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Abstract

The Lott—Sturm—Villani curvature-dimension condition CD(K, N) provides a synthetic
notion for a metric measure space to have curvature bounded from below by K and dimension
bounded from above by N. It was proved by Juillet (Rev Mat Iberoam 37(1), 177-188, 2021)
that alarge class of sub-Riemannian manifolds do not satisfy the C D(K, N) condition, for any
K e Rand N € (1, 00). However, his result does not cover the case of almost-Riemannian
manifolds. In this paper, we address the problem of disproving the C D condition in this set-
ting, providing a new strategy which allows us to contradict the one-dimensional version of
the C D condition. In particular, we prove that 2-dimensional almost-Riemannian manifolds
and strongly regular almost-Riemannian manifolds do not satisfy the CD(K, N) condition
forany K € Rand N € (1, 00).
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1 Introduction

In their seminal works Lott—Villani [20] and Sturm [28, 29] introduced a synthetic notion
of curvature-dimension bounds, which is heavily based on the theory of Optimal Transport.
They noticed that, in a Riemannian manifold, a uniform lower bound on the Ricci curvature,
together with an upper bound on the dimension, is equivalent to a convexity property of the
Rényi entropy functionals in the Wasserstein space. This allowed them to define a consistent
notion of curvature-dimension bounds for metric measure spaces, known as C D condition.
While in the Riemannian setting, the C D condition is equivalent to having bounded geometry,
an analogue result does not hold in the sub-Riemannian setting. Sub-Riemannian geometry
is a far-reaching generalization of Riemannian geometry: given a smooth manifold M, we
define a smoothly varying scalar product only on a subset of horizontal directions D, C T, M
(called distribution) at each point p € M. Under the so-called Hérmander condition, M is
horizontally-path connected, and the usual length-minimization procedure yields a well-
defined distance d. In particular, differently from what happens in Riemannian geometry,
the rank of the distribution r(p) = dim D, may be strictly less than the dimension of the
manifold and may vary with the point. In general, we can not expect the C D condition to
hold for truly sub-Riemannian manifolds. This statement is confirmed by the following result
by Juillet.

Theorem 1.1 [19, Corrollary 1.2] Let M be a complete sub-Riemannian manifold with
dim M > 3, equipped with a smooth positive (i.e. with strictly positive density) measure m.
Assume that the possibly varying rank of the distribution is smaller than dim M — 1. Then,
(M, d, m) does not satisfy the C D(K , N) condition for any K € R and N € (1, 00).

While this result is quite general, it does not include many cases of interest, such as
almost-Riemannian geometry. Roughly speaking, an almost-Riemannian manifold is a sub-
Riemannian manifold where the rank of the distribution coincides with the dimension of M,
at almost every point.! For this reason, the technique used to prove Theorem 1.1 can not be
adapted to this setting. Indeed, it relies on the construction of two Borel subsets for which the
Brunn—Minkowski inequality does not hold, namely, forall R, ¢ > 0,onecanfind A, B C M
such that diam(A U B) < R, m(A) ~ m(B), and such that there exists ¢ € (0, 1) for which

1
m(Z;(A, B)) < Wm(B)(l +¢€), (D

where Z;(A, B) denotes the ¢-intermediate set between A and B and N\ is the so-called
geodesic dimension of M, see [26] or [2, Definition 5.47] for a precise definition. The inequal-
ity (1) allows to contradict the Brunn-Minkowski inequality if and only if the geodesic

! But not at every point, otherwise the structure would be Riemannian.
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dimension N is strictly greater than dim M. However, in the almost-Riemannian setting,
N = dim M almost everywhere, making this construction inconclusive. We mention that
Juillet [18] disproved the C D condition in the simple example of the standard Grushin plane
(cf. Example 2.6) equipped with the Lebesgue measure, by direct computations. Heuristi-
cally, disproving the C D condition in almost-Riemannian manifolds is a more challenging
task, since they behave in some sense like non-complete Riemannian manifolds. Thus, a new
strategy is needed.
Our idea is to exploit the one-dimensional characterization of the C D condition:

CD(K,N) = CD'(K,N), 2)

proven by Cavalletti and Mondino [12], and contradict the C DY (K, N) condition. For any 1-
Lipschitz function u, the latter relies on a disintegration of the reference measure, associated
with u, in one-dimensional transport rays and requires the CD(K, N) condition to hold
along them. The main advantage in dealing with one-dimensional C D spaces is related to a
differential characterization of the C D densities, (cf. Lemma 3.2), which is easier to disprove
compared with the convexity of the Rényi entropy. In Sect. 3.2, we present a local version
of the one-dimensional characterization (2) (cf. Proposition 3.7), which permits to exploit
the local structure of sub-Riemannian manifolds. Then, in the case of an almost-Riemannian
manifold, equipped with a smooth positive measure m, we are able to explicitly compute the
disintegration and verify that the one-dimensional C D(K, N) condition along the rays does
not hold for any K € R and N € (1, 0o). Our main result is the following, cf. Theorems 5.4
and 6.3. We refer to Sects. 2 and 6 for precise definitions.

Theorem 1.2 Let M be a complete almost-Riemannian manifold and let m be any smooth
positive (i.e. with strictly positive density) measure on M. Assume M is either of dimension 2
or strongly regular. Then, the metric measure space (M, d, m) does not satisfy the CD(K , N)
condition for any K € Rand N € (1, 4+00).

Remarkably, for 2-dimensional almost-Riemannian manifolds, we do not require any addi-
tional assumption on the structure of the singular region Z, see (4) for the precise definition.
However, as soon as the dimension of the manifold increases, the complexity of the computa-
tions prevents us to treat the general case and we need an auxiliary control on the behavior of
the distribution. Nonetheless, we stress that our procedure is algorithmic and can be applied
to any explicit example of almost-Riemannian manifold. This algorithmic procedure has been
implemented in the software Mathematica, see [23].

A crucial tool for proving Theorem 1.2 will be a truly sub-Riemannian phenomenon,
namely the existence of characteristic points. For an embedded hypersurface ¥ C M, a
characteristic point is a point where the distribution is tangent to 2. Of course, such points
do not exist in Riemannian geometry, but as soon as the rank of the distribution r (p) < dim M
for some p € M, they can appear. Usually, characteristic points are source of subtle technical
problems, mostly related to the low regularity of the (signed) distance §y from X. Indeed,
although being 1-Lipschitz with respect to d, 8y is not smooth around characteristic points
(and not even Lipschitz in coordinates). In the proof of Theorem 1.2, we choose a suitable
hypersurface X, we build the disintegration of m associated with a localized version of
8y, and we exploit its singular behavior to contradict the differential characterization of
the one-dimensional C D (K, N) condition. In particular, X is chosen to be transverse to
the singular region of M in such a way ¥ N Z exhibits characteristic points; we can then
exploit the Riemannian structure at points of X \ Z to describe the degeneration of §x, in the
disintegration of m. For example, in the standard Grushin plane, where the singular region
is Z = {x = 0}, a suitable transverse hypersurface is ¥ = {y = 0}.
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It is worth mentioning that there exists a weaker synthetic notion of curvature bounds,
introduced by Ohta [24], called measure contraction property or MCP condition. This property
seems to be more suited to sub-Riemannian geometry, see for example [7-10]. Finally, we
refer to Milman [21] for a relaxation of the C D condition, called quasi-curvature-dimension
condition, which holds for a certain class of sub-Riemannian manifolds. However, it is not
known whether these weaker conditions hold for a general almost-Riemannian manifold.

After submitting this work, Rizzi and Stefani proved in [27] that every sub-Riemannian
manifold does not satisfy the C D(K, co) condition, using different techniques.

2 Preliminaries

2.1 Almost-Riemannian geometry
We recall some basic facts about almost-Riemannian geometry, following [1].

Definition 2.1 Let M be a smooth, connected manifold. A sub-Riemannian structure on M
is a triple (U, &, (-|-)) satisfying the following conditions:

(1) my: U — M is a Euclidean bundle of rank k with base M, namely for all p € M, the
fiber U, is a vector space equipped with a scalar product (-|-) ,, which depends smoothly
on p;

(i) The map £: U — T M is a morphism of vector bundles, i.e. £ is smooth and such that
the following diagram commutes:

U $— ™
Ty
M

where 7y : TM — M denotes the canonical projection of the tangent bundle.
(iii) The distribution D = {£(0) | 0 : M — U smooth section} C T M satisfies the Horman-
der condition (also known as bracket-generating condition), namely

Lie,(D) =T,M, VYpeM.
With a slight abuse of notation, we say that M is a sub-Riemannian manifold.

Let (U, &, (-]-)) be a sub-Riemannian structure on M. We can define the sub-Riemannian
norm on D as

lvll? = inf{(ulu), | u € Up, ) =v}), YveD, peM. 3)

The norm (3) is well-defined since the infimum is actually a minimum and it induces a
scalar product g, on D, by polarization. Notice that different sub-Riemannian structures
on M may define the same distributions and induced norms. This is the case for equivalent
sub-Riemannian structures.

Definition 2.2 Let (Uy, &1, (:]-)1), (U3, &, (:]-)2) be two sub-Riemannian structures on M.
These are said to be equivalent if the following conditions hold:
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(1) There exists a Euclidean bundle (V, (:|-)y) and two surjective bundle morphisms
pi: V — U; such that the following diagram is commutative

VLUI

o

Up —=TM

&
(ii) The projections p;’s are compatible with the scalar products defined on U;, namely
(uw); = min{(v|v)y | pi(v) =u}, Yuel; i=12

Definition 2.3 Let M be a sub-Riemannian manifold. The minimal bundle rank is the infimum
of the rank of Euclidean bundles inducing equivalent structures on M. For p € M, the local
minimal bundle rank of M at p is the minimal bundle rank of the structure when restricted
to a sufficiently small neighborhood U/),.

Definition 2.4 (Almost-Riemannian structure) Let M be a connected, smooth manifold of
dimension n + 1 and let (U, &, (:|-)) be a sub-Riemannian structure on M. We say that M is
an almost-Riemannian manifold if the local minimal bundle rank of the structure is n + 1.

We denote by Z the set of singular points, namely those points where the distribution has
not full rank:

Z={peM|dm(®D,) <n+1}. ©)

Notice that Z is closed, since the rank of the distribution is lower semi-continuous. We say
that a point is Riemannian if it belongs to M \ Z.

Remark 2.5 1f the singular set is empty, then the structure on M is Riemannian. Therefore,
we will always tacitly assume that Z # (.

Alocal orthonormal frame for the distribution is the image through & of a local orthonormal
frame for U. Consequently, by definition of almost-Riemannian manifold of dimensionn 41,
it consists of exactly n + 1 vector fields which are linearly independent only at Riemannian
points. In particular, local orthonormal frames are standard Riemannian orthonormal frames
around Riemannian points.

Example 2.6 (Grushin plane) Let M = RR? and consider the sub-Riemannian structure given
by U = R? x R? with the standard Euclidean scalar product on fibers and

£:U — TR% &(x,z,u1, u) = (x, 2, uy, xu2).

As one can check, the resulting distribution is generated by the orthonormal vector fields
X = 0y, Y = x9;. The local minimal bundle rank is equal to 2, thus the structure is almost-
Riemannian. In this case the singular region is Z = {x = 0} and {X, Y} is a (global)
orthonormal frame.

Remark 2.7 Any truly sub-Riemannian structure (meaning that is not Riemannian) of rank 2
on a 2-dimensional manifold is always almost-Riemannian, in the sense of Definition 2.4.
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2.2 Almost-Riemannian distance
Let (U, &, (+]-)) be an almost-Riemannian structure on M. We say that y : [0, T] — M isa
horizontal curve, if it is absolutely continuous and
y(t) € Dy, forae.re[0,T].
This implies that there exists a measurable function u : [0, T] — U, such that
ay(u()) =y(@), y@)=~&w()), forae.re[0,T].

Moreover, we have that u € L°°([0, T'], U), see [1, Lemma 3.12], therefore the map ¢ +>
Iy ()|l is integrable on [0, T']. We define the length of a horizontal curve as follows:

T
) =/0 17Ol

The almost-Riemannian distance on M is defined, for any p, ¢ € M, by
d(p, q) = inf{€(y) | y horizontal curve between p and x}.

By Chow-Rashevskii theorem (see for example [5, Theorem 5.9]), the bracket-generating
assumption ensures that the distance d: M x M — R is finite and continuous. Furthermore
it induces the same topology as the manifold one. We say that M is complete, if the metric
space (M, d) is.

2.3 Geodesics and Hamiltonian flow

A geodesic is a horizontal curve y: [0, T] — M, parameterized with constant speed, such
that any sufficiently short segment is length-minimizing. The almost-Riemannian Hamilto-
nian is the function on the cotagent space H € C°°(T*M) defined by

n

1

_ A2 *
HO) =33 (X% e T'M, Q)
i=0
where { Xy, ..., X,} is a local orthonormal frame for the almost-Riemannian structure, and

(A, -) denotes the action of covectors on vectors. The Hamiltonian vector field HonT*M is
defined by ¢ (-, H) = dH, where ¢ € A%(T*M) is the canonical symplectic form. Solutions
A: [0, T] — T*M to the Hamilton equations

1) = HOu)), (6)

are called normal extremals. Their projections y (1) = w(A(t)) on M, where 7: T*M — M
is the bundle projection, are locally length-minimizing horizontal curves parameterized with
constant speed, and are called normal geodesics. If y is a normal geodesic with normal
extremal A, then its speed is given by ||y |lg = +/2 H(}). In particular

£y lo.n) =ty2HA(0)), Vie[0,T].

There is another class of length-minimizing curves in sub-Riemannian geometry, called
abnormal or singular. As for the normal case, to these curves it corresponds an extremal lift
A(t) on T*M, which however may not follow the Hamiltonian dynamics (6). Here we only
observe that an abnormal extremal lift A(z) € T*M satisfies

(A®), Draaryy) =0 and A(r) #0, Vre[0,T], @)
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thatis H(A(¢)) = 0, therefore abnormal geodesics are always contained in the singular region
Z. A geodesic may be abnormal and normal at the same time.

Definition 2.8 Let M be an almost-Riemannian manifold and let p € M. Then, the almost-
Riemannian exponential map is

exp, (1) =m0 (1), VAeTIM, (8)

where H denotes the almost-Riemannian Hamiltonian (5) and eFI (A) is the solution to (6) at
time ¢t = 1, with initial datum A € T;,"M .

Note that, in general, exp,, may not be defined on the whole cotangent space, but if M is
complete, then Hisa complete vector field and (8) is well-posed.

2.4 Length-minimizers to a hypersurface

Let ¥ C M be a smooth hypersurface and fix gg € X. Moreover, let v € C* (M) be a local
defining function for X around g, namely there exists an open neighborhood X,, C ¥ of
qo such that

Y4 C{v=0} and dvp:qo # 0. (O]
We define the local signed distance function from % around ¢ as follows:
8y :=sgn(v(p)) -d(p,{v=0}), VpeM. (10)

Let y: [0,T] — M be a horizontal curve, parameterized with constant speed, such that
y(0) € T, y(T) = p € M\ X and assume y is a minimizer for d(-, X), that is £(y) =
d(p, X). In particular, y is a geodesic and any corresponding normal or abnormal lift, say
A 1[0, T] — T*M, must satisfy the transversality conditions, cf. [5, Thm 12.13],

()L(O), w) = 0, Ywe Ty(())z. (11)

Equivalently, the initial covector A(0) must belong to the annihilator bundle AY of ¥ with
fiber A;X = {1 € T/M | (A, T;X) = 0}, for any g € X. The restriction of exp, to the
annihilator bundle of ¥ allows to build (locally) a smooth tubular neighborhood around non-
characteristic points. Recall that ¢ € ¥ is a characteristic point, and we write g € C(X), if
D, CT;%.

Lemma 2.9 Let ¥ C M be a smooth hypersurface, let gy € £\ C(X) be a non-characteristic
point and v € C®(M) as in (9). Then, there exist 4, > 0 and a neighborhood Oy4y C Xy,
of qo such that the map

G: (—&q4y, 8q9) X Ogg > M, G(s,q) = equ(sk(q)), (12)

is a diffeomorphism on its image, where \(q) is the unique element (up to a sign) of Ay %
such that 2H (A(q)) = 1. Moreover, 8, is smooth in G((—&gy,, £4¢) X Oy) and?

G*as\(s,q) =Vé,(G(s,q)), Y(s,q) € (_8q0a gqo) X Oqoo (13)

2 The horizontal gradient of f € C°°(M) is defined by gp(Vf,v) =dp f(v),Yv € Dpand p € M.
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Remark 2.10 Tt is known that if ¥ has no characteristic points, the signed distance is smooth
in a tubular neighborhood of X, cf. [17, Proposition 3.1]. This lemma can be regarded as
its local version and its proof is a straightforward adaptation of the aforementioned result.
Moreover, note that C(X) C Z and so the Riemannian points of ¥ are non-characteristic.
Finally, if ¥ contains characteristic points, the parameter &4, as well as Oy, can not be
chosen uniformly.

Remark 2.11 By condition (13), for any g € O, we have
(_Sqoa qu) [SI N d G(S, q) eM

is the unique minimizing geodesic (parameterized by unit-speed) from X passing through
q. Moreover, notice that the initial covector A(g) in (12) is unique up to a sign: the only
requirement is to choose this covector in such a way it defines a continuous section of the
annihilator bundle.

3 The curvature-dimension condition

Atriple (X, d, m) is called metric measure space if (X, d) is a complete and separable metric
space and m is a locally finite Borel measure on it. In the following C ([0, 1], X) will stand
for the space of continuous curves from [0, 1] to X. A curve y € C([0, 1], X) is called
minimizing geodesic if

d(ys. v) =t — sl -d(yo, y1) foreverys,t € [0, 1],

we denote by Geo(X) the space of minimizing geodesics on X . The metric space (X, d) is said
to be geodesic if every pair of points x, y € X can be connected with a curve y € Geo(X).
For any ¢ € [0, 1] we define the evaluation map ¢; : C ([0, 1], X) — X by setting ¢;,(y) := y;
and the stretching/restriction operator restry in C([0, 1], X), defined, forall0 <r <s <1,
by

[restrs (V)] = Vrgris—r)» 1 € [0, 1].

We denote by Z2(X) the set of Borel probability measures on X and by #2(X) C £ (X) the
set of those having finite second moment. We endow the space &7;(X) with the Wasserstein
distance W», defined by
W3 (po, un) := inf  d*(x, y)dm(x, y),
weAdm(po, 1)

where Adm(uo, ;1) is the set of all the admissible transport plans between wg and uq,
namely all the measures in & (X 2y such that (p)gm = po and (p2)gm = 1. The metric
space (P (X), Wp) is itself complete and separable, moreover, if (X, d) is geodesic, then
(P2(X), W) is geodesic as well. In particular, every geodesic (i4/)s¢(0,1] in (F22(X), Wa)
can be represented with a measure n € Z(Geo(X)), meaning that u; = (e;)#n. A subset
G C Geo(X) is called non-branching if for any pair 1, y» € G such that y; # y», it holds
that

restr((y1) # restry(y2) forevery s € (0, 1).

A metric measure space (X, d, m) is said to be essentially non-branching if for every two
measures (Lo, 41 € P2(X) which are absolutely continuous with respect to the reference
measure m (uo, 41 << m), every Wh-geodesic connecting them is concentrated on a non-
branching set of geodesics.
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3.1 CD spaces

In this subsection we introduce the C D condition, pioneered by Sturm and Lott—Villani [20,
28, 29]. This condition aims to generalize, to the context metric measure spaces, the notion
of having Ricci curvature bounded from below by K and dimension less than or equal to
N. In particular, in the Riemannian setting it is possible to characterize this two bounds in
terms of a property whose definition involves only the distance and the (volume) measure.
This property, which is stated in Definition 3.1, is given in terms of the following distortion
coefficients: for every K € Rand N € (1, +00)

1

N

tOn@ =¥ [y 1(9)] :

where

in(t0/K /N
SINCOVKIN) i N2 = K6 > 0,
sin(0/K/N)

o (@ =11 if K =0,
sinh(10 /=K /N) .
—————— ifK <0.
sinh(60,/—K/N)

Definition 3.1 A metric measure space (X, d, m)issaidtobea C D(K, N) space (or to satisfy
the CD(K, N) condition) if for every pair of measures ;o = pom, u; = pim € F»(X),
absolutely continuous with respect to m, there exists a W-geodesic (i41):¢[0,1] connecting
them and induced by n € #(Geo(X)), such that for every ¢t € [0, 1] u; = pym < m and
the following inequality holds for every N’ > N and every ¢ € [0, 1]
-5
/ o, M dm > / [r,(; V(A ) o)~ Vo4 ¢y (A, ) o1 () "V ]dﬂ(x ),
X XxX
(14)
where 7 = (e, e1)#1.

In general, the C D condition is not very easy to disprove, however when the reference
space is an interval / C R the following lemma, whose proof can be find in [14, Lemma
A.5], provides a nice strategy.

Lemma3.2 Let I C R be an interval and let h : I — R be a measurable function such that
(I,]-],h&Y isa CD(K, N) space. Then at any point x in the interior of I where h is twice
differentiable it holds that

1
(log )" (x) + —— (Gogh) ()" < —K. (15)

Remark 3.3 This lemma holds also for N = +00, where now the left-hand side of (15) has
to be intended as (log )" (x) (for the definition of C D(K, 00) space, see [28]).

In fact, in order to disprove that the space (I, | - |, h.¥ 1y satisfies CD(K, N) is sufficient to
find a point x in the interior of / such that 4 is twice differentiable in x and

1
(loghY'(x) + — ((logh)'(x))” > —K.
Notice also that, if we manage to prove that

(logh)’(x) > —K, (16)
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we automatically show that (I, |-|, h.#") does not satisfy CD(K , N) forevery N € (1, +00].
This observation will be fundamental in the following, especially in combination with the
one-dimensional localization results we are now going to present.

3.2 One-dimensional localization

In this subsection we present a suitable adaptation of the one-dimensional characterization
of the C D condition. This property, called C D! (K, N) condition, has been studied in the
general framework of essentially non-branching metric measure spaces with a curvature-
dimension bound in [11-14]. We provide a local version of such characterization, that allows
us to take advantage of the local structure of almost-Riemannian manifolds.

We recall a general result regarding disintegration of measures. Given a measurable space
(R, %), and a function Q : R — Q to a general set Q, we endow Q with the push forward
o-algebra 2 of #, i.e. the biggest o-algebra on Q such that £ is measurable. Moreover,
given a finite (non-null) measure p on (R, %), consider the measure q := Qgp on (Q, 2).

Definition 3.4 A disintegration of p consistent with Q isamap Q 3 g = p, € Z(R) such
that the following hold:

(1) forall B € #Z, p.(B) is q-measurable,
(2) forall B e #,C € 2, we have

p (B0 27'©) = [ 0B da@).

A disintegration is called strongly consistent with respect to £ if, in addition, for all g € Q
it holds that p, (27 '(¢)) = 1.

Theorem 3.5 [12, Theorem 2.8] Let (R, %) be a countably generated measurable space and
p be a finite measure on it. Assume there exists a partition of R as

R = U Ry,
q€0

denote by Q : R — Q the quotient map and by (Q, 2, q) the quotient measure space. If
(0,2) = (X, B(X)) where X is a Polish space and %(X) denotes its Borel o-algebra,
then there exists a unique strongly consistent disintegration q > py with respect to Q.

Ijet (X,d, m)be a_metric measure space and fix an open subset 2 C X with0 < m(Q2) =
m(R2) < oo. Letu : Q@ — R be a 1-Lipschitz function, define

Tyo={(x,y) € Qx Q| ux) —u(y) =d(x, y)}

and its transpose F;l ={(x,y) € Qx Q| (y,x) e [} Consequently, we introduce the
transport relation R, and the transport set 7,, as

Ry ::FuUF;l and T, ZZPI(Ru\{(X,)’)GQXQW:)’}),

where p; denotes the projection on the first factor. Although this is not always the case, if
we assume that R, is an equivalence relation, we may partition the set Q2. Letting Q be the
set of equivalence classes and £ : Q — Q the quotient map, we can write

Q:U)/q,

qeQ
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where y, :={x € Q | Q(x) = g} for every ¢ € Q. With the quotient map we can endow Q
with the quotient o -algebra 2, that is the finest o -algebra on Q for which  is measurable. We
introduce the following definition to obtain a local version of the one-dimensional localization
of Cavalletti and Mondino [12], which better fits the setting of almost-Riemannian geometry,
where we have a good local description of geodesics. In [12], the authors define a global
partition starting from a globally defined 1-Lipschitz function, see Remark 3.8.

Definition 3.6 We say that a 1-Lipschitz function u : Q — R induces a one-dimensional
partition of Q if

(1) Ry is an equivalence relation and m(Q\7,) =0,
(2) forevery g € Q, the sety, C Q i§ the image of a geodesic of (X, d),
(3) forevery g € Q there exists x € Q such that Q(x) = ¢ and u(x) = 0.

If u induces a one-din}ensional partition, then, in particular, we can choose Q = {u = 0}.
Indeed, the point x € Q2 satisfying (3) of Definition 3.6 is unique. Define the ray map

g:Dom(g) C O xR — Q
by imposing that
graph(g) :={(g,1,x) € O xR x Q| Qx) = q, u(x) =1}.
The ray map g is Borel and bijective, its inverse is
Q3 x> g7 (1) = (QM), ulx)).

Moreover, for every g € Q the map r — g(q, -) is an isometry, and consequently H'L Vg =
H! Li{glg.0)|tely)=zg(q, )42t where Iy :=Dom(g(g, -)). Theorem 3.5 ensures that
there exists a unique strongly consistent disintegration of m L :

ml Q= / mg dq(q).
(Y]

where m, is a measure concentrated on y, and we recall that ¢ := Qg(mL Q).

Proposition 3.7 Ler (X, d, m) be a essentially non-branching metric measure space satisfy-
ing the CD(K, N) condition, for some K € R and N € (1, 00). Let 2 C X be open and
such that 0 < m(Q2) = m(Q) < oo and let u : Q@ — R be a 1-Lipschitz function providing
a one-dimensional partition. Then:

(1) for g-a.e. ¢ € Q, the measure wy is absolutely continuous with respect to H' L Vg
namely there exists hy : 1, — [0, 00] such that my = g(q, -)# (hq ~$1),
(2) forgq-a.e.q € Q, (Ig,|-1,hy L") isa CD(K, N) space.

Proof The proof of this proposition can be done by adapting the classical global approach
to the space (€,d, mL Q), see in particular [11, Sect. 6] for point (1) and [12, Theorem
4.2] for point (2). We point out that this space is not necessarily geodesic, hence we can
not conclude that it satisfies the C D(K, N) condition and simply apply the known results.
However, observe that, in order to deduce properties of the disintegration induced by u, it is
enough to study Wasserstein geodesics that follow its transport rays. Since # induces a one-
dimensional partition in  in the sense of Definition 3.6, all the transport rays are contained
in € and the C D condition (14) holds along such Wasserstein geodesics. For this reason, we
can repeat the standard arguments verbatim, obtaining the result. O
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Remark 3.8 In the classical theory of [12], starting from a globally defined 1-Lipschitz func-
tion on a CD(K, N) essentially non-branching metric measure space, the authors build a
one-dimensional partition of the whole space, up to a negligible set, and disintegrate the mea-
sure accordingly. Then, the densities in the disintegration satisfy the C D(K, N) condition,
providing the one-dimensional characterization C D' (K, N). In this setting, there is no need
for the additional properties of Definition 3.6 on the 1-Lipschitz function u.

In particular, given a 1-Lipschitz function u : X — R, we can introduce the transport
relation R, and the transport set 7;, as before (with X in place of Q) and denote by 'y (x)
the section of I',, through x in the first coordinate. Then, we define the set of forward and
backward branching points as

AT ={x €T, |3y.z € Tu(®), (v.2) ¢ Ru}
A" i={xeT |3,z €T (0. (0.2) ¢ Ru).
Finally, we define the non-branched transport set and the non-branched transport relation as
T .= T,\(ATUA7), and R :=R,NT" xT").

On the one hand, as shown in [11], the essentially non-branching assumption ensures that
R is an equivalence relation on 7,"? and for g-a.e. ¢ € Q, y, is isometric to a closed interval
of R. On the other hand, if (X, d, m) also satisfies the C D(K, N) condition, the set Tu\Tu"b
is m-negligible, cf. [12, Theorem 3.4]. It is then possible to obtain a global result, analogous

to Proposition 3.7.

Remark 3.9 Note that showing (16) for K € R actually implies that s, can not be a
CD(K, 00) density. However, for a metric measure space (X, d, m), it is not known whether
the C D(K, oo) condition can be characterized with one-dimensional disintegrations.

4 A general strategy for disproving the CD condition

The 1-Lipschitz function whose disintegration allows us to disprove the C D condition will
be a localized version of the (signed) distance function from a hypersurface . Indeed with
this choice we are able to compute explicitly the one-dimensional marginals and to exploit
the existence of characteristic points.

4.1 Existence of normal coordinates

Let M be an almost-Riemannian manifold of dimension n + 1. We build a convenient set of
coordinates around a point in the singular region. This result can be regarded as a general-
ization of Agrachev et al. [1, Proposition 9.8].

Lemma 4.1 (Normal coordinates) Let M be an almost-Riemannian manifold of dimension
n+ 1, let Z C M the set of singular points and let py € Z. Then, there exists a set of
coordinates ¢ = (x, z): U — M centered at po and a local orthonormal frame Xy, . .., X,
Sor the almost-Riemannian structure on U such that:

n
Xo=0x, Xi=) aj(xdy;, Vi=1...n, (17
j=1

where a;j are smooth functions in U. Moreover, denoting by A(x, z) = (a;j(x, z));.j, we have
det A(0,0) = 0.
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The proof of Lemma 4.1 follows from the existence of a tubular neighborhood around non-
characteristic points. We require a preliminary result.

Lemma4.2 Let M be an almost-Riemannian manifold and let po € M. Then, there exists a
hypersurface W C M such that po € W \ C(W).

Proof We assume by contradiction that py € M is a characteristic point for any hypersurface
W C M passing through po. By definition of characteristic point, this means that D), C
Ty, W for any such W. In turn, this implies that D,, = {0}, contradicting the bracket-
generating assumption. O

Proof of Lemma 4.1 Using Lemma 4.2, we find an embedded hypersurface W C M such
that po € W \ C(W). We use the almost-Riemannian normal exponential map to define the
desired coordinates. Indeed, let v € C°°(M) be a local defining function as in (9). Then, by
Lemma 2.9, there exist ¢, > 0 and a neighborhood O, C W of py such that

G: (_Spos Spo) X Opo - M» G(Ss P) = expp(S)‘(p))v

is a diffeomorphism on its image, where A(p) satisfies (11) with 2H (A(p)) = 1. Moreover,
the local signed distance function §, is smooth in G((—&,, £p,) %X Op,) and

G*as|(s.p) = Vé,(G(s, p)), VY(s,p)e (_Ep()vgp()) X Opo-

Thus, fixing any set of coordinates (z1, ..., z;) for O, and relabelling s = x, the coordi-
nates (x, z) satisfies (17). Finally, since pg € Z, the vector fields {Xo, ..., X,,} are linearly
dependent at pg, meaning that the matrix A(x, z) has zero determinant at (0, 0). ]

Remark 4.3 From now on, without loss of generality, whenever we fix a set of coordinates,
we will assume that the domain of the chart is the whole R x R”".

4.2 Assumptions on the almost-Riemannian structure

Let M be an almost-Riemannian manifold of dimension n + 1, and let Z C M be the set of
singular points. Let po € Z and let ¥ C M be a hypersurface. To proceed with our general
construction, we need two assumptions on the almost-Riemannian structure: in coordinates
(x,z) € R x R" centered at pg given by Lemma 4.1, we require that

(1) the hypersurface X consists of Riemannian points except when x = 0 and has a charac-
teristic point at the origin, i.e.

XNZC{x=0} and (0,0) € C(2); (HD)
(ii) let m be any smooth positive measure on M, then
m(2) =0. (H2)

Here by smooth positive measure, we mean a measure with strictly positive and smooth
density with respect to the Lebesgue measure in coordinates.

Remark 4.4 Let us comment on why we need these assumptions. The first one is necessary
to have a good local description of the marginals outside the set {x = 0}, in order to exploit
the presence of a characteristic point only at the origin, cf. Lemma 2.9. The second one is
necessary in order to ensure the essentially non-branching property, cf. Lemma 4.7, and to
characterize the marginals in the disintegration, cf. (21).

@ Springer



123 Page 14 of 27 M. Magnabosco, T. Rossi

Remark 4.5 We remark that assumption (H2) is not always guaranteed as the next example
shows. Consider C C [0, 1] a closed subset with positive Lebesgue measure and empty
interior and let f € C*°(R) such that fjc = 0. Then, define the structure on R* with global
orthonormal frame:

22 21
Xo = 0y, X1=8Z]—38Z3, X2=812+3313, X3 = f(x)0.

As one can check, the Hormander condition is verified and the local minimal bundle rank

is always 4, since C has empty interior. Thus, the structure is almost-Riemannian. Now fix
m = %%, then the singular set has infinite measure indeed, by (18)

Z={(x,2) e R*|detA(x,2) =0} = {(x,2) e R*| f(x) =0} = C x R*.

Here, the matrix A is given by

A(x,z) = 1

22 21

2 2

In an analogue way, one can build an example where (H1) is not verified. Indeed, in the
construction above, it is enough to consider a closed set C with empty interior and with an
accumulation point at the origin. Then, the hypersurface ¥ = {z3 = 0} has a characteristic
point at the origin, however it intersects the singular region in C x R2.

Notice that, in coordinates (17), the singular set can be described by the matrix A =
(aij)i,j, indeed

(x,z) € Z ifandonlyif detA(x,z) =0. (18)
In particular, along the hypersurface X, by (H1), we have
x#0 = detA(x,z1,...,20-1,0) #0, 19)

since the set ¥ N {x # 0} consists of Riemannian points. As a consequence, since a Rieman-
nian point is never a characteristic one, C(X) C {x = 0}. Actually, it is always possible to
ensure that ¥ = {z,, = 0} satisfies (0, 0) € C(X), so the only condition one should check is
(19).

Lemma 4.6 Let M be an almost-Riemannian manifold and let py € Z. Then, there exists an
hypersurface ¥ C M such that pg € C(X). Moreover, in coordinates (x, z) as in (17), up to
a rotation, we can choose ¥ = {z, = 0}.

Proof Assume by contradiction that pg € M is not a characteristic point for every hypersur-
face W C M passing through po. Then, by definition of characteristic point, we deduce that
D, must be transversal to T),, W, for every such W, or equivalently

Dpo +TpW =TpM,

for every W C M passing trough pg. As a consequence, D), = T, M and thus r(pg) =
n + 1. This gives a contradiction, since r(pg) < n + 1, being pp € Z. Let us show that in
coordinates ¥ can be chosen as {z,, = 0}: since det A(pg) = 0, there exists an invertible
matrix M € GL(n+ 1, R) such that the last column of the matrix A(po)M consists of zeroes.
Then, we introduce the following change of coordinates

Yi(x,2) > (x,2) = (x, MTz).
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In the new coordinates, the generating family for the distribution has the following expression:

n n
Xo=0e, Xi=) aijx,2d; =Y ax, ¢~ ()mjdz,
j=I k,j=1
having denoted by M = (m;;); ;. Thus, (17) is still valid and, when evaluated at p, the

matrix describing the generating family has the last column consisting of zeroes. Finally, this
implies that the hypersurface ¥ = {zZ, = 0} has a characteristic point at po. Indeed,

n

Via(po) = Y XiG)Xi(po) = Y aij(0,0muX;(po) = » _(A(po)M)inXi(po) =0,

i=l i,j=1 i=1
since the last column of the matrix A(po)M is zero, implying that D), C T, Z. O

Lemma4.7 Let M be an almost-Riemannian manifold, equipped with a smooth positive
measure m and satisfying assumptions (H2). Then (M, d, m) is essentially non-branching.

Proof Let y: [0, 1] = M be a minimizing geodesic. Then y is abnormal if there exists an
abnormal extremal lift A(¢) # 0, satisfying (7). But this implies that

y(t) C 2, VYtell 1]
Hence, if y is a minimizing geodesic with endpoints in the Riemannian region, i.e.
y(©0),y() e M\ Z, (20)

then y must be strictly normal. As showed in [22, Corollary 6], a strictly normal geodesic
y: [0, 1] = M is branching for some positive time ¢ € (0, 1) if and only if it contains a non-
trivial abnormal subsegment that starts at time 0. Thus, a minimizing geodesic satisfying
(20) can not branch for positive times since Z is closed. Now, let n € Z7(Geo(X)) be a
W>-geodesic joining the measures ig, 11 € Z2(X), which are absolutely continuous with
respect to the reference measure m (g, 1 < m). In particular, notice that (eg)#n = o and
(e1)#n = w1 and therefore, by (H2),

neg ' (2) = uo(2) =0 and ne; ' (2) = 11 (2) =0.

Consequently, the measure 7 is concentrated on Geo(X )\(e(j 1(Z‘,') U el_1 (Z)), which is a
non-branching set of geodesics, according to the first part of the proof. O

Remark 4.8 Notice that it is possible to build examples of almost-Riemannian manifolds
where (H2) is verified but there exist branching geodesics. Indeed, consider R4, with the
global orthonormal frame given by

Xo=0y, X1=20;, X2=0,+B(z21,22)0;;, X3=x0;,
where B is a smooth magnetic potential, defined as in [22], namely
B(z1,22) = 210(22) + 236(1 — 22)

and @ € C°(R) suchthat0 <6 < 1,0(r) =0forr <0and O(r) = 1 forr > 1. In this
situation, we have strictly normal branching geodesic in the singular region. Nevertheless,
thanks to Lemma 4.7, (M, d, m) is essentially non-branching. On the other hand, if the
measure of the singular set is positive, it is unclear whether an almost-Riemannian manifold
is essentially non-branching.
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4.3 Choice of the local disintegration

Let us fix coordinates (x,z) € R x R" as in (17). Let m be a smooth positive measure on
M and let ¥ = {z, = 0} be defined as Sect.4.2. Under the assumptions (H1) and (H2),
we consider the signed distance function §, from X, as defined in (10), with v := z,. For
ease of notation, we denote §, simply by 8. By triangle inequality, § is always 1-Lipschitz
on M with respect to d. However, § develops singularities at a characteristic point, indeed it
is only Holder (and not Lipschitz) with respect to the Euclidean distance of the chart, see [4,
Theorem 4.2]. Roughly speaking, such a singularity is related to the fact that the horizontal
gradient of §, which exists almost everywhere (see, [16, Theorem 8]), becomes tangent to
% as the base point approaches a characteristic point. Our idea is to exploit this behavior to
prove that the disintegration associated with § does not produce C D(K, N) densities along
the transport rays, forany K € R, N > 1.

Starting from §, we build a suitable open and bounded set 2 and we consider the local
disintegration of m L  induced by 4§, cf. Section 3.2. Set B := B, ((0, 0)) for some r > 0
and define the open and bounded set

Q= U Yao» Where vy = G((—=f(q0), f(q0)) x {q0}),
Qe(E\C(E)NB

where G is the map defined in Lemma 2.9 and f € C*°(X) such that 0 < f(qo) < &g, for
every go € X \ C(X). Note that G is a local diffeomorphism on €2 and, with this choice of
fom() = m(Q). B

Then, § is a 1-Lipschitz function on €2 inducing a one-dimensional partition in the sense
of Definition 3.6. Indeed Q = {§ = 0} N Q = = N B and, for every g € Q, the transport
ray y, of the disintegration coincides with the minimizing geodesics for §, which exist by
completeness. Moreover, Ts = Q \ C(X) and therefore, m(2 \ T5) = 0. The quotient map
9: Q — Q can be regarded as a projection on the foot of a geodesic,? thus 9 is the inverse
of the exponential map, namely

G (p), 2Ap)) =p, ¥pe,
and G is indeed the ray map associated to the partition. Finally, since Q2 is defined by the

smooth function f, the measure ¢ = Q4(mL ) is smooth on .

4.4 Coordinate expression for the marginals in the disintegration

Using Lemma 2.9 and, in particular, the diffeomorphism (12), we can conveniently represent
the one-dimensional densities in the disintegration. Indeed, consider a Riemannian point
qo = (x,z) € X, with z, = 0. In particular, thanks to (19), it is enough to assume x # 0.
Then, for every Borel set C C €2, on the one hand we have that

f(q)
Qnc zJ—fq)

while, on the other hand, making the disintegration explicit and recalling that G is the ray
map, we conclude that

3 For any p € Q, there exists a unique point f(p) € £ N € for which |8(p)| = d(p, f(p)).
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/ dm = / m, (2N C)dg
QnC

)

f@ f(@)

=// Xc(G(S,q))qudq=// XG6-1(0)(8, @)hg(s)dsdq.
= J—-f(q) = J-f(q)

Thus, having fixed a frame for T'%, say {vy, ..., v,}, the density h, (s) is given by:

s G*m(0s, vy, ...,
hq(s) = hq(s)ds(ay)q(vl Un) _ m( ¢, U1 Un)
q(vi, ..., vy) q(vi, ..., vy)

MG, Gavi . Gava) _ mUVE, Gvn, ... Gavi)
B q(ui, ..., Un) B q(ui, ..., vn)

: 2D

for any (s, ¢) € G~'(R), and having used (13) in the last equality.

Remark 4.9 Notice that, from (21), the one-dimensional densities / (s) are smooth functions
of (s,q) € G~ (). Moreover, they do not depend on the choice of coordinates.

We are going to study the second logarithmic derivative of i, (s), ats = O andas g — 0,
in order to obtain a contradiction with the differential characterization of Lemma 3.2. Firstly,
notice that since we are performing derivatives in s, we can disregard constant functions in
s. Secondly, by definition m is a smooth positive measure, i.e.

m=m(x, z)dxdz, with me CP°R xR"), c<m<C, (22)

for some C,c > 0. Moreover, in (21), as a frame for 7%, we can choose the vector
fields {0y, 0;,, ..., 0, ,}. In conclusion, we obtain the following expression for the one-
dimensional density associated with the disintegration:

hg(s) ccm(G(s, q))dxdz(V8, G40, ..., Gz, ) |(s.9)- (23)
Then, defining the matrix
By(s) i= (V8| Guds | ... | Gy, ),

where the columns are expressed in coordinates {9y, . . ., d;, }, the second logarithm derivative
ats = 0 is given by:

(log(tq () ;g = (0g(m(G(s,9)))]—q + (log det(By () [;_q
= (log(n(G(s, 9)sg + (=B O B2 + By O BJ(©)) . (24)
having used Jacobi formula for the determinant of a smooth curve of invertible matrices:
det(B(s)) = det(B(s))tr (B~ (s)B'(5)) -
Remark 4.10 We stress that, for any ¢ € Q \ C(X), hy(-) is defined on an open interval I,

containing 0. Thus, the derivative in (24) makes sense.

4.5 Computations for the matrix B, (s)
Proceeding with hindsight, we analyze the term of (24) involving By (s), as in general it will

be more singular than the other one. We expand in s its columns and we deduce an expression
for the coefficients of the expansion, using the almost-Riemannian Hamiltonian system.
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4.5.1 An expression for the trace term in (24)

We look for an explicit expression for the matrix B, (s). We may regard V§ € R"*! and
G: RxR" — R""! therefore expanding in s, there exists smooth functions f, h € C® (XN
2) such that,

GGs.9) = g + V5(@)s + 5f@)s> +0(s?),

1
V8(G(s,q)) = V8(q) + f(q)s + Eb(q)sz + o(s%), (25)

as s — 0. The relation between the two expansions comes from (13). Therefore, we obtain
the following formulas for By (s) and its derivatives at s = O: for the zero order term, we
have

V5(9)| dyxn
By(0) = (V8| 9 [0y |1 0s, ), :( @ 5 .X..o>'

For the first derivative of B, (s), we differentiate component by component. Notice that we
have to take into account the quantities d;,G(0,¢g), withi = 0,...,n — 1,* therefore we
have to differentiate the expansion (25), namely:

1
3., G(s,q) = d;, + 0,,V8(q)s + EBZ[f(q>s2 +o(s%),

ass — 0,foranyi =0, ...,n — 1, where the derivatives have to be interpreted component
by component. Therefore, we obtain:

n—1
By(0) = (F10x [ 9y 1o 10z, y), + D (V8 10x 1 oon 105,V ] 0,0),, -
i=0
Analogously, we can deduce the expression for the second-order derivative of B, (s) ats = 0:
n—1
By = (013 18z oo 19z0) ), + 2 (V8180 [ [0 F 1] 8s0),
n—2 n—1 =
+ 2;‘;.’.;1 (VS 10x ... 105V8...10,V8]...] an_l)‘q
n—1
+2) (F1Oc ] 105V8 )] 8, y), -
i =0

Inserting the above formulas in the trace term in (24), we obtain the desired expression, in
terms of the quantities V4, f and b.

4.5.2 Explicit expression for V§, f and

In order to obtain an explicit expression for V4, § and b, we study the Hamiltonian system
associated with the almost-Riemannian Hamiltonian

1
HO) =5 (k. Xi)% VieT™M,
i=0

n

4 Here and below, with a slight abuse of notation, for i = 0, we set zg = x and 0z = Ox-
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where {Xo, ..., X,,} is the local orthonormal frame for the distribution defined in (17). In
coordinates (x, z), the almost-Riemannian metric g on the Riemannian region is represented

by the matrix
1
ATA)~ )

Therefore the Hamiltonian in canonical coordinates induced by (x, z) is

H . _l 2 1 TATA
(Px> Pz3 X, 2) = pr+ )2 (x, 2)pz,

2
where p; is a shorthand for (p,,, ..., p;,). The Hamiltonian system then becomes

. 0H . OH 1
X = = Dx Px = ——F— :_*pgax (ATA) Pz

Py ax 2

(26)

PR ) L (ATA)
= ap. = Pz Pz = 3z 2[71 z Pz

From Lemma 2.9 (cf. also Remark 2.11) we know that the unique minimizing geodesic for
& with initial point ¢ € ¥ N 2 has unique (up to a sign) initial covector such that:

(Mg), T,;X) =0 and 2H(A(q)) = 1. (27)
Since T, ¥ = span{0y, d;,, ..., d,_, }, the first condition in (27) implies that A(q) = p;,dz,.
In addition, the second condition in (27) forces A(g) to be of the form:
1 . 2 ¢ 2
Mq) = ——dz,. with B(@)* =) awm(q), (28)
B(q) P

where we choose f3 to be positive. Thus, denoting by (x4 (s), z2(s); pL(s), p? (s)) the solution
to (26) with initial datum (A(g); ¢), the minimizing geodesic for § starting at ¢ is given by:

I; 35 = G(s,q) = (x7(s), 27(s)), (29)
where /; is an open interval containing the origin. By (13) and (29), we deduce that
Vé(q) = 05G|(0,9) = (¥9(0), 29(0)) .

Computing derivatives along s of the equality (13) and recalling the definition of {, b in (25),
we analogously obtain higher-order expression in terms of the solution to (26), precisely:

flg) = (¥7(0),27(0)) , b(g) = (¥(0), Z7(0)). (30)

We refer to Appendix 1 for the explicit expression of f and b.

4.6 Contradicting the CD condition

The idea is to exploit the presence of a characteristic point for ¥ at the origin to conclude
that

(x,0)~(0,0)
(10g(q ()] _q S oo, 31)

proving (16) for every K € R, up to taking x sufficiently small. Keeping in mind (24), we
anticipate that the term providing the desired pathology will be

(logdet(By(s)) ;-
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Observe that, according to Sect. 3, in order to disprove the C D(K, N) condition for every
K e Rand N € (1, 400) we need to show that, given any K € R, it holds

(log(hy () )y > —K,

for every g in a g-positive set. However, since the function (s, g) — hg(s) is smooth (see
Remark 4.9) it is sufficient to prove (31).

Notice that the initial covector for the minimizing geodesic from X in (28) is singular at
g = (0, 0). More precisely, since (0,0) € C(X) and X is the level set of v(x, z) = z,, we
have that

n n
0= Vzu0 =Y Xi@)Xij00n = »_ a;(0.0)ai(0,0);,,
i=1 i,j=1

meaning that the function S(g) defined in (28) vanishes at g if and only if ¢ € C(X).
In particular, it vanishes at the origin, making the initial covector singular at g = (0, 0).
Moreover, solving the Hamiltonian system, we deduce that

Vé(g) = (19(0), 2(0)) = (0, ATAB™ ' (¢)d;,) = (0, B~ (@) Zaki(‘])akn(‘])> - (32)

k=1

Remark 4.11 On the one hand, all the components of V§(g), but the first and last, are singular
at g = (0, 0), as fast as the initial covector (28). On the other hand, since the last component
of Vi(q) is exactly B(q) which tends to 0 as ¢ — (0, 0), formally V§(g) becomes tangent
to X at the characteristic point.

In particular, we see that V§(q) is singular at the origin and the same goes for the functions
f(¢), b(g). Replacing their explicit expressions in (24), we will be able to prove (31).

Remark 4.12 The procedure described in this section for disproving the C D condition is
constructive and the algorithm has been implemented in the software Mathematica. The
code is available online, see [23].

5 2-Dimensional almost-Riemannian manifolds do not satisfy CD

In this section, we apply our general strategy to show that 2-dimensional almost-Riemannian
manifolds do not satisfy any curvature-dimension condition. The reason why we are able
to perform explicit computations is related to the better regularity properties of &, when
dim M = 2, cf. Remark 4.11.

Let M be an almost-Riemannian manifold of dimension 2, with non-empty singular
region Z C M. We recall the following local description of a general 2-dimensional almost-
Riemannian manifold which holds without any assumption on the structure of the singular
set, see [3, Lemma 17].

Lemma 5.1 Let M be an almost-Riemannian manifold. Then, for every point qo € M, there
exists a set of coordinates ¢ = (x,z): U — M, centered at qo, such that a local orthonormal
frame for the distribution is given by

X =0, Y=/f(x,2)9;.

where [: U — R is a smooth function. Moreover,
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(1) the integral curves of X are normal extremals, as in (6);
(ii) let s be the step of the structure at qo. If s = 1 then f(0,0) # 0. If s > 2, we have

as—Zf 8s—1f
£(0,0)=0, ..., W(O,O):O, 8xﬁ(O,O);ﬁéO. (33)
Remark 5.2 This Lemma improves Lemma 4.1 since we can give additional condition on the

function f(x, z) = det A(x, z), using the Hormander condition.

In the 2-dimensional case, assumption (H2) is always verified, see [1, Theorem 9.14]. For
what concerns assumption (H1), we have the following lemma.

Lemma 5.3 Let M be a2-dimensional almost-Riemannian manifold and let qo € Z. Consider
the curve in normal coordinates ¥ = {7 = 0}. Then, up to restricting the chart, ¥ N Z =
C(%) ={0,0)}.

Proof Recall that if ¥ = {v = 0}, for v € C* with never-vanishing differential, then
peC(X) & Vu(p) =0,

where Vu denotes the horizontal gradient of v. In particular, in the normal coordinates given
by Lemma 5.1, the singular regionis ZNU = {(x, z) | f(x, z) = 0}, thus setting v(x, z7) = 2,

p=x,0eCXE < f(x,0=0.

Since go € Z, then dim(Dy,) < 2 and the almost-Riemannian structure has step s > 2 at
qo. Thus f(0,0) = 0 and consequently p = gg € C(XZ). On the other hand, if 0 < |x| < ¢,
f(x,0) # 0. Indeed, by the vanishing condition (33) on f, we can expand f(x,0) as a
Taylor series at x = 0, obtaining

951 f
dxs—1
where the leading term is not zero. This implies that there exists a smooth function r €

C®°(—¢, ¢€),suchthat r(x) # 0, forevery x € (—¢, ¢) and f(x,0) = r(x)x*~1, which never
vanishes on £ NU \ {qo}, up to restricting the domain of the chart /. O

©,0x* '+ 0o, asx — 0.

fx,0)=

Now, thanks to Lemmas 5.1 and 5.3, we can follow the general strategy (cf. Sect. 4) to
disprove the C D condition. First of all, notice that the matrix A = (f(x, z)) has only one
entry, so the Hamiltonian system is greatly simplified. More precisely, the initial covector
(28) becomes:

Ax) =

1
f(x,O)dZ’ Vx #0.

Thus, as one can check using (26), (30) and (32) we have
0y f
f

+ f@ )+ fzaff) : (34)

[(x,0)

Vi(x) = (0, f(x,0)), flx)= (- ’fazf> ,

[(x,0)

2
h(x) = (*, —2(8}f )

Here we have omitted the first component of §(x), since we will not need it.
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Second of all, we can replace the quantities (34) in the matrix By (s), defined in (23).
After a long but routine computation, we obtain the following expression for the logarithmic
second derivative of det B (s) at s = 0, namely

(log det By (s))” (0) = (faz?f +

(0 )% — f&%f)
f? 1(x.0)

We are in position to prove the main result of this section.

Theorem 5.4 Let M be a complete 2-dimensional almost-Riemannian manifold and let m
be any smooth positive measure on M. Then, the metric measure space (M, d, m) does not
satisfy the CD(K, N) condition for any K € Rand N € (1, 400).

Proof As explained in Sect. 4, we have to show that the quantity (log A, (s))” (0) diverges
at +00 as x — 0. Recall that, by the proof of Lemma 5.3, there exists a never-vanishing
function r € C*°(—¢, &) such that

fx,0)=r)x*"!, with f,reC®U).

Therefore, using the smoothness of both f and r, we deduce that

(3, f(x,00)? — f(x, 0002 f(x,0)

(logdet By (s))” (0) = 70,02 +0(1)
(51 8@ — r()dkr(x)
= ( 3 )2 ) +0()
s—1
=+ 0. (35)

which diverges to +o00 as x — 0, since (0,0) € Z and therefore s > 1. Moreover, let
us remark that the singularity is polynomial of order —2. We are left to take care of the first
term in (24): by a direct computation and using (22), one can check that

|(logm(G (s, x))" (0)| < Co (18:G(0,x)I7 + 197G (0, x)|.) < C1+ C2 %
_cto|tl s ajg’)c) , (36)

where | - |, denotes the Euclidean norm of R?. Since the singularity in (36) is polynomial of
order 1, it is negligible compared to the one in (35), and we conclude that:

(log det /1 (s))” (0) 2=% 400,
disproving the C D(K, N) condition for any K € Rand N € (0, 400), as desired. |
Remark 5.5 A similar argument can be carried out for gemeric 3-dimensional almost-
Riemannian manifolds, in the sense of Agrachev et al. [3, Definition 2]. Indeed, in this

situation we have a convenient description of a local orthonormal frame, and of the matrix
A, cf. [6, Theorem 2].
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6 Strongly regular almost-Riemannian manifolds do not satisfy CD

In this section, we prove that strongly regular almost-Riemannian manifolds do not satisfy any
curvature-dimension condition. Strongly regular almost-Riemannian manifolds have been
studied in [15, 25]. In this setting, we can deal with the complexity of the computations
thanks to a nice local description of the singularities of the structure. We recall the following
definition.

Definition 6.1 Let M be a n-dimensional almost-Riemannian manifold. Assume that the
singular set Z C M is an embedded hypersurface without characteristic points. Then, for
any go € Z, there exist local coordinates (x, z) centered at go such that Z = {x = 0}
in coordinates, and condition (17) is verified, namely a local orthonormal frame for the
distribution is given by

n
Xo=0r Xi=) aij(x.2)d;, Yi=1...n,
j=1

for some smooth functions a;;, so that, denoting by A = (a;;);, ;.
det A(x,z) =0 ifandonlyif x =0.

We say that M is a strongly regular almost-Riemannian manifold, if there exists / € N such
that

aij(x,2) = x'a;j(x,2) with det(@;)(0,2) #0, (37)
for all (0, z) in the domain of the chart.

Remark 6.2 Although being formulated in coordinates, the notion of a strongly regular
almost-Riemannian structure on M is intrinsic. In particular, condition (37), as well as the
order /, do not depend neither on the choice of go € Z nor on the coordinates (x, z), see [25]
for further details.

In order to apply our general strategy, we have to ensure that conditions (H1) and (H2)
are verified. The former is a consequence of the very definition of strongly regular almost-
Riemannian structure and we pick ¥ as in Lemma 4.6 so that also the latter condition is
satisfied. We proceed by computing the second logarithmic derivative of the one-dimensional
densities,

n—1

" 1
(logdet By (), = 5 [hn +Bifo+ Y (Boz i — BidzFu) — 2600
i=1
n—1 aziﬂi aZj/si /31'
+2) (Fadz B — fid B) +2 Y det| 0,8 3,8 Bj
i=1 O<i<j<n 8Ziﬂ 8Zj/3 B
1 n—1 2
- E (fn + Z (3ziﬂi/3 - lgiaziﬁ)) i (38)
i=1

where §;, §;, h; denote the components of V4§, f and f respectively. This computation follows
from the trace term in (24), using the property that the first component of V3§ is identically
zero, cf. (32).
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Theorem 6.3 Let M be a complete strongly regular almost-Riemannian manifold and let m
be any smooth positive measure on M. Then, the metric measure space (M, d, m) does not
satisfy the CD(K, N) condition for any K € Rand N € (1, 400).

Proof As in the proof of Theorem 5.4, we have to show that the quantity (log hy (s))” )
diverges at 400 as ¢ — 0 along X. To do that, the idea is to highlight the most singular
terms in x, namely those where a derivative in x appears. Let us discuss the order in x of
the quantities in (38), using as well formulas from Appendix 1. Firstly, since M is strongly
regular, (37) holds and we have

Bx, 2 =Y ap,(x,2) =x" Y a7, (x,2) =x"B(x,2)%, (39)

with /§(0, 7) # 0. Thus, B has order / in x. Similarly, the components B; of V4§ are given by
(42),

o) .
Pl D=0 ﬁ(x BY: Z“"’(x DD = D

Therefore, also ;s have order / in x. A crucial remark before moving forward is that, thanks
to the strongly regular assumption on M, computing derivatives along z-directions does not
change the order in x of the quantities. Thus, for example,

i (x, 2)agn (x, 2).

ordxazjﬂi(x,z) =1, Vi,j=1,....n
Reasoning in this way, for the functions f; defined in (43), we have:
ord,f;(x,z) =2l, Vi=1,...,n,
and the same is true for any derivative in z-directions. For what concerns f, recall that

Sox,2) = aﬂﬁ;(x j) = ord,fy(x,2) = —1. (40)

From (40), it is clear that derivatives in the x-direction encode all the possible singularities
of second logarithmic derivatives of & (s). Finally, using (44), we see that

2
ordyh,(x,z) =1—2, and bh,(x,z2) = _20:B(x, 2)” + o3,

B(x,2)
Finally, we can evaluate the order in x of the functions in (38): the lowest order is —2 coming
from the terms b, 87", 9, and B~ 'f,8, 8. Thus, denoting by 2’ = (z1,...,2,_1,0), we
obtain:

(log det By ())/,—g = (h"(x Z)ﬁ_(ffgi L) +axfo<x,z/>) +0()

B (—a,%ﬁ(x, )B(x, 2) + (3 B(x, 2))?
B B2(x, 7)

Now using (39), we can reason as in the 2-dimensional case, cf. (35), to conclude that

) +0(1).

(logdet B, ()" (0) =% oo

Once again, also in this situation, the singularity in x of the quantity (log det By (s))” 0) is
polynomial of order —2. Finally, using the same argument used in (36) for the 2-dimensional
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case, we can show that the density of the measure m produces a polynomial singularity of
order —1, which is negligible as ¢ — (0, 0). Finally, we obtain

0,0
(logdet hy ()" (0) L= 4o,

disproving the CD(K, N) condition for any K € R and N € (1, 400), as desired. O

Remark 6.4 We stress once again that, thanks to the strongly regular assumption on M, the
order of the structure (and thus the order of ) controls the orders in x, not only of the
functions g;, f; and b,,, but also of their derivatives in the z-directions. Below, we provide
an example of regular (but not strongly regular) structure where the orders of the derivatives
are not controlled by the order of 8. Nevertheless our strategy to disprove the C D condition
works.

In full generality, it is possible to prove that (log det /1, (s))” (0) actually diverges, however
there is no criterion of determining the sign of the leading order, without requiring some
additional regularity on the structure. On the other hand, as characteristic points encode the
truly sub-Riemannian behavior of almost-Riemannian manifolds, we believe that our strategy
should always be effective.

Example 6.5 Let M = R* and in coordinates (x, z1, 22, z3) consider the almost-Riemannian
structure defined by the global vector fields

Xo =0y, Xi=0, — %2313, Xy =0, + %laz}, X3 = xd,,.
The singular region is given by Z = {x = 0} and is an embedded hypersurface without char-
acteristic points. Notice that M is regular, see [25, Definition 7.10] for the precise definition,
but not strongly regular, thus we can not apply Theorem 6.3. Nevertheless, if we consider
Y = {z3 = 0}, assumptions (H1) and (H2) are verified, therefore, we can apply our general
strategy. Setting m = #*, an explicit computation leads to

8x% — 4(z1 +23)

"
(log det hq(s)) (O) = m,
1 2

41
which diverges at +o0 along the curve (x, 0,0,0) as x — 0, disproving the CD(K, N)
condition for any K € R and N > 1. A few remarks are in order: first of all, the function
B(x,z1,22) = 4x2 + z% + z% has order 2 in x but this is not true for its derivatives in the
z-directions. Second of all, the numerator of (41) does not have a sign, highlighting the
difficulties of the general case of determining the behavior of the leading term.
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Appendix A. Explicit expression for V§, f and |

In order to obtain an explicit expression for V4§, § and fj, we study the Hamiltonian sys-
tem associated with the sub-Riemannian Hamiltonian. Recall that in canonical coordinates
induced by (x, z), given by (17), the Hamiltonian is

1 1
H(px, pz; x,2) = *px-i- 5 P2 TATA(x, 2)pz,

where p; is a shorthand for (p;,, ..., p;,). For the hypersurface ¥ C M, given by (H1),
from Lemma 2.9, we know that the unique minimizing geodesic for § with initial point
g € £\C(X) has unique (up to a sign) initial covector:

Ma) = g )dzn, with B(g)* = Zakn@

Thus, if (x(s), z(s), px(s), p-(s))’ is the solution to (26) with initial datum (A(q); q), we
deduce that

. . 2i(q) .

=x(0) =0, i =z i n , Yi=1,....n, (42
Bo(g) = i(0) Bi(g) = zi(0) = ﬁ( ) E ari(q)akn(q) = 54) i n, (42)
having denoted Vé(q) = (Bo(q), - - -, Bu(g)). Moreover, notice that by definition £,(q) =

B(g). In an analogous way, we can compute f = (f. ..., f,):

. 0xB(q)
= 0) = —
fo(g) = x(0) 5q)

n

- 1
D dqi@a(g) = 5 Y an(@ag @i (@) | . (43)
=1

Jk=1

fi(q) =Zi(0) = ——
’ ’ B*(q)
Finally, taking the third-order derivatives in s of the solution to (26), we obtain . Notice,
however, that we only need the n-th component of § in (38), thus:

1T @B |+
ﬁ[ - Y el (87 + Z B2, (I,

j.rl=1 Jj.l=1

hn = Zn (O) =

n 1 n
= D b (B — 5 3 oy (b (B7) - 31_,a13zl(/32))]- (44)

Jil=1 Jil=1
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