect to the horizontal distribution generated
by X, Y. Substituting this information into the above formula we find

Da(f) = IVEFIP + o1 D) + ATZ () + 2(YF(XZf) — XF(Y Z])).
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By the above expression for FZZ (f), using the Cauchy—Schwarz inequality we obtain, for
every v > 0,

2Yf(XZf) = 2Xf(YZf)| <5 (f) + %F(f)-
Similarly, one easily finds that
IVEFIP = 5L
Combining these inequalities, we conclude that we have proved the following result.

Proposition 2.1. For every p; € R the Lie group G(py) with the sub-Laplacian L
of (2.1) satisfies the generalized curvature dimension inequality CD(p1, 1/2, 1, 2). More
precisely, for all f € C*°(G(py)) andv > 0,

D2(f) +vTZ(f) = 2L + (o1 — 1/WI(f) + TZ(f).

Proposition 2.1 provides a basic motivation for Definition 1.3. It is also important to
observe at this point that the Lie group G(p;) can be endowed with a natural CR structure.
Denote in fact by H the subbundle of TG(p;) generated by the vector fields X and Y.
Then the endomorphism J of H defined by

JY)=X, JX)=-Y

satisfies J2 = —1, and thus defines a complex structure on G(p;). By choosing 6 to be
the form such that
Ker6 =H and dO(X,Y) =1,

we obtain a CR structure on G(p;) whose Reeb vector field is —Z. Thus, the above choice
of I'? is canonical.

The pseudo-hermitian Tanaka—Webster torsion of G(p;) vanishes (see Definition 2.23
below), and thus (G(p1), 0) is a Sasakian manifold. It is also easy to verify that for the
CR manifold (G(p1), 0) the Tanaka—Webster horizontal sectional curvature is constant
and equals p;. The following three model spaces correspond respectively to p; = 1,
p1 =0and p; = —1.

Example 2.2. The Lie group SU(2) is the group of 2 x 2 complex unitary matrices of
determinant 1. Its Lie algebra su(2) consists of all 2 x 2 complex skew-hermitian matrices
with trace 0. A basis of su(2) is formed by X = %01, Y = %02, Z = %03, where oy,
k =1, 2, 3, are the Pauli matrices:

Lo 1 L/0 i Lii O
x=3(80) r=a(t0) 7=3(0 )
One easily verifies

[(X.Y]1=Z, [X,Z]=-Y, [Y,Z]=X, 2.3)

and thus p; = 1.
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Example 2.3. The Heisenberg group H is the group of 3 x 3 matrices

I x z
01 y], x,y,zeR.
0 0 1

The Lie algebra of H is spanned by the matrices

010 0 00 0 0 1
X={0 0 0}, Y={0 01}, Z=\]|0 0 0],
0 0 0 0 0 0 0 00

for which the following commutation relations hold:
[X.YI=2, [X,Z]=[Y,Z]=0.
Thus p; = 0 in this case.

Example 2.4. The Lie group SLL(2) is the group of 2 x 2 real matrices of determinant 1.
Its Lie algebra s[(2) consists of all 2 x 2 matrices of trace 0. A basis of 51(2) is formed
by the matrices

I(1 0 1/0 1 L/0 1
X=§<0 —1>’ Y=§(1 0>’ Z=§<—1 0)’
for which the following commutation relations hold:

(X, Y]=Z2, [X,Z]=Y, |[Y,Z]=-X. 2.4

Thus p; = —1 in this case.

2.3. Sub-Riemannian manifolds with transverse symmetries

We now turn our attention to a large class of sub-Riemannian manifolds, encompass-
ing the three-dimensional model spaces discussed in the previous section. The central
objective of the present section is to prove Theorem 2.19 below. It states that for these
sub-Riemannian manifolds the generalized curvature-dimension inequality (1.12) holds
under some natural geometric assumptions which, in the Riemannian case, reduce to re-
quiring a lower bound for the Ricci tensor. To achieve this result, we will need to establish
some new Bochner type identities. This is done in Theorem 2.18.

Let M be a smooth, connected manifold. We assume that M is equipped with a
bracket-generating distribution A of dimension d and a fiberwise inner product g on that
distribution. The distribution H will be referred to as the set of horizontal directions.

We denote by iso the finite-dimensional Lie algebra of all sub-Riemannian Killing
vector fields on M (see [49]). A vector field Z € iso if the one-parameter flow generated
by it locally preserves the sub-Riemannian geometry defined by (7, g). This amounts to
saying that:

(1) forevery x € M|, and any u, v € H(x), Lzg(u, v) =0;
(2) if X € H,then [Z, X] € H.
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In (1) we have denoted by Lzg the Lie derivative of g with respect to Z. Our main
geometric assumption is the following:

Hypothesis 2.5. There exists a Lie subalgebra V C iso such that for every x € M,
T\M = H(x) & V(x).

The distribution V will be referred to as the set of vertical directions. The dimension of V
will be denoted by b.

The choice of an inner product on the Lie algebra V' naturally endows M with a
Riemannian extension gr of g that makes the decomposition H(x) & V(x) orthogonal.
Although gg will be useful for computations, the geometric objects that we will introduce,
like the sub-Laplacian L, the canonical connection V and the “Ricci” tensor R, ultimately
will not depend on the choice of the inner product on V.

The Riemannian measure of (M, gr) will be denoted by u; for notational conve-
nience, we will often use the notation (-, -) instead of gg.

Remark 2.6. If the Lie group V generated by V acts properly on M, then we have a
natural Riemannian submersion Ml — M/V. In the case of SU(2) studied in the previous
section, we obtain the Hopf fibration S? — S? (see [41]).

The above assumptions imply that, in a sufficiently small neighborhood of every point
x € M, we can find a frame {X1, ..., X4, Z1, ..., Zy} of vector fields such that:

@ Zi,....,Zy eV

®) {X1(x),..., X4(x)} is an orthonormal basis of H(x);
(©) {Zi(x), ..., Zy(x)} is an orthonormal basis of V(x);
(d) the following commutation relations hold:

d b
[Xi, X1 = Xe+ Y v Zm, 2.5)
=1 m=1
d
[Xi, Zu] =) 8, Xe, (2.6)
(=1

: (4 m l
for smooth functions w; Vi and §;,, such that

86, =8, i, t=1,...,d andm=1,...,h. 2.7

We mention explicitly that (2.7) follows from Z,, being sub-Riemannian Killing (see
conditions (1) and (2) above). By convention, a)fj = —wfi and y[’;? = —yj’f.

Definition 2.7. A local frame as in (a)—(d) above will be called an adapted frame.



Curvature-dimension inequalities 167

We define the horizontal gradient V1 f of a function f as the projection of the Rie-
mannian gradient of f on the horizontal bundle. Similarly, we define the vertical gradi-
ent Vy, f as the projection of the Riemannian gradient of f on the vertical bundle. In an
adapted frame,

d b
Vif =Y XiH)Xi, Vyf =Y (Zuf)Zn.
i=l1 m=1

The canonical sub-Laplacian in this structure is, by definition, the diffusion operator L on
M which is symmetric on Cgo (M) with respect to the measure p and such that (see (1.4))

T(f.8) = S(L(fg) — fLg — gLf) = (Vi f, Vg).

It is readily seen that in an adapted frame, one has

d
L=-) XX,
i=1

where X is the formal adjoint of X; with respect to the measure j.. From the commuta-
tion relations in an adapted frame, we obtain

d
Xl* =—-X; + sz]'{k’
k=1

so that in an adapted frame

d
i=1
where
d
Xo=—- ) ohX. (2.9)
i k=1

We also note that since H is supposed to be bracket-generating, from Hormander’s theo-
rem, L is a hypoelliptic operator.

In the present setting, from the very definition of L, one readily recognizes that the
canonical bilinear form introduced in (1.4) above is given by

U'(f, 8) = (Vi f. Vi8).
Definition 2.8. We define, for all f, g € C° (M),
T%(f, g) = (Vv f, Vyg).

Our first step is verifying that the differential forms I' and I'? satisfy Hypothesis 1.2 of
the introduction. This is the content of the next result.

Lemma 2.9. For f, g € C®° M),
C(f,T%(f) = T4(f, T(f)).
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Proof. This is readily checked in a local adapted frame (X1, ..., X4, Z1, ..., Zy}:

b d
PALTUN =2 Znf Y Xif Zn(Xi f)

m=1 i=1

d b d )
=23 "Xif Y ZnfXi(Znf) =2) Xif D ZnfIXi, Zulf
i=1 m=1

i=1 m=1

bh d
=T(ATZ(N) =2 Zuf Y St XifXef

m=1 i,0=1
=T (£, T%(f)),

where in the last two equalities we have used (2.6) and (2.7). m]

Another property that will be important for us is that  is a Lie algebra of symmetries for
the sub-Laplacian L.

Lemma 2.10. Forany Z € V one has [L, Z] = 0.

Proof. Since Z is a Killing vector field, [L, Z] is a first-order differential operator, and
therefore a vector field. Since Z* = —Z + ¢, where Z* denotes the formal adjoint of Z
and ¢ a constant, we find that [L, Z]* = [L, Z]. Since a symmetric vector field must
vanish identically, we obtain the desired conclusion. O

2.3.1. The canonical connection. Our ultimate objective (see Theorem 2.19 in Section
2.3.3) will be to establish natural geometric conditions under which the manifold M,
endowed with the above defined sub-Laplacian L, and with the differential bilinear
form I'Z, satisfies the generalized curvature-dimension inequality CD(py, p2, k, d) of
Definition 1.3. A useful ingredient in the realization of this objective is the existence
of a canonical connection on M.

Proposition 2.11. There exists a unique affine connection V on M with the following
properties:
i) Vg=0;
(i) if X and Y are horizontal vector fields, then VxY is horizontal;
(iii) if Z €V, thenVZ =0;
@iv) if X, Y are horizontal vector fields and Z € V), then the torsion vector field T(X,Y)
is vertical and T(X, Z) = 0.

Proof. If we denote by VR the Riemannian Levi-Civita connection on M, the existence
of the connection V follows by prescribing the relations

VzX =[Z,X], VxY=ny(VEY), VvzZ=0,

where X,Y € H, Z € V, and w3 the projection onto the horizontal bundle. The unique-
ness of V follows in a standard fashion. m]
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Remark 2.12. The connection V does not depend on the choice of the inner product
on V.

Remark 2.13. In the Riemannian case we simply have 7 = TM, and V is just the Levi-
Civita connection on M.

Remark 2.14. For later use we observe that, in a local adapted frame,

d
1 ; ,
Vx, X; = Zz(wl’.‘j + o + o) X, (2.10)
k=1
d
Vz, Xi ==Y 8.Xu. (2.11)
=1
VZy =0. (2.12)

We also note that, thanks to (2.8) and (2.9), in a local adapted frame we have

d
L= Zx? — Vx,X;, sothat Lf =div(Vyf).
i=1

2.3.2. Generalized Bochner identities. As recalled in the opening of the present paper,
at the source of the Riemannian curvature-dimension inequality CD(p1, n) there is the
Bochner identity. It is then only natural that our first step in the formulation of the gener-
alized curvature-dimension inequality in Definition 1.3 above was understanding appro-
priate versions of the identity of Bochner. This is accomplished in Theorem 2.18 below,
which represents the central result of this section. This result contains two Bochner iden-
tities: one for the horizontal directions (see (2.17)), and the other for the vertical ones
(see (2.18)). One of the essential points of the program laid out in this paper is that to
formulate a notion of Ricci tensor that works well for sub-Riemannian spaces, one needs
to appropriately intertwine these identities. As a final comment we mention that, as will
be clear from the proof of Theorem 2.18, the vertical Bochner formula is incredibly easier
than the horizontal one, but this is in the nature of things, and should come as no surprise.
We are ready to introduce the relevant geometric quantities.

Definition 2.15. Let V be the affine connection introduced by Proposition 2.11, and let
Ric and T be respectively the Ricci and torsion tensors with respect to V. For f € C* (M)
we define

d
R(f) = Rie(Vafo Vi f) + 3 (~((Vx DX, X0 £)(Xif) + T X X012,
k=1
(2.13)

where {X1, ..., X4} is a local frame of horizontal vector fields. We also define the fol-
lowing second-order differential form:

d
S(f) = =2 (Vx, Vv f, T(Xi, Vo ). (2.14)

i=1
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Remark 2.16. The expressions (2.13), (2.14) do not depend on the choice of the frame,
so they define intrinsic differential forms on M. Also, since the connection V does not
depend on the choice of the inner product on V), it is easy to check that R and S do
not depend on this choice either. We note explicitly that in the Riemannian case we have
H = TM,V is just the Levi-Civita connection of M, and therefore 7= 0. In that case,
R(f) = Ric(V f, V f), where now Ric is the Riemannian Ricci tensor.

The following lemma provides a useful expression of the differential forms R(f) and
S(f) in alocal adapted frame.

Lemma 2.17. Let (X1, ..., X4, Z1, ..., Zy} be a local adapted frame. Then

d .
R(H= { (Z 5 v ) - (Xewf; = Xjof))
j=1

k,t=1 Jlml

d
+ D i - Z e+ 3 3 el — @l +ol)@) + el |XerXes
i,j=1 i 1<i<j5d
d b d d
+ZZ<Z Kykj + Z wl]yéj Zijkr;l)meka
k=1m=1 ¢, j=1 I<t<j<d j=1
1 )
3, (Z ) , (2.15)
<l<j<d m=1
and
d b
S ==2 Y VX Zu )X f). (2.16)
i,j=1m=1
Proof. Itis a standard but lengthy computation using an adapted frame. O

In the following we denote by ||V72{ fI? the Hilbert—Schmidt norm of the symmetrized
horizontal Hessian of a function f. In a local adapted frame,

||vqif||2

K
(Xef Za)le) +2 Z (Mf_z _; Xf)

I<t<j<d i=1

Also, we will write ||V Vy f]|? = Zl 1 Zm | (XiZm £)?, an expression which is seen
to be independent of the local adapted frame. The next theorem constitutes one of the
central results of Section 2.3.

Theorem 2.18. For every f € C®°(M),

Do(f) = || V%fﬂz 4+ R(f)+ S(f) (horizontal Bochner formula), .17
FQZ =11V f ||2 (vertical Bochner formula). (2.18)
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Proof. Tt is enough to prove (2.17) and (2.18) in a local adapted frame {X1, ..., Xg,
Z1, ..., Zy}. We begin with the vertical Bochner formula (2.18), which is quite simple:
it follows immediately by a direct computation starting from the definition (1.11) of I'Z,
and using the fact that L and Z,, commute (see Lemma 2.10).

The proof of the horizontal Bochner formula (2.17) is not as straightforward. To avoid
long and cumbersome computations we will omit the intermediate details and only pro-
vide the essential identities. The interested reader should be able to fill in the gaps. Let us
preliminarily observe that

XiX;f = fij+ 51X X;1f,
where we have let
fij = 5(XiX; + X; X)) f. (2.19)
Using (2.5), we find

1, 1
XiX;f = ﬁij+§;winef+§n;yi72mf. (2.20)
Now, starting from the definition (1.10) of I'2(f), we obtain

Ma(f) = ZX fIXo. Xi1f =2 Z Xi fIXi, X;1X; f

i,j=1
+ Z Xi fIIXi. X;1. X,1f + Z (X; Xi )%,
ij=1 i,j=1
where X is defined by (2.9). From (2.20) we have

f(xjxiff Zf,,+— 3 (Zw,,Xzf)2 %1 (Zy, )

i,j=1 i,j=1 1<z<]<d <i<j<d m=

+ Z Zzw,]yllszxéf

I<i<j<d t=1m=

and therefore

a(f) = Zf,,—zzw[xz,mx f+ ZXf[xl,X] X;1f

i,j=1 i,j=1 i,j=1
+ZXf[Xo,X]f+— 3 (Zw,,xef) +— 3 (Zm, Zuf)
I<i<j<d (=1 1<z<j<d m=
ZZwal ZmfX0f. (2.21)

1<l<]<d€ 1 m=1

To complete the proof we need to recognize that the right-hand side in (2.21) coincides
with that in (2.17). With this objective in mind, using (2.5) we obtain after a computation
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d d
352 Z Xi fIXi, X;1X; f = Z(f“ (wainf>ﬁgg>
i,j=1 i,j=1 i=1
+
+2 Z ( /13_2 Z (Z Xf)fe;)

I<t<j<d I<t<j<d
d

d d d b
- Z Z wz‘ljwlzjxkfxif Z Z Z“)UV@/ ZnfXif

i,j=1¢k=1 i,j=1£=1 m=1

d b
=23 Y VI ZuXf Xif.

i,j=1m=1
Completing the squares in the latter expression we find

Zf,,—22Xf[X,,x1Xf Z(fee—zwlexf)
i,j=1 i,j=1
d_ ol + o d
+2 ) <f,je—ZMXif> —Z<wazxif)2
‘ =1 i=1
d 2 d
-2 Y (Zw erw Xf) — wf oy X fXi f
j i, j,k,£=1

1
b d h
DOVl ZnfXif ~ 222%7"“ wf Xif
ij

m=1

Next, from (2.9) we have

d
> Xif[Xo, Xilf = oho XefXi f
i=1 j

ikt=1

d 4. b d d
+Z DD I ZufXif Y0 D (Xif)Xi fX; f.

i=1jk=1m= i=1jk=1

Using (2.5) we find

d d d b
> XiflIXi. X1 X1 = oo XifXef + Y Y oh v ZnfXif

i,j=1 i,j=14€,k=1 i,jl=1m=1
d b d b
+ )Y VI Zn XX f = Y Y Xy Zn fXi f
i,j=1m=1 i,j=1m=1
>y

(Xjoi)XifXef.
i,j=1¢=1
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Substituting the latter three equations in (2.21) we obtain

d ol + o, 2
2 (f) = Z(fu—zwlexf) +2 ) (f,je_z%xif>
i=1

I<t<j<d

-2 Z Zyi?szrnf le+m
i, j=1m=1
where we have let

Z(Zw,ex o (R0 )

(=1 i=l 1<Z</<d

d d b
Y eheferxis— S ool XX 2 D eliZnXif

i,j.k,l=1 i,j.k,l=1 i,j=1¢=1m=1
d b d d h
> Sz XASK Y DS A ZufXi f
i,j=1m=1 i=1jk=1m=1
d d d d d b
D IP LTI 3 ST EALNIID S S EHET
i=1j,k=1 i,j=14,k=1 i,j,l=1m=1
d b d d
=2 D XD ZufXif Z Y XjoXifXef
i,j=1m=1 j=11t=1

NSR
]
—
= M~
:‘SN
ks
?.“/

Z (Z )/,J mf)

l§i<j<d =1 l<l</<d m=1

+ ) ZZ%WZ fXef. (2.22)

I<i<j<d =1 m=

Slmphfymg the latter expression we obtain

Z Zwkzwelxkfxff - Z 3 (@ + ol @ + o)Xk f X f

kt=1i=1 kl 11<1<]<d

- Z Z(sz,{j — X0l )X fXef + Z ool X fXo f

k=1 j=1 i,j,k =1
1 - t k < b m
+§ Z Z wijwijxkfX€f+ Z Zykj[xj’ Zplf X f
k= ll<i<j<d k,j=1 m=1
d d b
XY Yzt Y YN el zars
i=1jk=1m=1 1<i<j<d {=1m=1

d b b
= XV fo+% > (Z y{,’-’sz)z. (2.23)

i,j=1m=1 I<i<j<d m=1
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At this point, using (2.6), it is easy to recognize in view of (2.13) in Lemma 2.17 that
M =R(f).
To complete the proof of (2.17) it now suffices to:

e use the equation (2.14) in Lemma 2.17;
e find by a computation that, in a local horizontal frame, the square of the Hilbert—
Schmidt norm of the horizontal Hessian V%L f is given by

d d ) d_of + ‘U'je 2

1 4

V7 fI1? = Z(f,u - wa[x,-f) +2 Y (f,jz - Z-’Txif> :
=1 i=1 I<t<j<d i=1

(2.24)

[m}

2.3.3. The generalized curvature-dimension inequality. In this final part of Section 2.3
we establish the main result of the whole section, namely Theorem 2.19. This result shows
that, under suitable geometric bounds (see (2.26)) which are natural in sub-Riemannian
geometry (by this we mean that they are satisfied by large classes of significant examples),
the sub-Riemannian manifold M, with its canonical sub-Laplacian L and the Lie subal-
gebra of transverse symmetries V, satisfies the curvature-dimension inequality (1.12).

We need to introduce the last intrinsic first-order differential quadratic form, which in
a local horizontal frame {X, ..., X4} is defined as

d
T =Y ITXi, Vi I

i=1

A computation shows that in a local adapted frame,

d b d
T =33 (X vxis) (2.25)

j=1m=1 i=1
It is worth remarking that, as already observed, in the Riemannian case V is the Levi-
Civita connection. As a consequence, in that case 7 (f) = 0 for every f € C*°(M).

Theorem 2.19. Suppose that there exist constants p1 € R, pp > 0 and k > 0 such that
for every f € C*(M),

[R(f) > piT(f) + p2P2(f), (2.26)

T() =kl().

Then the sub-Riemannian manifold M satisfies the generalized curvature-dimension in-
equality CD(p1, p2, k, d) of (1.12) with respect to the sub-Laplacian L and the differen-
tial form T'%.

Proof. We need to show that for all f € C®°(M) and v > 0,

1
To(f) + vIZ(f) = E(Lf)z + (m - %)F(f) + paTZ(f).
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Let {X1,...,Xq4,Z1, ..., Zy} be a local adapted frame. From (2.8) and (2.9) and the
Cauchy-Schwarz inequality we find
d d d d 2012
Lf = Z(X(%f - waexif) < \/E(Z(ng - waeX,-f> )
=1 i=1 t=1 i=1

This inequality and (2.24) readily give

1
3<Lf>2 < IV3, fII*.

From this estimate and from (2.17) in Theorem 2.18 we obtain

1

E(Lf)2 <Ta2(f) = R(f) +S(f) <Ta(f) — ;T (f) — D4 (f) + S(f). (227
where in the last inequality we have used the lower bound on R(f) in (2.26). Using (2.16)
and the Cauchy—Schwarz inequality we now find that, for every v > 0,

d b

son=2(3 3 (Srxr)) (8 S za?) "
1

j=1m=1 i=l j=lm=

_2T(f)PTE(NH < %T(f) orZ(p),

where in the second to the last equality we have used (2.18) and (2.25). Substituting the
latter inequality in (2.27) we find

1 1
g(Lf)z <T2(f) +vI4 () + ~T(f) = l(f) = p2T%(f).

At this point it suffices to use the bound from above on 7 (f) in (2.26) to reach the desired
conclusion. O

The next result shows that, remarkably, the generalized curvature-dimension inequality
(1.12) in Definition 1.3 is equivalent to the geometric bounds (2.26) above.

Theorem 2.20. Suppose that there exist constants p;1 € R, po > 0 and k > 0 such
that M satisfies the generalized curvature-dimension inequality CD(p1, p2, k, d). Then
M satisfies the geometric bounds (2.26). As a consequence of this fact and of Theorem
2.19 we conclude that

R(f) = piT(f) + paT# (f),

CD(p1, p2,k,d) & {T(f) < «k[(f).

Proof. Fix xo € M, u € Hyy(M) and v € V, (M). Let also v > 0. Let {Xy,..., X4,
Zy, ..., Zy} be alocal adapted frame around xo. We claim that we can find f € C*°(M)
such that:

(1) Va f(xo) = u;
(i) Vy f(xo) = v;
(i) V3, f(x0) = 0;
(v) X;Zn f(x0) = 20, v/ Cro)us.
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To see this, we denote as before by V& the Levi-Civita connection of the Riemannian

metric on M. Since {X{, ..., Xy, Z1, ..., Zg} is a local frame, we can find a local chart
(U, ¢) at xq such that ¢$(0) = xo and in U we have X; = 9/0x;, j = 1,...,d, and
=0/0zm, m = 1,...,h. We first observe that there exists f; € C° (M) such that

VR fi(xo) =u +v,
VRVR fi(x0) = 0.

For an explicit construction of such a function fi, see for instance [46, proof of Theorem
3.1 and Lemma 3.2]. We can also find f> € C* (M) such that

VE fa(x0) = 0,
X Z f(x0) = + 3 v/ (x0)ui — X Zpn f1 (x0).

Indeed, take the function that in the local coordinates (x, z) = (x1,..., X4, Z1,...,2p)
is expressed in the form

d b /1 d
Hlx,2) = Z Z (; Z vij (xo)ui — Xjmel(x0)>ijm~
i=lm=1\Y 21

It is readily verified that it satisfies the above two conditions. We now set f = f| + f». It
is clear that f satisfies (i)—(iv) above. Now, using CD(p1, p2, k, d) for f, in combination
with (1)—(iii) above, we find that at xg,

T2(f)(x0) + v (f)(x0) = </01 - —)llull + o2 lv]|%.

But from (2.17) in Theorem 2.18 and (iii) we have

2(f)(x0) = R(f)(x0) + S(f)(x0).
By (2.16) and (iii) we find

d b
S(Hx0) ==2 D D" v} xX0)X; Zm f (x0) Xi f (x0)
ij:lm:l
7 4. b
=-: Z Z Z i o)) Copues = == ) Z(Z vi (o) )
jlmltil j=lm=1 i=1
= ——T(f)(XO),
v
where in the last equality we have used (2.25). On the other hand, (2.18) and (iii) give
z 2 1 & 1
MY (N0 = IV fo)ll® = — 3 Z(Z Vi (xo)ui ) = T (H) o).

j=1m=1 i=



Curvature-dimension inequalities 177

where in the last equality we have used (2.25) again. In conclusion,
T2(f)(x0) + vT5 () (x0) = R(f)(x0) + S(f)(x0) + v Vo Vy £ (x0) I

1
= R(f)(x0) — ;T(f)(XO)'

We thus infer from CD(p, p2, k, d) that

1 K
R(f)(x0) = =T (f)(x0) = (pl - ;) lul® + p2 0]
We finally note that (2.17) in Lemma 2.17 gives

d h d

d
RN = 2 (DD v )+Z(szk, Xjof)

Ke=1 j=1m=1 j=1

d
+ Z wkj Za)kzw(it 2 Z (a)fj 1] (a)ﬂj +a)€l)(wkj + wkt))}ukul

=1 I<i<j<d
d

b d
+ Z( Z Wk} + Z a)[j Yij — Z Xj yk’?)”’"”k
i=1

k=1m=1 ¢, j= 1<t<j<d

and that (2.25) gives

T(f) o) = ZZ(Zy,, )—: T ).

j=1m=1 i=1

In conclusion, we have proved that for all u € H,, (M), v € Vy,(M) and v > 0,

1
Ru,v) — ;T(M) = (m - —>||M|| + p2llv])®.

By first letting v — o0, we obtain
2 2
R(u,v) = prllull” + p2llvllI”.

If instead we let v — 0, we find 7 (u) < k|ju||>. This completes the proof. O
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2.4. Carnot groups of step two

Carnot groups of step two provide a natural reservoir of sub-Riemannian manifolds with
transverse symmetries. Let g be a graded nilpotent Lie algebra of step two. This means
that g admits a splitting g = V| @ Vs, where [V, Vi] = V; and [V, Vo] = {0}. We
endow g with an inner product (-, -) with respect to which the decomposition V| @ V5 is
orthogonal. We denote by ey, ..., ¢4 an orthonormal basis of V1 and by €1, ..., &4 an or-
thonormal basis of V5. Let G be the connected and simply connected graded nilpotent Lie
group associated with g. Left-invariant vector fields in V, are seen to be transverse sub-
Riemannian Killing vector fields of the horizontal distribution given by V. The geometric
assumptions of the previous section are thus satisfied.

Let L, (y) = xy be the operator of left translation on G, and let d L, be its differential.
We denote by X;(x) = dLy(ej), j =1,...,d,and Z;,(x) = dLy(en),m =1,..., b,
the corresponding system of left-invariant vector fields on G. Using the Baker—Campbell—
Hausdorff formula, we see that in exponential coordinates,

where yl.’g = ([ei, e¢], &) are the group constants. From the above equation we see that

b
[Xi. Xj)1= D v Zin. (2.28)

m=1

We note that {X1, ..., Xq, Z1, ..., Zy} is a global adapted frame on G.
A canonical sub-Laplacian on G is given by

d
L=> x}
i=1

If we endow G with a bi-invariant Haar measure pu, then X;k = —X; (see e.g. [27]).
Therefore, L is symmetric with respect to x.
In the present setting we have

d b
L) =Y (Xif)’ T2 = (Zuf)
i=1 m=1

If we use Lemma 2.17, then we easily see that
1 d b 2
R =7 2 (X vizar)-
i,j=1 m=1
From this expression it is clear that R(f) > o4 ( f) with

1 d

b 2
J— 3 _ m
=g le (W; Viem) (2.29)

J=
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Furthermore, from (2.25) one has

T(f)=2d:2b:(2d:y, ) ,

j=1m=1 i=1

and therefore 7 (f) < «['(f) with

K = sup ZZ(Z Yij x,) . (2.30)

Ixl=15=1 m=1 "i=1

From these considerations in view of Theorem 2.19 we immediately obtain

Proposition 2.21. Let G be a Carnot group of step two, and let d be the dimension of the
horizontal layer of its Lie algebra. Then G satisfies the generalized curvature-dimension
inequality CD(0, py, k, d) (with respect to any sub-Laplacian L on G) with py and k
respectively given by (2.29) and (2.30).

In particular, in our framework, every Carnot group of step two is a sub-Riemannian
manifold with non-negative Ricci tensor.

2.4.1. Groups of Heisenberg type. A significant class of Carnot groups of step two is
that of groups of Heisenberg type. Such groups constitute a generalization of the Heisen-
berg group and they carry a natural complex structure. Groups of Heisenberg type (or
H-type groups) were first introduced by Kaplan [35] in connection with the study of hy-
poellipticity. They were further developed in [21], where the authors characterized those
groups of H-type which arise as the nilpotent component in the Iwasawa decomposition
of simple Lie groups of real rank one. In a Carnot group G of step two, consider the map
J : Vo — End(V}) defined for every n € V; by

(J(ME, &) = (6,8, m), §&& eVineV

Then G is said of H-type if J(n) is an orthogonal map on V| for every n € V; such that
Inll = 1. When G is of H-type we thus have, for &, &’ € Vi, n € V3,

(J(E, JE) = IInl* (€, &).

The map J induces a complex structure since in every group of H-type one has, for every
n.n' €Va,
JmJ ')+ I @I () = =2, 0')1

(see [21]). In particular,
Jm? = —Inl1.

Since in a Carnot group of step two we always have [e;, e;] = Z?:] yfj &5, We obtain

(J(em)ei, ej) = (lei, )], em) = yi’/(l.
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When G is of H-type we thus find that for z = Z:’n:l ZmEm,»

Yo

i,j=1 m=

m 2 1 d 2 d 2
Vi) =7 D @ee) =Tl
1 i,j=1

In view of (2.29) we conclude that if G is of H-type, then p» = d/4. Also, for x =

d
Z[:l Xi€j,
d

d b b b
> Z(Z y;;?xi)z =2 emx. ) = > 1T em)xl* = bllx])*.
j=lm=1 i=1 j=1m=1 m=1

In view of (2.30) we conclude x = h. Combining these considerations with Proposition
2.21, we have thus proved the following result.

Proposition 2.22. Let G be a group of H-type. Then G satisfies the generalized curva-
ture-dimension inequality CD(0, d /4, b, d) with respect to any sub-Laplacian L.

2.5. CR Sasakian manifolds

Another interesting class of sub-Riemannian manifolds with transverse symmetries is
the class of CR Sasakian manifolds. For all the known results cited in this section we
refer the reader to the monograph [23]. Let M be a non-degenerate CR manifold of real
hypersurface type and dimension d + 1, where d = 2n. Let 6 be a pseudo-hermitian
form on M with respect to which the Levi form Ly is positive definite. The kernel of 6
determines the horizontal bundle . Denote now by Z the Reeb vector field on M, i.e.,
the characteristic direction of 6. It is an immediate consequence of [23, Theorem 1.3,
p- 25] that the canonical connection V introduced in Section 2.3.1 coincides with the
Tanaka—Webster connection on M. The sub-Laplacian L introduced in Section 2.3 is then
the classical CR sub-Laplacian (see [23, Definition 2.1, p. 111]).
As in the Riemannian case, the pseudo-hermitian torsion with respect to V is

T(X,Y) = VxY — Vy X — [X, Y].

Definition 2.23. The CR manifold (M, 0) is called Sasakian if the pseudo-hermitian tor-
sion vanishes, in the sense that

T(Z,X) =0 forevery X € H.

In every Sasakian manifold the Reeb vector field Z is a sub-Riemannian Killing vector
field (see [23, Theorem 1.5, p. 42 and Lemma 1.5, p. 43]). In this situation, the bilinear
forms R, T take a particularly nice form. Indeed, in the Sasakian case, the torsion T of
the Tanaka—Webster connection is given, for horizontal vector fields X and Y, by

T(X,Y)=(JX,Y)Z,

where J is the complex structure on M. Since VJ = 0, from (2.13) in Definition 2.15 we

obtain
d

1
R(f) = Ric(Vif. Vi) + 7 ( 2 (X1 X)) (2™ 2.31)

1k=1



Curvature-dimension inequalities 181

Since
d

d
DXL X =) IIXlP =4,
k=1

1k=1

we conclude from (2.31) that

d
R(f) = Ric(Vy f, Vy f) + ZFZ(f)-

Also, from (2.25),

d
T =D (IVuf. Xi)* = 1TV fI> = T(f).
i=1

A straightforward consequence of these considerations and of Theorem 2.19 is

Theorem 2.24. Assume that the Tanaka—Webster Ricci tensor is bounded from below by
p1 € R on smooth functions, that is, for every f € C°° (M),

Ric(Vi f, Vi f) = pill Va f11%.

Then the Sasakian manifold M satisfies the generalized curvature-dimension inequality
CD(p1,d/4,1,d) withd = 2n.

Remark 2.25. The example of CR Sasakian manifolds, together with that of H-type
groups studied in Section 2.4.1, suggests the existence of an interesting class of sub-
Riemannian manifolds with transverse symmetries. Indeed, returning to the setting and
notation of Section 2.3, for Z € V consider the map J(Z) defined on the horizontal
bundle H by

(J(2)X,Y)=(Z,T(X,Y)).

Suppose that J(Z) is orthogonal for every Z € V such that || Z|| = 1, and that furthermore
ZZ:I Vx, J(Z) = 0. In that case, similarly to the case of groups of H-type and Sasakian
manifolds, we can prove that if the horizontal Ricci curvature of the canonical connection
V is bounded from below by p1, then M satisfies CD(p1, d/4, h, d). An example of such
a structure is given by the Hopf fibration S7 — S* and, more generally, by the so-called
3-Sasakian manifolds (see [15]).

2.6. Principal bundles over Riemannian manifolds

Sub-Riemannian structures with transverse symmetries also naturally arise in the context
of principal bundles over Riemannian manifolds. Let (M, g) be a C* connected Rie-
mannian manifold of dimension d. Let us consider the orthonormal frame bundle O (M)
over M. The kernel of the Levi-Civita connection form defines the distribution H of hor-
izontal directions. If the Riemannian curvature form is non-degenerate, this distribution
is two-step bracket-generating (see for instance [11, Chapter 3]). The set of vertical di-
rections is then given by the vector fields that are tangent to the fibers of the bundle
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projection. It is easily seen that in that case V 2~ so04(IR), and therefore the vertical bundle
is generated by the sub-Riemannian Killing vector fields of the horizontal bundle. We
thus have an example of a sub-Riemannian manifold with transverse symmetries. In this
example the geometric quantities introduced in Section 2.2 may be interpreted in terms
of the geometry of M.

First, let us observe that we can find a globally defined adapted frame. For each
x € R? we can define a horizontal vector field H, on O(M) by the property that at

each point u € O(M), H,(u) is the horizontal lift of u(x) from u. If (ey, ..., eq) is the
canonical basis of R?, then the fundamental horizontal vector fields are defined by
H; = H,,.

Now, for every M € 04(R) (the space of d x d skew-symmetric matrices), we can define
a vertical vector field Vy; on O(M) by
F(ue'™) — F(u)

t b

where u € O(M) and F : OM) — R.If E;;, 1 <i < j < d, denote the canonical basis
of 04(R) (E;; is the matrix whose (i, j)-th entry is 1/2, (j, i)-th entry is —1/2, and all
other entries are zero), then the fundamental vertical vector fields are given by

Vij = VEij'

(Vi F)(u) = lim

It can be shown that we have the following Lie bracket relations:

Xl 1 1
[H;, Hj] = —2k2<7‘szi,»vkl, [Hi. Vit = —8ij 5 Hi + 85 Hj.

where §;; = 1ifi = j and O otherwise, and where €2 is the Riemannian curvature form:
QX,Y)w) =u" 'R X, m.¥)u, X,Y € T,OM),

R denoting the Riemannian curvature tensor on M and s the canonical projection

oM) - M.

In this structure, the sub-Laplacian L is the so-called horizontal Bochner Laplace
operator. It is by definition the diffusion operator on O(M) given by

d
Aoan = ZH,?.
i=1

Its fundamental property is that it is the lift of the Laplace—Beltrami operator Ay of M.
That is, for every smooth f : M — R,

Aoa(f o) = (Amf) o m.

The canonical sub-Riemannian connection V is easily expressed in terms of the Ehres-
mann bundle connection. Let us recall (see for instance [11, Chapter 3]) that the Ehres-
mann connection form a on O(M) is the unique skew-symmetric matrix  of one-forms
on O (M) such that:

(1) a(X) =0if and only if X € HOM);
(2) Vaux) = X if and only if X € VOM),
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where HO(M) denotes the horizontal bundle and VO (M) the vertical bundle. It is then
easily verified that for a vector field ¥ on O(M),

d
VyH; = Za]].‘(Y)Hk.
k=1

Observe that if X, Y are smooth horizontal vector fields then the torsion satisfies
T(X,Y) = Vaux,y).

Then straightforward computations yield

d
R(f, ) =Ric* (Vo f, Vi f) — Z Vw2t Ho S Hi f + Vo vy )
k=1

where for horizontal vector fields X and Y,
Ric*(X, Y) = Ric(m X, 7.Y),
and Ric denotes the Ricci tensor of M. In the same vein we have
d
Vo, vay 1 II%.

d
T =Y _ITH:, VI =

i=1 i=1
We then observe that the expression of ‘R simplifies if for every horizontal vector field X,

d
> (Vi )(H;. X) =0.
j=1
Using the second Bianchi identity, it is seen that this last condition is equivalent to the

fact that the Ricci tensor of M is a Codazzi tensor, that is, for any vector fields X, Y, Z

on M,
(Vx Ric)(Y, Z) = (Vy Ric)(X, Z).

As a conclusion, Theorem 2.19 then yields
Proposition 2.26. Let (M, g) be a C* connected Riemannian manifold of dimension d.
Assume that:

(1) Ric is a Codazzi tensor;
(2) there exists p1 > 0 such that Ric > py;
(3) there exists py > 0 such that for every U € so4(R),

d
> (QUH;, H), U) = 4pa||U 1%
i,j=I

(4) there exists k > 0 such that for every horizontal vector field X,

d
doIQH, X)|1* < )1 X%,
i=1
Then the horizontal Bochner operator of O(M) satisfies the generalized curvature-di-
mension inequality CD(p1, p2, k, d).
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The previous assumptions are readily satisfied in the case of spaces with constant curva-
ture and, after some standard computations, we obtain the following result.

Corollary 2.27. Let (M, g) be a C* connected Riemannian manifold of dimension d
and constant curvature K # 0. The sub-Riemannian structure of O(M) satisfies the
generalized curvature dimension inequality CD((d - DK, %Kz, @Kz, d).

Actually, more general principal bundles provide examples of sub-Riemannian structures
with transverse symmetries. Let 7 : (M, g) — (M, g) be the projection of a principal
fiber bundle with structure group a compact, semisimple Lie group G of dimension h
equipped with its bi-invariant metric given by the Cartan—Killing form. We suppose that
7 is a Riemannian submersion with totally geodesic fibers isometric to G. We denote by 6
the one-form of the principal connection corresponding to the horizontal distribution H.
If ‘H is bracket-generating, then we have an example of a sub-Riemannian structure with
transverse symmetries.
Let ~ _
AxY = (Vx, Y1)y + (Vx, Yv)u

be the O’Neill tensor of the submersion. When X and Y are horizontal vector fields we
have T(X,Y) = —2AxY, where, as usual, T denotes the torsion of the canonical sub-
Riemannian connection. As a consequence, A is the skew-symmetrization of —%T. The
connection form 6 is a Yang—Mills connection if for every horizontal vector field X, the
vertical component of

d
> (Vx,D(Xe. X)
=1

is zero (see for instance [24, p. 146]). As a consequence of Theorem 2.19, we obtain the
following result.
Proposition 2.28. Assume that:

(1) 8 is a Yang—Mills connection;
(2) there exists p1 > 0 such that Ric’ > py where Ric’ is the Ricci tensor of (M, g');
(3) there exists po > 0 such that for every vertical vector field Z,

d
> 1AxZIP = pall ZI1:

i=1

(4) there exists k > 0 such that for every horizontal vector field X,

b
D IAXZiP < kX112

m=1

Then the sub-Riemannian structure on M given by the submersionT : (M, g) — (M, g")
satisfies the generalized curvature dimension inequality CD(p1, p2, k, d).

Remark 2.29. If G is simple, then by Ad invariance,

d 2 _NAP 2 Ay
> Az = =5 1217, D IAxZIP < JAPPIX ).
i=1 m=1
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3. Second-derivative estimates

In this section, in the context of sub-Riemannian manifolds with transverse symmetries,

we develop some basic tools to obtain bounds on the second derivatives to be used later.
Let M be a sub-Riemannian manifold with transverse symmetries as in the previous

section. If { X1, ..., X4} is a local frame of horizontal vector fields, we define the tensor

d
ST(V) =) (Vx,D(X¢, V).
(=1

Motivated by the examples of the previous section, we make the following definition:

Definition 3.1. The sub-Riemannian manifold M is said to be of Yang—Mills type if for
every horizontal vector field X,

ST(X) = 0.

For instance, Riemannian manifolds, CR Sasakian manifolds and Carnot groups of step
two are examples of sub-Riemannian manifolds with transverse symmetries of Yang—
Mills type.

Proposition 3.2. Suppose that M is of Yang—Mills type and there exist constants p; € R,
02 > 0and k > 0 such that

T) =kl

for every f € C®°(M). Then, for f € C*°M) andv > 0,

{R(f) > piT(f) + ;T2 (f),

raran) = 4F(f)<F2(f) +ulZ(f) — (m - %)F(f)),

T(TZ(f)) < ADZ(H)TZ(f).

Proof. Let f € C*®°(M) and x9 € M. We assume that Vg f(x9) # 0, otherwise
the inequalities are straightforward. We can find a local adapted frame {X1, ..., Xg,
Z1, ..., Zy} in the neighborhood of xy such that X1 f = 0,..., Xgf = [[Vyfl. In
this frame,

d
P =43 XiXaH?)L),
i=1
and

V3, £1I

d d 2 XX+ XoX; d a)j-é-—i-a)je 2
=Y (xEr = Yekxir) v2 3 (MR Y r)
=1

i=1 I<t<j<d i=1
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By observing that X; X, f = 0if £ # d and X; Xy f = a)]dde + Zm ldeZ f we
easily conclude that

d b
L) — 4V APT) <20) Y(X iz s)

(=1 m=l

<) Y (Zm Z,f)

1<t<j<d m=
Now, from (2.17) in Theorem 2.18 we have
Do(f) = IV fIP + R(F) + S(f).

From this identity and the proof of Theorem 2.19 we obtain, for every v > 0,
z 2 2K
Do(f) + vl () = IV Sl —;F(f)+R(f). (3.1

Therefore

F(F(f))<4F(f)<F2(f)+vF2(f)+ “rop - R(f)+§ 3 (Zw, mf))

1<l<j<d m=1

From the Yang-Mills assumption we have

R(f)—— 3 (Zy@,z f)

1<£</<d m=

-y >+2<Xewk] Xjofy

k=14 "j=1 m= Jj=1
d
i 0 i
+ Z wjiwkj - Zwkiw& Z (wlj ij (wij +w£z)(wkj +wk1))}kaXef
i,j=1 i=1 1<l<j<d
and thus

R(f)—— 3 (Zye, Zuf) = pT(F).

1<Z<]<d m=1

Putting things together, we conclude that
(I = 4F(f)(Fz(f) +IE(f) - (m - %)F(f))

The proof of I'(I'Z (f)) < 4T'2(f)T'%(f) is easy and left to the reader. o

In the rest of this section we assume that M is complete and that there exist constants p; €
R, p2 > 0 and « > 0 such that (2.26) holds for every f € C°(M). The completeness of
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M implies that Hypothesis 1.1 is satisfied, that is, there exists a sequence i € Cg° (M)
such that 4; /' 1 on M, and

IT (i) lloo + IT? (i) oo — 0 as k — oo.

Following an argument of Strichartz [49, Theorem 7.3, p. 246, and p. 261], this implies
that the operators L and L + L? are both essentially self-adjoint on the space C5e (M),
where we have let

b
L* == Z4Zn.
m=1
We denote by D(L) the domain of the self-adjoint extension of L.

Lemma 3.3. The operators L and L + L% spectrally commute, that is, for any bounded
Borel function W : (—00, 0] — R and any f € L*(M),

W(LW(L + LY f = W(L+ LH)W(L)f.
Proof. Let f € C3°(M). We first observe that

/ T?(f,Lf)du <0. 3.2)
M

To see this we note that, thanks to Lemma 2.10,

b
2 [ rAgiLpan= [ irtpd-2) [ rzafdu
M M = Jm

b
= _22/ ['(Znf)du < 0.
m=1 M
Next, we observe that for all f, g € Cgo (M),
0= [ 12Godi= [ frldn+ [ et?rduve [ T4
M M M M
With f € C3°(M) and g = Lf, this gives
—2/ F%(f, Lf)dup =2/ LfL? fdpu.
M M
In view of (3.2) this shows that for any f € Cg°(M),
f LfLZ fdu > 0.
M

In turn, this implies that for all f € C;°(M),

/ (L du < / (Lf + L2 f) dp. (33)
M M
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But then (3.3) continues to be true for f € D(L + L%). Let now f € D(L) and set
d(x, 1) =LO; f(x),

where Q; is the heat semigroup associated with L + LZ. Since L and L 4+ L% commute
on smooth functions (see Lemma 2.10), we easily see that ¢ solves the heat equation

0 ,
S =L+

with initial condition ¢ (x, 0) = Lf (x). From (3.3), we see that fM o (x,1)2dp < oo for
every ¢ > 0. Thus by uniqueness in L? of solutions of the heat equation, we conclude
that ¢ (x,t) = LQ; f(x) = Q:Lf(x). By a similar argument, we may prove that for all
feL*(M)ands, >0,

Py Qtf = QtPsﬁ

which implies that L and L+ L? spectrally commute (see Reed and Simon [45, Chapter 8,
Section 5]. O

Lemma 3.4. There is a constant C = C(p1, p2,k) > 0 such that for every smooth
function f belonging to D(L?),

0<-— /M PZ(f Lf)dp < Cllfllp2y.  where | flip2 = /M (f2+ @2 NHHdu.

Proof. From Theorem 2.19 we have, for every v > 0,

z K z
Do(f) +vl5(f) > <,01 - ;)F(f) + ;2 ().
Since

200(f) = LT(f) = 2I(f, Lf), 2T%(f) = LTZ(f) —2T%(f, Lf),

we deduce by integration over M that for v > 0,

/(Lf)zdwrv/ LFL fdu = (m—f)f r(f)du+pz/ P2(f) dp.
M M v M M

(One should keep in mind that since f € C5°(M), we have fM LT(f)dn =

fu LT?(fydp = 0, and — [y T(f, L) dp = [y, (LN dp, — i, TZ(f, L) dp =
fM LfL? f du.) The above inequality can be rewritten as

/(Lf)zd/hLV/ LfL? fdu > <p1 —5>f (—Lf)fdMerz/ (L7 f)f dp.
M M v M M

From Lemma 2.10, the diffusion operators L and L + L# spectrally commute, so by the
spectral theorem, there is a measure space (€2, &), a unitary map U : Lg(Q, R) — LZ(M)
and real-valued measurable functions A and AZ on € such that for x € €,

U'LUg(x) = —a(x)g(x), U 'L?Ug(x) = —2?(x)g(x).
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From the previous inequality, we obtain
AU f I, + v U™ L AZUT )
Kk -1 —1 Zy—1 -1
> (Pl - ;)(MJ LU f)Lgl + ;AU f,U f)Lg~

Since this holds for every smooth and compactly supported function f, we deduce that
for every v > 0, almost everywhere with respect to «,

A2(x) + VA% (A (x) > (pl - %)A(x) + parZ (x).

In particular, by choosing v = p2(A(x) 4+ 1) !, we obtain the following inequality for the

spectral measures:

(e ()

<—|lpr——)r+{1+— 2" 34
A1 P2 P2

As a consequence, for any f € D(L?),

, /M (L7 f)f du < — (m _ %) ( /M (—Lf)f dp + /M (Lf)2du>

+ <1+£> ( / (Lf)*dp+ f (—Lf)(sz)du>- (3.5)
P2 M M

By denoting R = pa(—L + Id)~!, we also deduce from (3.4) that for every f € D(L),

,02/ (—L* IR f)dp < —(Pl - i)/ —fLfdp+ (1 + i)/ (Lf)*dpu.
M P2 M P2 M

By using now the above inequality with —Lf + f instead of f, and applying (3.5), we
obtain the desired inequality. O

Remark 3.5. The previous proof also shows the following inclusion of domains:
D(L*) € D(L + L%) C D(L).
As a consequence of Lemma 3.4, we obtain the following useful a priori bounds.

Proposition 3.6. There exists a positive constant C = C(p1, p2, k) > 0 such that for
every smooth function f belonging to D(L?),

/M F%(f)du = Cllf 2 /M MY (N du < Cllf Iz,

/M (P20 + TE(H) — (o1 — 0T () dit = ClLf oy
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Proof. Let f € C3°(M). According to Lemma 3.4, we have

/M T (f)du=— /M P2(f, LY du < Cill flpy-
Then

/M Fa(f)du = — /M P, L) dp = /M (LA = 11,

/(Lf)zd/va/ LfL* fdp > (m—f)/ r(f, f)du+pz/ TZ(f, fdp,
M M v M M

which implies
Z 2
/M (P dp < Call g,

Putting things together, we conclude that for f € C3®(M),
z 2 z 2
/MF (N du < Clf D). /Mrz (N du < Clfd ).
[ (02 + T30 = o = T () i = I

The inequalities are then extended to the smooth functions of D(L?) by using the essen-
tial self-adjointness of L which implies the density of C;°(M) in D(L?), and the same
arguments as in Bakry [4, 5]. The details are left to the reader. O

4. The heat semigroup and parabolic comparison theorems

We now return to the general framework described in the introduction. Hereafter, M will
be a C*° connected manifold endowed with a smooth measure p and a smooth, locally
subelliptic operator L satisfying L1 = 0 and (1.3). We denote by I'(f) the quadratic
differential form defined by (1.4), and by d(x, y) the associated canonical distance (1.7).
As mentioned in the introduction, we assume throughout that (M, d) is a complete metric
space. Furthermore, we assume that M is endowed with another smooth bilinear dif-
ferential form, denoted I'?, satisfying (1.9). In particular, 4 (1) = 0. As stated in the
introduction, we assume that I'% (f) > 0 for every f € C°(M).

From (1.3) we see that, as an operator defined on C5° (M), L is symmetric with respect
to the measure p and non-positive: (Lf, f) < 0 for f € C5°(M).

Then, following an argument of Strichartz [49, Theorem 7.3, p. 246, and p. 261],
by using the completeness of (M, d), we conclude that L is essentially self-adjoint on
C3°(M). As a consequence, L admits a unique self-adjoint extension (its Friedrichs ex-
tension), still denoted by L. The domain of this extension will be denoted by D(L).

Hereafter, for 1 < p < oo we will write L?(M) instead of LP (M, u). If L =
— fooo AdE), denotes the spectral decomposition of L in L%(M), then by definition, the
heat semigroup (P;);>0 is given by P; = fooo e ™dE;,. It is a one-parameter family of
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bounded operators on L*(M). Since the quadratic form Q(f) = —(f, Lf) is a Dirichlet
form in the sense of Fukushima [29], we deduce that (P;);>¢ is a sub-Markov semigroup:
it transforms positive functions into positive functions and satisfies

P1<1. 4.1)
This property implies in particular
1P fllpian < I flians 1P Fllieqn < 1 e, 4.2)
and therefore by the Riesz—Thorin theorem,
1P fllermy < I fllLrmy, 1< p =<oo. 4.3)

From the spectral definition of Py, it is clear that for all # > O and f € LZ(M),
P f € Doo(L) = ﬂkzl D(Lk). Moreover, the following can be shown as in [37]:

Proposition 4.1. The unique solution of the Cauchy problem

g—’t‘—LuzO,
u(x,0) = f(x), feLP(M), p<oo,

that satisfies ||u(-, t)||, < oo is given by u(x,t) = P, f(x).

Due to the hypoellipticity of L the function (x, ) — Py f(x) is smooth on M x (0, co)
and

Pf(x) = /M Py O FO) (). f € CO,

where p(x, y,t) > 0 is the so-called heat kernel associated to P;. It is smooth and sym-
metric, i.e.,
plx,y, 1) =p(y,x,1).

By the semigroup property, for all x, y € M and s, t > 0 we have
p(x,y,t+s)= /Mp(x, 2, 0)p(z, y,5)du(z)
= / p(x,z,0)p(y,z,8) du(z) = Py(p(x, -, 1) (y). (4.4)
M

We first establish a global comparison theorem in L.

Proposition 4.2. Suppose that M satisfies Hypothesis 1.1. Let T > 0 and let u,v :
M x [0, T] — R be smooth functions such that:

() u(,t) e LZ(M)for everyt € [0, T], and fOT lu(-, t)]l2 dt < oo;

(i1) fOT VI @), )y dt < oo for some 1 < p < 00,
(iii) v(-,t) € LYI(M) for every t € [0, T], and fOT lv(-, Hllgdt < oo for some 1 <
q < Q.



192 Fabrice Baudoin, Nicola Garofalo

If
]
Lu—i—a—I:zv on M x [0, T],

then ;
Pru(-, T)(x) > u(x, 0) +/ Psv(-, s)(x) ds.
0

Proof. Let f, g € C3°(M) with f, g > 0. We claim that
T
fMgPT(fu(-,T))dM—/Mgfu(x,O)d/LZ —||\/F<f)||oo/0 /M(Ptgwr(u)dudt
T T
- ||¢F<f)||oo/0 II\/F(Pzg)Ilzllu(nl)llzdt+/Mg/0 P(foC ) duds,  (45)

where for every 1 < p < oo and a measurable F, we have let || F||, = [|[F|lLrqu). To
establish (4.5) we consider the function

¢(t)=/ gl (fu(,1)du.
M
Differentiating ¢ we find
, ou
¢>(t)=/ gPt<L(fM)+f8—> du
M t
=/ ng((Lf)u+2F(f,u)+fLu+fa—u>dﬂ
M ot
Z/Mng((Lf)u+2F(f, u))du+/MgPt(fv)dM-
Since
| entepwan= [ rowrudn=- [ risucre)d
M M M
= —(/M(Ptgl“(f, u) +ul (f, P,g)) du>,
we obtain
o' (1) 2/ Pgl(f, u)du—/ ul' (f, Pzg)dqu/ gP(fv)dp.
M M M

Now, we can bound

< VT (Dl fM (Pig)T @) dp.

and for a.e. t € [0, T'] the integral on the right-hand side is finite in view of the assump-

‘ / (Pg)T(f.u)
M
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tion (ii) above. We have thus obtained

¢'(1) = —II\/F(f)Iloo/M(Ptg)\/l"(u)du—/Mul"(f, Pzg)du+fMng(fv(~,t))du-

AS a COnSequenCe,
/gPﬂfu(-,T))du—/ gfulx, 0)du
™M M
T T
z—uw(f)noofo /Mmg)mu)dudr—fo mef, P.g)dudi
T
+f fgﬂ(fv(-,t))dudr
0 M
T T
> VTl /O /M (Pig)y/T @ dpudi — /0 luC 21T Prg)lla dt
T
+ [ o[ Procydran
M 0
T
z—uw(f)noofo mengu)dudr
T T
—||\/r<f>||oo/0 ||u<~,t>||z||\/r<Ptg)||zdz+/Mg/O Pi(fo( ) dr dp,

which proves (4.5). Let now iy € C3°(M) be a sequence as in Hypothesis 1.1. Using Ay
in place of f in (4.5), and letting k — oo, gives

T
/gPT(M(-,T))dM—/ gu(x,O)d/LZf g/ Pr(u(-, 1)) dtdpu.
M M M 0

We observe that the assumption on v and Minkowski’s integral inequality guarantee that
the function x fOT P;(v(-, t))(x) dt belongs to L4 (M). We have in fact

T q 1/q T
(// PL(u(-. 1)) di du) 5/ fIPt(v(-,t))quu
MI|JO 0 ™M
T 1/q , T 1/q
s/ /Iv(~,t)|qdu dt < TV (/ /|v(~,t)|qdudt> < 00.
0 M 0 M

Since this must hold for every non-negative g € C§°(M), we conclude that

1/q
dt

T
Pr(u(-, T))(x) > u(x, 0) +/ Ps(v(-, 5))(x)ds,
0

which completes the proof. O

The next theorem shows that Hypothesis 1.4 is redundant on complete sub-Riemannian
manifolds with transverse symmetries of Yang—Mills type if the sub-Laplacian L satisfies
the generalized curvature dimension inequality.
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Theorem 4.3. Let L be the sub-Laplacian on a complete sub-Riemannian manifold with
transverse symmetries of Yang—Mills type. Suppose that L satisfies CD(p1, p2, k, d) for
some p € R. Then Hypothesis 1.4 is satisfied.

Proof. Let f € C3°(M) and consider the functional

o) = VTZ(Pr_ ).

We first assume that ['Z (P, f)x) > 0 for all (x,7) € M x [0, T]. From Proposition

V4
3.6 we have ®(t) € L2(M). Moreover I'(®)(r) = %TT:’;’)” So Proposition 3.2

yields ['(®)(r) < 1"2Z (Pr—t f). Therefore, again from Proposition 3.6, we deduce that
['(®)(r) € L' (M). Next, we easily compute that

00 o DEPrf)  TO%(Prf)

7 JTZ(Pr_ f) A4TZ(Pr_.f)3*

Thus, Proposition 3.2 implies that

od
— +L®>0.
ot

We can then use Proposition 4.2 to infer that

VIZ(Pr f) < Pr(VTZ(f)).

This implies that for every t > O, FZ(P,f) € LP(M) forevery 1 < p < oo. If
I'2(P, f)(x) vanishes for all (x, 1) € M x [0, T'], we consider the functional

(1) = g (M“(Pr— f)),

where, for0 < ¢ < 1,

g(y) =vy+e—e

Since ®(¢) € L*(M), an argument similar to that above (the details are left to the reader)
shows that

g:(TZ(Pr f)) < Pr(g-(TZ(f))).

Letting ¢ — 0, we conclude that

VIZ2(Pr f) < Pr(VTZ2(f)).

Proving that (x,7) — T'(P;f)(x) is bounded is similar. For « € R, we consider the

functional
() = e T (JT(Pr_i f) + T4(Pr_. ),
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and first assume that (x,¢) +— I'(P;f)(x) does not vanish on M x [0, T]. From the
previous inequality, Proposition 3.6 and Proposition 3.2, it is seen that W(¢) € L*(M)
and /T (0) () € L' (M) + L%(M). Moreover,

Do(Pr—if) T (Pr—if))

JT(Pr—f) 4T(Pr_ f)3?

According to Proposition 3.2, for all f € C*°(M) and v > 0 we have

W Ly =T
ot

+ 2F2Z(PT_,f)> +ad.

I = 4F(f)(f‘2(f) +I¥(f) - (m - %)Wf))-

Choosing v = 2/T"'(f) gives

a(f) T ; )
VT () B AT (f)3/2 +2I5(f) = p1V I (f) — 5

‘We deduce that

ow

_ _ K _ _
5t LY 2 e T (@ 4+ p)VT(Pri f) + ol (Proy f)) = e 70,

Therefore, by choosing « large enough we obtain

W o Lw s K e
o1 =72

As a consequence of Proposition 4.2, we find

T
VI (Prf) +T4(Prf) < T (Pr(VT(f) + Pr(TZ(f) + ge‘” fo (Ps1) ds.
Since P¢1 < 1, we conclude that
VE@r ) + TP f) = T (Pr(VT() + Pr2(f) + 5T

This implies that (x, 1) > T (P, f)(x) + TZ (P f)(x) € LM x [0, T]). If (x,1) —
['(P; f)(x) does vanish somewhere on M x [0, T'], then we consider the C°° approxima-
tion of the square root as above.

We now prove that P;1 = 1, that is, Py is stochastically complete. A first consequence
of the fact that for all f € Cj°(M) and T > 0, (x,1) +— ['(P f)(x) + I'2(P; f)(x)
is in LM x [0, T']), is that in Proposition 4.2 we can now allow u to be in L. More
precisely, under the assumptions of Proposition 4.2 with (i) replaced by: u(-, 1) € L' (M)
for every ¢t € [0, T] and fOT llu(-, t)|l1 dt < oo, we still have the conclusion

T
Pru(, T))(x) = u(x,0) +/ Ps(v(-, 5))(x) ds.
0
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The proof is identical to that of Proposition 4.2. With the notation of that proof, I'(P.g) €
L ([0, T] x M) is used to obtain the bound

T
’/ / uT'(f, Pig) dy dt
0 M

This leads to an inequality replacing (4.5):
T
/MgPT<fu<-,T))du—/Mgfu(x,O)duz —||\/F<f)||oo/0 fM(P,ng(u)dudt
T T
- ||\/F<f)||oo/0 ||\/F(Ptg>||oo||u<.,r>||1dr+/Mg/0 P(foC.0)dudi.  (46)

T
< ||¢F(f>||oo/0 VTP ool D1 dr.

From this point on, the argument proceeds exactly as in the conclusion of the proof of
Proposition 4.2.

With this L! comparison result in hand, we can now come back to the stochastic
completeness problem. Let f € C3°(M) and consider the functional

u(x, 1) =TT (Pr_; f)(x) + T4(Pr_, ) (x)).
‘We have

Lu(x,t) = T (LT (Pr_, f)(x) + LT#(Pr_, f)(x)),

E;—':(x, 1) = —au(x,t) — 2¢*T(0(Pr_, f, LPr_)(x) + T*(Pr_ f, LPr_)(x)).
Therefore
Lu(x,t) + E;—I;t(x, 1) = —au(x, t) +2¢* T (Co(Pr_ f)(x) + T (Pr— f)(x)).
By using now the inequality CD(p1, p2, &, d) with v = 1, we obtain
Lu(x, t”%()" 1) = T (Q2(p1 =) =) T (Pr—; /) () +Q2p2—a) T (Pr— ) (x)).
By choosing o < 2min{p3, p1 — '}, we thus get
Lu(x,t)+ z—l:(x, t) >0,

and by using the L' version of Proposition 4.5 we conclude that

T(P f)+T# (P f) < e ™ (PT(f)+ PT?(f)). 4.7
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We are now ready for the final argument leading to the stochastic completeness. Let f, g €
CgO(M). By (1.3) and (1.4) we have

t 8 t
/(sz—f)gduzf /(a—Psf)gduds:/ f(LPsf)gduds
M 0 JM N 0 JM

t
= [ [ reesoduas
0 JM
By means of the Cauchy—Schwarz inequality and (4.7), we find

t
5(/0 ew/zdS)\/IIF(f)Iloo-lrIIFZ(f)Iloo/MF(g)I/sz-
(4.8)

We now apply (4.8) with f = hy, where hy is the sequence whose existence is postulated
in Hypothesis 1.1, and then let k — oo. By Beppo Levi’s monotone convergence theo-
rem we have Phy(x) /' Pi1(x) for every x € M. We conclude that the left-hand side
of (4.8) converges to fM(P,I — 1)g dpu. Since in view of Hypothesis 1.1 the right-hand
side converges to zero, we reach the conclusion

‘/ (P f—fgdu
M

/ (Pl —1)gdn=0, geCy°M).
M

It follows that P;1 = 1. O

We point out that the stochastic completeness of the heat semigroup is classically equiv-
alent to uniqueness in the Cauchy problem for initial data in L°°(M). Following the clas-
sical approach (see for instance [31, Theorem 8.18]), we in fact obtain:

Proposition 4.4. Suppose that M satisfies Hypotheses 1.1 and 1.4. Then for every f €
L% (M) the Cauchy problem

Lu—u, =0 inM x (0, 00),
u(x,0) = f(x), feL>*®M),
has a unique bounded solution, given by u(x,t) = P; f (x).

We state the following L°° global parabolic comparison theorem that will be easier to use
than Proposition 4.2 because it does not require a priori bounds on the derivatives.

Proposition 4.5. Suppose that M satisfies Hypothesis 1.4. Let T > 0. Letu, v : M x[0, T]
— R be smooth functions such that for every T > 0, sup,po.77 llu(-, )llcc < 00 and
sup;eo,77 1V (s Dlloc < 00. If

B
Lu+a—l:Zv on M x [0, T],

then

T
Pru(-, T))(x) = u(x,0) +/ Ps(v(-, 5))(x) ds.
0



198 Fabrice Baudoin, Nicola Garofalo

Proof. Let (X7 ):>0 be the diffusion Markov process with semigroup (P;);>¢ and started
at x € M (see for instance [29, Chapter 7] for the construction of that process). From
P;1 =1, we deduce that (X7 );>0 has an infinite lifetime. Then, for ¢ > 0,

X ! au X
u(X;', 1) =u(x,0)+ Lu+§ (Xy,s)ds + M;,
0

where (M;);>0 is a local martingale. From the assumption one obtains
t
u(Xr,t) > u(x,0) —i—/ v(Xy,s)ds + M;.
0

Let now (7,,),en be an increasing sequence of stopping times such that almost surely
T, — oo and (MAT,)s>0 is a martingale. From the previous inequality, we find

(AT,
E(u(X;‘ATn,t/\T,,)) > u(x,0)+]E</ v(Xf,s)ds).
0

By using the dominated convergence theorem, we deduce that

'
Ew(X;,1) > u(x,0) +E</ v(X7,s) ds),
0

which yields the conclusion. O

For later use, we also record the following gradient bounds that are consequences of
Hypothesis 1.4.

Corollary 4.6. Suppose that L satisfies CD(p1, p2, k, d) for some p; € R and Hypothe-
sis 1.4 is satisfied. There exists o € R (¢ < 2min{p3, p1 — k} will do) such that for every
f e Cgr(vD,

L(Pi f) +T#(P f) < e (PT(f) + PTZ(f)). 4.9)
As a consequence, for every f € C3°(M) and 1 < p < oo,

IT(P Hlliramy < e AT Ieean + ITZ(HllLean), =0, (4.10)
ITZ(P H)llierany < e UT(Alieran + ITZ(HllLean), ¢ > 0. 4.11)

Proof. The proof is identical to that of (4.7) except that we now use Proposition 4.5. O

5. Entropic variational inequalities

Our objective in this section is to prove a fundamental variational inequality which will
play a pervasive role in our study (see Theorem 5.2). We begin with some preliminary
results. Henceforth, we write C;°(M) = C*°(M) N L% (M).
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Lemma 5.1. Let f € C;°(M), f > 0and T > 0, and consider the functions
¢1(x, 1) = (Pr— )OI (In Pr—; ) (x),
$2(x, 1) = (Pr— /)0 Z(In Pr— f) (),

defined on Ml x (—o0, T'). Then

991
Lo + o 2(Pr— f)T2(In Pr—; f).
If furthermore Hypothesis 1.2 is valid, then

0
Lo + % — 2(Pr_ T4 (In P, ).

Proof. Let for simplicity g(x, t) = Pr—; f(x). A simple computation gives

0
31 =g/'(ng) + 2gF<lng, &)
at g

On the other hand,
Loy = Lgl'(Ing) + gLl (Ing) + 2I'(g, '(Ing)).
Combining these equations we obtain

el 8t
L¢ + —= = gL (Ing) + 20 (g, [Ing)) +2¢T (Ing, 7)
From (1.10) we see that
2gl'2(Ing) = g(LT'(Ing) —2I'(Ing, L(Ing))) = gLI'(Ing) — 2gI'(Ing, L(In g)).

Observing that L(Ing) = —T'(g)/g” — g:/g, we conclude that

91
Loy + Yl 2(Pr— f)I'2(n Py, f).
In the same vein, we obtain
0
L + % = gLT%(Ing) +2I'(g, T%(Ing)) + ZgFZ<lng, %)

On the other hand, this time using (1.11), we find
2¢TF (Ing) = g(LT*(Ing) — 2I'*(Ing, L(Ing)))

r
— gLT%(Ing) + 2¢T? (lng, %) +2gT? (lng, %).

From this last equation it is now clear that if Hypothesis 1.2 is valid, then

¢
Lo + aii =2¢TZ(Ing).

This concludes the proof. o

We now turn to our most important variational inequality. Given f € C;°(M) and & > 0,
welet f, = f +e.
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Suppose that T > 0, and let x € M be given. For a function f € C;°(M) with f > 0
we define, forr € [0, T'],

(1) = P((Pr—¢ fo)T(In Pr_; f2)),
®(t) = P((Pr—i fo)T#(In Pr_, f.)).

Theorem 5.2. Suppose that Hypotheses 1.1, 1.2 and 1.4 are satisfied and the curvature-
dimension inequality (1.12) holds for some p1 € R. Let a,b € c([o, 71, [0, 00)) and
y € C((0,T),R) be such that a' + 2p1a — 2xa®/b — 4ay/d, b’ + 2pra, ay, ay? are
continuous functions on [0, T]. Given f € Cgo M) with f > 0, we have

a(T) Pr(f:T(In f2))+b(T) Pr(f:T*(In f:))—a(0)(Pr f:)T'(In Pr fo)—b(O)T *(In Py f:)

T 2 4 T
> / (a’ +2p1a — 2/(% - %)CDI ds +/ b 4 2pa)P;r ds
0 0

4 (T o T
+ (—/ ay ds)LPTfE - (—/ ayzds> Pr fe.
d Jo d Jo
Proof. Let f € C*°(M) with f > 0. Consider the function
$(x. 1) = a(®)(Pr— f)@T(n Pr_, f)(x) + b (Pr— /)T (n Pr_, f)(x).

Applying Lemma 5.1 and the curvature-dimension inequality (1.12), we obtain

a
a—(f =d'(Pr_i f)T(n Pr_ ) + b'(Pr— /)T (n Pr_ f)

+2a(Pr_; f)T2(n Pr_, f) 4+ 2b(Pr_; f)TZ (In Pr_, f)

Lo+

2
> (a’ +2p1a — 2x%)(me)r(1n Prif)

2
+ (b + 20a) (Pr_ /)T (0 Pr_, f) + 7“<PT_,f>(L<1n Pr_i ).

But
(L(n Pr_; f))* > 2y L(n Pr_ f) — *
and
LPr_ f
LnPr—f)= ——F —T(nPr_; f).
Pr_f
Therefore,
8¢ 7 a2 4a7/
Lo+ —=>|a +2p1a—-2k— — — |(Pr— /)I'(In Pr_; f)
ot b d
, 7 day 2ay2
+ @& +2pa)(Pr— /)T (lnPT—tf)+TLPT—lf_ Pr_:f.

Ifnow f € C5°(M) with f > 0, we obtain the same differential inequality with f; instead
of f throughout. Now we apply Proposition 4.5 to reach the desired conclusion. O

The following corollary is of particular importance.
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Corollary 5.3. Under the assumptions of Theorem 5.2, let b : [0, T] — [0, 00) be a
non-increasing C* function such that, with

Ay kY )

the functions b'y, b'y? are continuous on [0, T). Then, for f € C5e (M),

b'(T)

2om Pr(f:T(In f2)) + b(T) Pr(f:T%(In f.))

b'(0)
22

2 (T I
> —<— / by ds)LPng + <— / b'y? ds) Prf.. (5.2
dpz Jo dpa Jo

Proof. We choose a : [0, T] — [0, co) of class C!l so that b’ + 2p2a = 0. With this
choice, and with y defined by (5.1), we obtain

+ (Pr fo)T'(In Pr f;) — b(O)I(In Pr f;)

4o ) a’>  4ay 0
a a—2k————=0.
o1 b 4
Applying Theorem 5.2 with these a, b and y yields the desired conclusion. O

6. Li-Yau type estimates

In this section, we extend the celebrated Li—Yau inequality [38] to the heat semigroup
associated with the subelliptic operator L. Let us mention that, in this setting, related
inequalities were obtained by Cao—Yau [16]. However, these authors work locally and the
geometry of the manifold does not enter their study. Instead, our analysis is based on the
entropic inequalities established in Section 5, and so it hinges crucially on our curvature-
dimension inequality (1.12). As shown in the discussion of the examples in Section 2, this
inequality is deeply connected to the sub-Riemannian geometry of the manifold. We have
mentioned in the introduction that, even when specialized to the Riemannian case, the
ideas in this section provide a new, more elementary approach to the Li—Yau inequalities.
For this aspect we refer the reader to [14].

Theorem 6.1 (Gradient estimate). Assume that Hypotheses 1.1, 1.2 and 1.4 hold and the
curvature-dimension inequality (1.12) is satisfied for some py € R. Let f € C5°(M) with
f=>0, f#0. Then fort > 0,

C(n P f) + %zrz(ln P f)

<

2
3k 201 \LP:f dp12 p1d 3k d(l + 2%)
1+ 1+ +
Pf 6 2

200 3 20 2t
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Proof. We apply Corollary 5.3, in which we choose b(t) = (T — t)3. With this choice,

(5.1) gives
) = d 1 - 3k
yi) = 5 P1 T—; 20m))

and thus &'y, b'y? € C([0, t]), R). Simple calculations give

T d 3d 3
/ Yy de =257 + 22 (14 22 )12,
0 2 4 2p2

T, s 3d2 (4p? 3\ 2 3K \ o
Voyw)y dt=——\—T"+4{14+— ) T —4p1[1+—|T7).
0 16 \ 3 20 20

Using the last two equations in (5.2) and letting ¢ — 0, by the arbitrariness of T > 0 we
obtain the desired conclusion. O

Remark 6.2. We notice that if p; > ,oi, then trivially
CD(p1. p2. k. d) = CD(py, p2. k., d).

As a consequence, if (1.12) holds with some p; > 0, then also CD(0, p2, k, d) is true.
Therefore, when p; > 0, Theorem 6.1 gives in particular, for f € Cg°(M) with f > 0,

3k \2

200 3 \LPf  d(1+35,)

I'(ln P, —tI"“(In P, <1 —_— .
(In P, f) + =117 (In ,f)_< +2p2> i 5

6.1)

However, this inequality is not optimal when p; > 0. It leads to an optimal Harnack
inequality only when p; = 0. Sharper bounds in the case p; > 0 will be obtained in (10.4)
of Proposition 10.2 below by a different choice of the function b(¢) of Corollary 5.3.

Remark 6.3. Throughout the remainder of the paper, the symbol D will always mean

3K
D— d<1 . _>. 6.2)
202

With this notation, as the left-hand side of (6.1) is always non-negative, and LP; f =
o; Py f, when p; > 0 we obtain

8 (In(tP"2 Py f (x))) = 0. 6.3)

Integrating (6.3) from ¢ < 1 to 1 leads to the following diagonal bound for the heat kernel:
1

plx,x,1) < mp(x,x, D). (6.4)

The constant D /2 in (6.4) is not optimal in general, as the example of the heat semi-
group on a Carnot group shows. In that case, in fact, one can argue as in [27] to show
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that the heat kernel p(x, y, t) is homogeneous of degree —(Q /2 with respect to the non-
isotropic group dilations, where Q indicates the corresponding homogeneous dimension
of the group. From that homogeneity of p(x, y, t), one obtains the estimate

1
px,x,1) < mp(x, x, 1),

which, unlike (6.4), is best possible. In the sub-Riemannian setting it does not seem easy
to obtain sharp geometric constants by using only the curvature-dimension inequality
(1.12). This aspect is quite different from the Riemannian case, for which the CD(py, n)
inequality (1.2) does provide sharp geometric constants (see [6], [36]). However, in that
case our bound (6.4) is sharp as well, since if d = n = dim(M) and « = 0, then (6.2)
gives D = n.

7. A parabolic Harnack inequality

In this section we generalize the celebrated Harnack inequality of [38] to solutions of the
heat equation Lu — u; = 0 on M which are of the form u(x,t) = P;f(x) for some
f € Cgo M), f = 0. Theorem 7.1 below should be seen as a generalization of [38,
Theorem 2.2(i)] in the case of a zero potential g. See also [16], where the authors deal
with subelliptic operators on a compact manifold. As already mentioned, these authors
do not obtain bounds which depend on the sub-Riemannian geometry of the underlying
manifold.

Theorem 7.1. Assume Hypotheses 1.1, 1.2 and 1.4 hold and the curvature-dimension
inequality (1.12) is satisfied for some p; > 0. Given (x,s), (y,t) € M x (0, c0) with
s <t forany f € C;°(M), f >0, one has

D/2 2
t D d(x,y)
P <P, - - 7.1
10 =10 (1) oo 2 40227 o
Proof. Let f € Cgo (M) be as in the statement, and for every (x,t) € M x (0, c0)
consider u(x,t) = P;f(x) . Since Lu = %—‘[‘, in terms of u the inequality (6.1) can be

reformulated as

3k )2
20 3k \ologu d(1+55)
ra —1“q <({l14+— .
(Inu) + 3 (Inu) < +2p2 o + 5
Recalling (6.2), this implies in particular,

olnu 4+ 2. (1.2)
at =~ D 2t
We now fix (x,s), (y,¢) € M x (0,00) withs < ¢t. Let y(7),0 <t < T,bea
subunit path such that y(0) = y, y(T) = x (for the definition of a subunit path see the
introduction or [25]). Consider the path in M x (0, co) defined by

N

oc(r):(y(r),t+ _tr>, 0<t<T,

T



204 Fabrice Baudoin, Nicola Garofalo

so that «(0) = (y, 1), @(T) = (x, s). We have

u(x,s) _ T g
lnm —‘/0 Elnu(a(r))d‘r

T _
< /O |:F(lnu(oz(r)))1/2 - th a;”(a(r))} dr.

Applying (7.2) for any € > 0 we find

u(x,s) 12 /T )1/2_t—s/T81nu
gu(y,t) <T <0 I'(nu)(a(r))dt 7 T (a(r))drt

1 €

T " g dt=s [Try d
% ~|—§/(; (Inu)(a(r)) I—BT/O (Inu)(a(z))dr

D(s—t)fT dt
2T 0 t—i—%fl

If we now choose € > 0 such that

IA

t—s

M
Ol
~

the above inequality yields

lo
K

2

QU9 D L2 Dy (1)
u(y,t) d 4(t —s) 2

where we have denoted by £;(y) the subunit length of y. If we now minimize over all

subunit paths joining y to x, and we exponentiate, we obtain

t\P/? D d(x, y)*
ulx,s) <u(y, t)(;) exp(z 7 s))'

This proves (7.1) when f € Cgo (M). We can then extend the result to f € C;;O(M)
by considering the approximations h, P; f € Ci°(M) , where h, € C;°(M), h, > 0,
h, — 1l,andletn — ocoand v — O. O

The following is an important consequence of Theorem 7.1.

Corollary 7.2. Suppose that Hypotheses 1.1, 1.2 and 1.4 are valid, and the curvature-
dimension inequality (1.12) is satisfied for some p1 > 0. Let p(x, y, t) be the heat kernel
on M. Then forall x,y,z € Mand0 <s <t < 00,

D/2 )
plx.y.s) < plx, z, t)(é) exP<2 d(y, 2) )

d 4t —s)

Proof. Fix t > 0and x € M. By the hypoellipticity of L — 9;, we know that p(x, -, -+ 1)
€ C®°M x (-1, 00)) (see [26]). From (4.4) we have

p('x’ y,S +f) = Ps(p(x7 s T))(.V)? P(x» Z,t+f) = Pf(p(-x’ “ T))(Z)
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Since we cannot apply Theorem 7.1 directly to u(y, t) = P;(p(x, -, 7))(y), we consider
un(y,t) = Pi(hyp(x,-, 1))(y), where h, € C°(M), 0 < h, < 1,and h, /' 1. From
(7.1) we find

D d(y,z)z)

A\ D2
Py(hnp(x, -, D)) < Pi(hnp(a. 'JW)(;) eXp<d 40 —s)

Letting n — o0, by Beppo Levi’s monotone convergence theorem we obtain

D d(y,2)*
d 4t—s))

¢ D/2
P(x’)”S‘i‘T)EP(X,Z,t-I—‘C)(;) exp(

The desired conclusion follows by letting T — 0. O

8. Off-diagonal Gaussian upper bounds for p(x, y, t)

Suppose that the assumptions of Theorem 7.1 are in force. Fix x € Mland ¢ > 0. Applying
Corollary 7.2 to (y, t) — p(x, y,t), for every y € B(x, /1) we find

p(x, x,1) < 2P2ePIGD bx 'y 2t) = C(pa, k, d) p(x, v, 21).

Integration over B(x, /1) gives

plx, x, H(B(x, V1) < C(pa, &, d) » f)p(x, y,2)du(y) < C(p2, k, d),
x,\/1

where we have used P;1 < 1. This gives the diagonal upper bound
C(p2,k,d)
1(B(x, V1))

The aim of this section is to establish the following off-diagonal upper bound for
the heat kernel. Before doing so, let us observe that from the general theory of Markov
semigroups, if the volume doubling property is assumed, then the diagonal bound (8.1)
implies an off-diagonal bound (see for instance [20]). However, in our framework, the
volume doubling property is only proved in the sequel paper [13] which relies on the
results of the present paper. Therefore, and we think this is of independent interest, to
prove the off-diagonal upper bound, we completely bypass the use of uniform volume
estimates and instead rely in an essential way on the scale invariant parabolic Harnack
inequality.

px,x,t) < 8.1)

Theorem 8.1. Assume that Hypotheses 1.1, 1.2 and 1.4 hold and the curvature-dimen-
sion inequality (1.12) is satisfied for some p1 > 0. For any 0 < € < 1 there exists a
constant C(p2, k, d, €) > 0, which tends to oo as € — 0%, such that forall x, y € M and
t >0,

Cd, k, p2, €) ( d(x, y>2>

PO = LB (B P P\ @ o
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Proof. We adapt an idea of [16] concerning the case of a compact manifold without
boundary. Since here we allow M to be non-compact, we need to take care of this aspect.
Corollary 4.6 will prove crucial in this connection. Given 7 > 0 and ¢ > 0 we fix
0 <7 < (1+a)T.Fora function ¥ € C§°(M) with ¢ > 0, in M x (0, T) we consider
the function

f(y,t)=/Mp(y,z,t)p(x,z, T)Y(z)du(z), x € M.
Since f = P;(p(x, -, T)y), it satisfies the Cauchy problem

Lf— f; =0 inM x (0, 1),
f(Zs 0) = p(xs Z, T)Iﬁ(z), Z € M.

Notice that by the hypoellipticity of L — 9, we know y — p(x, y, T) is in C*° (M), and
therefore p(x, -, T)y € L°°(M). Moreover, (4.3) gives

1P (pCx, - T2y < 1PG - IV = /M p(x. 2, Y () dp(z) < oo,
and therefore

T
/ f f.0%dp)dr < T/ p(x, 2, T)* ¥ (z) du(z) dt < oo. 8.2)
0 JM M
Invoking (4.9) of Corollary 4.6 we have

() 1) <e (P (p(x,-, (@) + BT (p(x, -, T)Y)(2)).

This allows us to conclude that

/fF(f)(z,t)zdu(z)dt<m. (8.3)
0 M

We now consider a function g € cl(o, 14+ a)T], Lip,(M)) N L® M x (0, (1 + «)T))
such that

—g—f > %F(g) on M x (0, (1 4+a)T). (8.4)

Since

AV 9 _
(L_5>f _2f<L 8t>f+21“(f)—21“(f),

multiplying this identity by &, (y)2e$%?), where h, is a sequence as in Hypothesis 1.1,



Curvature-dimension inequalities 207

and integrating by parts, we obtain
T T a
0= 2/ / h2eST(f) du(y) dt —/ / h2e$ <L - —>f2 du(y)dt
0 JM 0 Jm ot
T T
=2 [ [ Berr(anrdiva [ [ het ;b ) dicrdr
0 JM 0 JM

+2 f r / B2ef FT(f, ) du(y) di — / ‘ f he® 1228 dyu(y) dr
0 JM 0o JM dt

—/ hues f2du(y) +/ hne® f2du(y)
M t=0 M

t=t1

T 2
> 2/ / h,%eg<l“(f) + fTF(g) + fT(/f, g)) du(y)dt
0 JM

+4 / / e FT(hy, £) dp(y) di + / e £2 dpu(y)
0 M M

=t

)

=0

- / T £2 dpu(y)
™M

where in the last inequality we have made use of the assumption (8.4) on g. From this we
deduce that

/ hne® £2 dpu(y)
M

- / e £2 du()
t=1 M

T
4 / / Jin® T, 1) du(y) dr.
t=0 0 JM
We now claim that

lim /T/ he FT (. £)du(y)dt = 0.
0 M

n—o00

To see this we apply the Cauchy—Schwarz inequality, which gives

/ ' / hne? T (hy, £)dp(y) di
0 M

z 12, nr 12
5( f / hiegfzr(hmdu(y)dr) ( / f egl“(f)du(y)dt>
0 M 0 M
T 1/2 T 12
5(/ / egsz(hn)dM(y)dt> (/ / egl“(f)du(y)dt> =0
0 M 0 M

as n — 00, thanks to (8.2), (8.3). With the claim in hand we now let n — o0 in the above
inequality, obtaining

[ e o dn < [ 00 15,02 duiy. (8.5)
M M
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At this point we fix x € M and for 0 < ¢ < t consider the indicator function 1 B(x. /i) of
the ball B(x, +/7). Let ¥ € C(C)’o (M), ¥ > 0, be a sequence such that ¥y — IB(x,ﬁ) in
L*(M) with supp ¥x C B(x, 1004/7). Slightly abusing the notation we now set

J.s) = Ps(p(x, -, T)lp, )) = / p(y,z,8)px,z, T)dp(z).
B(x,\/1)
Thanks to the symmetry p(x, y,s) = p(y, x, s), we have
ety = [ ez e, (8.6)
B(x,\/1)
Applying (8.5) to fx(y,s) = Ps(p(x, -, T){)(y), we find

/ eSO fi(y, D dp(y) < / 800 fi(y, 002 du(y). (8.7)
M M

At this point we observe that as k — 00,

‘f eSO fi (v, ) dp(y) — / S0 f(y, )2 du(y)‘
M M

<2027 | Loan PG - Dl 2 P - Dl oo s 110vin W — Lae. v l2an

— 0.

By similar considerations we find

‘ / 00 £ (v, 02 dpu(y) — f eg(y'o)f(y,o)zdu(y)’
M M

<20 Lo P, Tl oo (aie 1100 1¥k — Lo, v lL2am — 0-

Letting k — oo in (8.7) we thus conclude that the same inequality holds with f; replaced
by f(y,s) = Ps(p(x, -, T)lB(x,ﬁ))(y). This implies in particular the basic estimate

inf 8GO f F ) du)
z€B(x,\/1) B(x,+/1)

5 / 0 o 0 du () < / @0 £z, 1) dp(z)
B(x,4/1) M

< / 8@ £(z,002du(z) = f 8@ p(x, 2, T du(z)
M B(y,v/1)

< sup @0 / p(x. 2, T)? du(2). (8.8)
2€B(y,4/1) B(y,"/1)
Now we choose in (8.8)
d(x, y)?

gy, ) =g:(y, 1) = —m-
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Using I'(d) < 1, one can easily check that (8.4) is satisfied for this g. Taking into account

that ,
d(x.2)
inf %@ = inf  xe HFWTD > o 2T 7,

z€B(x,/1) z€B(x,/1)

if we now choose T = (1 + «)T, then from the previous inequality and from (8.6) we
conclude that

) d(xz)z + 2
/ fz,A+a)T) du(z) 5( sup e 20+2T M)/ px,z, T) " du(z).
B(x,3/1) 2€B(y,4/1) B(y,\/1)

(8.9)

We now apply Theorem 7.1, which gives, for every z € B(x, +/1),

3K
(0455

F T < fz, (0 + )T + a0 H 50 gzt

Integrating this inequality on B(y, 4/7) we find

2
(/ p(x,z,T)? d.U«(Z)> = f(x,T)?
B(y.v/1)

(1425
d(142%) 2p)
14+« 27 ¢ T
S / f@ A+ a)T)*du().
w(B(x, /1)) B(x.\/D)
If we now use (8.9) in the last inequality we obtain
(1425 )
d+2) 2’
1 2m 2aT d(x.2)?
/ p(x, Z, T)sz(Z) S ( + ) ¢ Sup e 2(1+2u)T+2aT>
B(y./0) w(B(x, /1)) 2eB(VD)

Choosing T = (1 + «)t in this inequality we find

/ plx,z, 1 +a))>du(z)
B(y,\/1)

3K

d(1+5%
_ (4w

K
ﬂz)e 2a(l+a)+2a(l+a) d(x.2)?
sup e XT2a)(Fan +2a(1+a))

8.10
w(B(x, /1)) 2€B(y,v/1) oY

We now apply Corollary 7.2 to obtain, for every z € B(y, /1),

3K + 5=
Py 0% < p(r.z. (L +a))2(1 + o) 52 GXP(TMZ)'

Integrating this inequality over z € B(y, 4/1), we have

3k
55

W(BG VD) P, 3. )2 < (14 )" T8 2> / P,z (1+ )2 du(2).
B(y,+/1)
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Combining this inequality with (8.10) we conclude that

3k
(1425 240)
3k 2pp
A+3p)) o —Tattrar — T FatiFa d(r.0)?
< Sup e_ 2(14+20) (14a)t ) .

Z€B(y,+/1)

1+ )
(B, N2 u(B(y, /1)1

plx,y, 1) <

If now x € B(y, 4/1), then
d(x,2)* > (d(x,y) — V1) > d(x,y)* — 1,

and therefore

 dx.2)? 1 dxy)?
sup e W2 < ¢ WHF2)(Ha) ¢ 20+2a) (1)

Z€B(y, /1)

If instead x ¢ B(y, +/1), then for every § > 0 we have
d(x,2)> = (1 —8)d(x,y)> — (1 +5 .

Choosing § = a/(a + 1) we find

d(x, y)* _
dx,z)? > ——"— —2+a by,
1+«
and therefore
d(x.2)? ___day? + 24o~!
sup e 2 2a)(IFa) < g 2(1+20)(1+a)2 | 2(0+2)(1+0)
Z€B(y,4/1)

For any € > 0 we now choose o > 0 such that 2(1 + 2o)(1 + «)? = 4 + € to reach the
desired conclusion. O

9. A generalization of Yau’s Liouville theorem

In his seminal 1975 paper [54], by using gradient estimates, Yau proved his celebrated
Liouville theorem that there exists no non-constant positive harmonic function on a com-
plete Riemannian manifold with non-negative Ricci curvature. The aim of this section is
to extend Yau’s theorem to the sub-Riemannian setting of this paper. An interesting point
to keep in mind here is that, even in the Riemannian setting, our approach gives a new
proof of Yau’s theorem which is not based on delicate tools from Riemannian geometry
such as the Laplacian comparison theorem (1.14) for the geodesic distance. However, due
to the nature of our proof at the moment we are only able to deal with harmonic functions
bounded from two sides, whereas in [54] the author is able to treat functions satisfying a
one-side bound. In the sequel paper [13] we remove this restriction.
We begin with a Harnack type inequality for the operator L.
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Theorem 9.1. Assume that Hypotheses 1.1, 1.2 and 1.4 hold and the curvature-dimen-
sion inequality (1.12) is satisfied for some p1 > 0. Let0 < f < M be a harmonic function
on M. Then there exists a constant C = C(p2, k,d) > 0 such that for any xo € M and
r >0,
su <C inf f.

B(XoI,)r) /= B(x0,r) /
Proof. We know that f € C;°(M) and f > 0. Applying Theorem 7.1 to the function
u(x,t) = P; f(x), for x, y € B(xg, r) we obtain

Dr?
d(t —s)

A\ D2
Pﬂ‘(x)fP,f(y)(;) exp( ) O0<s<t<oo.

Now observe that, thanks to the assumption Lf = 0, the functions u(x, t) = P; f(x) and
v(x,t) = f(x) solve the same Cauchy problem on M. By Proposition 4.4 we must have
P, f(x) = f(x) for every x € M and every ¢ > 0. Therefore, if we take s = r2,t = 2r2,
the above inequality gives

f) < (V2P r(y),  x,y € Blxo, ). o

Theorem 9.2 (of Cauchy—Liouville type). Under the assumptions of Theorem 9.1, there
exist no bounded solutions to Lf = 0 on M other than the constants.

Proof. Suppose a < f < b on M. Consider the function g = f — infyy f. Clearly,
0<g<M=>b—a.lf we apply Theorem 9.1 to g we find, for any xg € M and r > 0,

sup g <C inf g.
B(xq,7) B(xo,r)

Letting r — oo yields supy; f = infy f, hence f = const. O

10. A sub-Riemannian Bonnet-Myers theorem

Let (M, g) be a complete, connected Riemannian manifold of dimension n > 2. It is
well-known that if for some p; > 0 the Ricci tensor of M satisfies the bound

Ric > (n — 1) py, (10.1)

then M is compact, with a finite fundamental group, and diam(M) < 7/./p1. This is the
celebrated Myers theorem, which strengthens Bonnet’s theorem. Like the latter, Myers’
theorem is usually proved by using Jacobi vector fields (see e.g. [18, Theorem 2.12]).

A different approach is based on the curvature-dimension inequality CD((n—1) p1, n),
which—as we have seen—follows from (10.1) (see (1.2)). When n > 2, Ledoux [36] (see
also [9]) uses ingenious non-linear methods, based on the study of the partial differential
equation

c(ff'—f==Af, 1<p< ,
n—2
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to deduce from CD((n — 1) p1, n) the Sobolev inequality

2/p
—[(f Ifl”du> /fzdu}ff T(f)du, feCPM), (10.2)
(n—2)pf M M

where u is the Riemannian measure. By a simple iteration procedure, Ledoux deduces
from (10.2) that the diameter of M is finite and bounded by 7/,/p1. The non-linear meth-
ods in [36] seem difficult to extend to the framework of the present paper.

A weaker version of the Myers theorem was proved by Bakry [5] by using linear
methods only. We have been able to suitably adapt his approach, based on entropy-energy
inequalities (a strong form of log-Sobolev inequalities). In this section we establish the
following sub-Riemannian Bonnet—Myers compactness theorem.

Theorem 10.1. Assume that Hypotheses 1.1, 1.2 and 1.4 hold and the curvature-dimen-
sion inequality (1.12) is satisfied for some p; > 0. Then the metric space (M, d) is
compact and

dlamM<T2«/_< +1 D=2V3x \/p”K 3K>d.

0102 202

The proof of Theorem 10.1 will be accomphshed in several steps. In the remainder of this
section we will tacitly assume the hypothesis of Theorem 10.1.

10.1. Global heat kernel bounds

Our first result is the following large-time exponential decay for the heat kernel.
Proposition 10.2. Let0 < v < p102/(p2 + k). There exist ty, C1 > 0 such that for every
f e CPM) with f >0,

d
’EInPtf(x) <Cie ™, xeM,t>1.

Proof. In Corollary 5.3, we choose
b(t)y=(* —e T, 0<t<T,

with 8 > 2 and @ > 0. With this choice a simple computation gives
d
y() = <2p1 —ap—ap— e (a(ﬁ D+ “ﬂ”)bar”ﬂ).
02

Keeping in mind that 5(T) = b'(T) = 0 and b©0) = (1 — e *T)A, b (0)
—aB(1 — e *T)B=1 we deduce from (5.2) that

aB(l —eT)F-!
20

>_i</Tb’(t) (t)dt>LPTf+i</Tb/(z> (t)zdr> (10.3)
= Tam\Jy 77 Prf " dm 4 ‘ '

C(n Prf) — (1 —e ") T%(In Pr f)
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Now,

/T / d( K) —aT\B
by dt =——|201 —af —af— (1 —e ")
0 4 02

1
1—-1/8
2

T d K 2
/ bty (1) dt = ——(2p1 —ap —a/3—> (1—e TP
0 16 P2

d
+ - (aﬂ —a+aﬂi)e—”(1 —e TPl
4 o))

i £ 2p1—aB—aBk/p2)(af—a+afk/p2) e_aT(l _ e_“T)ﬂ_l

8 1-1/8
_ f (af —a+ ozﬂK/Pz)ze,zar(l _ gmaTp=2
16 1-2/8 ’
If we choose
o= 20102
B2+ k)’

then « «
2pp—afp—af— =0, af—ataf—=2p —q,
P2 P2

and from (10.3) we obtain

dQ2p; — LP
0= L ranPrf)+ (1= e )2 ppf) < 2 =D mar LIT]
02+ K 2p2(1=1/B) Prf
de _ 2 —2aT
2o - e . (10.4)
1602(1 =2/B) 1 —e=oT
Noting that 2p] — o = %((ﬁ — D ps + Bk) > 0, and that 8 > 2 implies a < 5213(,

(10.4) gives in particular the desired lower bound for % In P; f(x) with v = «.

The upper bound is more delicate. We fix 0 < n = ,3%521 _’3(), and with y = 28p;1 0> we
now choose in (10.3)
2012 —ye T ye "
B(p2 +«) B(p2 + k)

Clearly, @ > 0 provided that T is sufficiently large. This choice gives

K e " K e’

2p1—aﬁ—aﬁ—=y , aﬁ—a—i—oe,B—:Zpl—a—y .
1%) P2 P2 02

‘We thus have
T
/ bty @)dt
0

_ —aT\,—(—a)T o7
= —gef‘ﬂ(l —ear)ﬁl{y(l e __F (2/01 —a— e )}
4 02 B—1 0
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_yreT
Noting that e~ "~97T = ¢~ 527 — | and o — B%g;i%c) as T — 0o, we obtain
y(1 —e @l mal g ye " v B 20102
— 20—a——— | > ———— 20— ).
P2 B—1 P2 p2 B—1 B(p2 +x)
. . y ,B 2 ..
Since by our choice of y we have o ﬁTl(2,01 - ﬂ(gﬁ)) > (, it is clear that

’ ’ d(vy B 2p102 —aT —aT+\p—1
e (e GO ) )

provided that T is large enough. We also have

T d2 ‘3 ye—nT 2
b/ t t Zdt - —2aT 1 _ —aT ﬂ—2 2 _ _
A 10) ¢ T — e I T (20— =

2 T
+ )/_2(1 —e70T)2em 20T _ ZLL(I - eo‘T)<2,01 —a- 2 ’ )e(”"‘)T}.
05 ppB—1 02

Using our choice of y we see that if we let T — oo, the quantity in curly brackets
converges to

g lﬂ<w-Dm+¢W)2+4ﬂ%g_8ﬁ%f(5—1M2+ﬂK
B—2""\ Blo2+u) PoB-1 Bt
This quantity is strictly positive provided that

26 (B—Dppt+pr _ 1 Cﬁ—nm+mvz+ﬁ
B—1  B(pr+k) -2 B(p2 + k) ’

and this last inequality is true, as one finds by applying the inequality 2xy < x2 4+ y2
Consequently, from (10.3) we deduce the desired upper bound for % In P; f(x). O

Proposition 10.3. Let 0 < v < %. There exist ty, Cy > 0 such that for every f €
CSe (M) with f > 0,

oGy < P O)  crevagy),
P f(y)
Proof. 1f we combine (10.4) (in which we take o = v) with the upper bound of Proposi-
tion 10.2, we see that for x € M and ¢ > 1,

x,yeM, t > 1.

C(In P f)(x) < C3e™2"!

with C; = \/d(2,01 —1)/2p2(1 — B~1). We infer that the function u(x) =
Cz_le"’ In P; f(x), which belongs to C°°(M), is such that ||I'(#)|lcc < 1. From (1.7)
we obtain

lu(x) —u(y)l <d(x,y), x,ye€M.

This implies the desired conclusion. O
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If we now fix x € M, and denote by p(x, -, t) the heat kernel with singularity at (x, 0),
then according to Proposition 10.2, for t > fy we obtain

doln p(x, vy, t
‘% < Cy exp(—vt) (10.5)
with0 < v < %. This shows that In p(-, -, t) converges as t — oco. Let us call this

limit In po,. Moreover, from Proposition 10.3 the limit In ps(x, -) is a constant C(x). By
the symmetry property, p(x, y,t) = p(y, x, t), so that C(x) actually does not depend
on x. We deduce that the measure p is finite. We may then as well suppose that p is a
probability measure, in which case po, = 1. We assume this from now on.

We can now prove a global and explicit upper bound for the heat kernel p(x, y, 1).

Proposition 10.4. Forx,y € Mandt > 0,
1

plx,y,t) <

2p1p2t  d 3y
(1- e73<pz+x>)§(‘+%)

Proof. We apply (10.4) with 8 = 3 to obtain

2 3 LP
PL P )+ (1 — e Z(n P, f) < L1221 36 —ar LPLS
+x 200 p2+k P f
d,ol2 202 + 3k 2 2w (10.6)
1200\ p2 +« 1 —eot’ '
_ _2p1p
where o = 57 pzl ﬁ() . We deduce
olnP f - doi 202 +3k e
at — 6 ppHk 1—eo’
By integrating from ¢ to oo, we obtain
d 3k —at
—Inpx,y,t)>—=({14+ — ) In(1 —e™™).
2 2p2
This gives the desired conclusion. O

10.2. Diameter bound

In this subsection we conclude the proof of Theorem 10.1 by showing that diam M is
bounded. The idea is to show that the operator L satisfies an entropy-energy inequality.
Such inequalities have been extensively studied by Bakry (see [5, Chapters 4 and 5]). To
simplify the computations, in what follows we denote by D the number defined in (6.2),
and we set

2p102

T 3(mte)
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Proposition 10.5. For f € L>(M) such that Iy f2du =1, we have

/ lenfzdué@(/ F(f)du),
M M
[ =D||[1 2 In( 1 2 2 1 2
()C) = |:< + Ex) n< + (x_Dx) — (Ex H(EX)}

Proof. From Proposition 10.4, for every f € LZ(M) we have

where

1
1P flloo < W”f”z-

Therefore, from Davies’ theorem [22, Theorem 2.2.3], for f € L?(M) such that
Jog f2dp = 1, we obtain

/lenfzd,uszt/ I'(f)du —DIn(l —e ), t>0.
M M

By minimizing the right-hand side over ¢, we obtain

2 2 2x +aD
/lenfzduf——xln _ 2 ) ipm(EEe2)
M o 2x +aD aD

where x = fM I'(f) dw. It is now easy to check that the right-hand side is @ (x). ]

With Proposition 10.5 in hand, we can finally complete the proof of Theorem 10.1.

Proposition 10.6.

D 3
diamM < 22,/ =7 = 2J§n/p2+K (1 + X )d.
o

P12 2
Proof. The function ® that appears in Proposition 10.5 enjoys the following properties:

° d>/(x)/x1/2 and CID(x)/x3/2 are integrable on (0, 00);
e & is concave;

o 35t HRdx = [5F HRdx = =2 [ /x®" (x)dx < oo.

We can therefore apply the beautiful Theorem 5.4 of [5] to deduce that the diameter of M
is finite and

o0
diam M < —2/ Jx @ (x) dx.
0

Since ®"(x) = a routine calculation shows

_ 2D
x(2x+aD)’

© T K
-2 @ (x)dx = —2/3 (— + I)D.
/0 Vx @ (x) dx \/51 ]

£2
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Remark 10.7. The constant 2+/3 7 / 25X (1 + 23—;)‘2)d is not sharp. For instance, if M is

P12

a Riemannian manifold, we can take d = n = dim(M), ¥« = 0, and we thus obtain

diamM < 237 l,
V o1

whereas it is known from the classical Bonnet-Myers theorem that

-1
diamM < 7 n_
L1
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