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Abstract

We compute the distortion coefficients of the «-Grushin plane. They are expressed in
terms of generalised trigonometric functions. Estimates for the distortion coefficients
are then obtained and a conjecture of a measure contraction property condition for the
generalised Grushin planes is suggested.
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1 Introduction

Grushin structures first appeared in the work of Grushin on hypoelliptic operators in
the seventies, for example, see [11]. The «-Grushin plane, denoted by G, consists
of equipping the two-dimensional Euclidean space with the sub-Riemannian structure
generated by the global vector fields X = 9, and Y, = |x|%0,.

These structures form a class of rank-varying sub-Riemannian manifolds. In this
work, we will focus on the case @ > 1. The a-Grushin plane has Hausdorff dimension
a + 1 and is not bracket-generating unless « is an integer. Furthermore, the a-Grushin
planes constitute a natural generalisation of the traditional Grushin plane, correspond-
ing to the case « = 1. Along with the Heisenberg groups IH,,, they are considered as
fundamental examples of sub-Riemannian geometry, exhibiting key characteristics of
the theory.

Since the work first set out by Juillet in [13] and extended by the same author in
[15], it is known that, unlike Riemannian manifolds, no sub-Riemannian manifold sat-
isfies the curvature-dimension conditions introduced by Sturm, Lott and Villani. It has
been shown by Barilari and Rizzi in [4] that they can, however, support interpolation
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inequalities and even a geodesic Brunn—Minkowski inequality. For the Heisenberg
group, this was in fact first proved by Balogh, Kristdly and Sipos in [3]. Distortion
coefficients, which capture some curvature information, play a key role in these results.
The present work studies the distortion coefficients of the «-Grushin plane.

To achieve this goal, it will be important to study the geodesics of G, in depth.
Because of the lack of a natural connection in sub-Riemannian geometry, geodesics are
obtained with Pontryagin’s maximum principle. This is the Hamiltonian point of view:
a normal minimising path between two points can be lifted to one on the cotangent
bundle that satisfies Hamilton’s equations. The geodesics of the a-Grushin plane were
first studied by Li and Chang in [8]. They are expressed with a generalisation of
trigonometric functions, defined as inverses of some special functions. Sections 2.3
and 3.1 are devoted to these topics while in Sect. 3.2, we use an extended Hadamard
technique to find the cut loci of G,. The notation Cut(gg) stands for the set of cut
loci of qo, i.e. the set of points in G, where the geodesics starting at gg stop being
minimising.

Theorem 1 (Distortion coefficients of the a-Grushin plane) Let gg and g be two points
of Gy, such that q ¢ Cut(qq). For allt € [0, 1], we have

I(t, x0, uo, vo)

Bi(qo, q) = (T x0. 110, 50)”

with
J(t, x0, uo, vo) =1 [ugx(t) — (uot + xo)u(r)], (1)
and where y(t) := (x(t), y(t)) : [0, 1] — G, denotes the unique constant speed
minimising geodesic joining qo = (xo, yo) to q and u(t)dx|, ) + v(O)dyl,q) €
T;(t) (Gg) is the corresponding cotangent lift with initial covector uodx|g, 4 vodyg-
Because of the analyticity of the geodesic flow, the case vg = 0 can be seen as

taking the limit of S, (qo, q) as vo tends to 0. Geometrically, this means that the points
qo and ¢ are joined by a straight horizontal line.

Proposition 2 Let gg and g be two points of Gy, such that g ¢ Cut(qg). When vg = 0,
we have

ot + x0)%* (uot + x0) — xo X0
( uo + x0)2 (uo + x0) — x3%x0

Bi(qo,q) =

forallt € [0, 1].

Although the CD condition is not suited to this type of spaces, the weaker mea-
sure contraction property introduced independently by Ohta and Sturm in [18] and
[21] seems more adapted to sub-Riemannian geometry. Indeed, there are numerous
examples of sub-Riemannian manifolds that do satisfy a MCP condition, including
the Heisenberg group H,, (see [13]) and the Grushin plane G (see [4]). We, therefore,
investigate the MCP condition for G, and we obtain a relevant estimate on the distor-
tion coefficients for singular points, that is to say, those on the y-axis, and for those
lying on the same horizontal line. We, therefore, propose the following conjecture.
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Conjecture 3 (Curvature dimension of the «-Grushin plane) For o > 1, the a-Grushin
plane satisfies the measure contraction property condition MCP(K, N) if and only if
K <0and
N>2 (@ + Dmg + 1
mey + 1

with my, € [—3, —2] the unique non-zero solution of
m+D**m+1)—(Qa+ DHm+1)=0.

We will provide evidence in favour of this conjecture in Sect. 4.2. As we will see,
the MCP(0, N) condition is equivalent to a lower bound for the distortion coefficients
of the form B;(qo, ¢) = tV. It will be proven that the lower bound holds for singular
points. Furthermore, it seems sharp for the points lying on the same horizontal line.

Note that in this work, we always write ()22 for ((-)2)* and a subscript will some-
times denote a partial derivative.

2 Preliminaries
2.1 Synthetic Curvature-Dimension Conditions

In this section, we give an overview of metric geometry, synthetic notions of curvature
and distortion coefficients. A metric space (X, d) is a length space if the distance is
induced from a length structure. This means that d(x, y) := inf{L(y)|y : [a, b] —
X is admissible, y(a) = x and y(b) = y} where L : A — R N {400} is a length
functional on a set of admissible paths A C Cq(X). A minimising geodesic is an
admissible path y : [a, b] — X in A such that d(y (a), y (b)) = L(y). We refer to [6]
for more on metric geometry.

If the space has the property that every two points can be joined by a minimising
geodesic that has constant speed, we will say that (X, d) is a geodesic space. When
the metric space (X, d) is equipped with a Radon measure m, the structure (X, d, m)
is called a geodesic metric measure space. The notion of distortion coefficients fits
into this context.

Definition 4 Let x, y € X. The distortion coefficient from x to y at time ¢ € [0, 1] is

. m(Z: (x, Br(y)))
Bi(x,y) —hrri f)lip TG0 (2)

where Z, (x, B, (y)) stands for the set of #-intermediate points from x to the ball centred
at y of radius r;

Z:(A, B) := {y )|y € Geo(X), y(0) € A and y(1) € B}

whenever A and B are m-measurable subsets of X.
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Note that Z, (x, B-(y)) may not be measurable. If this is the case, the measure m in
the numerator of (2) is understood as the outer measure of m.

There is an intuitive physical interpretation of the distortion coefficients (quoted
from [23, Chap. 14.]):

[B:(x, y)] compares the volume occupied by the light rays emanating from the
light source [x], when they arrive close to y (¢), to the volume that they would
occupy in a flat space.

In particular, we can thus heuristically expect that the distortion coefficients are related
to the curvature of the space.

The theory of synthetic curvature was developed by Lott, Sturm, and Villani (see
[17,20], and [21]). Here we summarise some of the points from their works. We denote
by P(X) the set of Borel probability measures and by % (X) the subset of those with
finite second moment. We write Geo(X) for the set of all minimising geodesics of
X parametrised by constant speed on [0, 1]. For all ¢ € [0, 1], the evaluation map is
defined as

e :Geo(X) —> X1y > y(1).

A dynamical transference plan IT is a Borel probability measure on Geo(X) while a
displacement interpolation associated to IT is a path (u;)sef0,1] < PZ(X) such that
wr = (er)4Il for all r € [0, 1]. We equip PZ(X) with the L,-Wasserstein distance
Wy: for any u, v € P2(X),

Wi, 1) = in / d(x, ) (dxdy),
mell(u,v) Jx

with TT(u,v) = {w € P(X2)|(pr0j1)#a) = p and (proj2)s#w = v}. For po, n1 €
P2(X), the set OptGeo(uo, (1) is the space of all measures v € P(Geo(X)) such
that (eg, e1)#v realises the minimum for the L,-Wasserstein distance. A measure
v € OptGeo(uo, 1) is called a dynamical optimal plan. We now need to define the
distortion coefficients of the (K, N)-model space. For K € R, N € [1,+o0],0 €
(0, 4+o00) and ¢ € [0, 1], we set

@ ="Vl o)V,
with

+00 K6? > Nn?
in(t0/K/N
SNCOVE/N) —ip0 < k6?2 < N2

(1) _ J sin(6/K/N)

ox N0 = : 2 ; 2

’ t if K6 <Qand N =0orif K6 =0
inh(t60./—K /N
Sinh(@OV=K/N) e k92 < 0 and N = 0.
sinh(0/—K/N)
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The definition of the coefficients Tx » is not arbitrary. In fact, they are nothing
but the distortion coefficients of the model space Xk n); thatis to say, Xk, n) is the
N-sphere of constant cuvature K if K > 0, X (g ) is the N-Euclidean space if K =0
and X (g n) is the N-hyperbolic plane of constant curvature K if K < 0 (see again
[23, Chap. 14.]).

We are ready to introduce a first notion of synthetic curvature: the curvature-
dimension condition.

Definition5 Let K € R and N € [[, o]penright]14+0c0. A geodesic metric measure
space (X, d, m) satisfies CD(K, N) if, for any uo, 1 € P2(X, m) with bounded
support, there exists v € OptGeo(u, ;1) and a W,-optimal plan 7 € P(X 2) such
that u; := (e;)#v < m and for any N’ > N,

—1/N’'
eviu) = [ ol Y+ ey e ),
X2
where Ex stands for the Rényi functional
En : P(X) = [0, +00] : pm + 5 > / o' 7N m(dx).
X

For an extensive treatment of the CD-condition and more generally of optimal trans-
port theory, we refer the reader to [23]. Alongside this notion of curvature, a weaker
condition was developed independently by Sturm and Ohta: the measure contraction
property (see [18,21]).

Definition6 Let K € R and N € [I,+400). A geodesic metric measure space
(X, d, m) satisfies MCP(K, N) if, for every x € X and measurable set A C X
with m(A) € (0, 400), there exists v € OptGeo (114, 8,) such that for all ¢ € [0, 1]

ta = @ (2 @ O, v (v,

where (14 ;= —m € P(X) is the normalisation of 1| 4.

m(A)

Both the CD and MCP conditions generalise the notion of Ricci curvature bounded
from below by K € R and dimension bounded from above by N > 1 from Riemannian
geometry. Indeed, if (M, g) is a Riemannian manifold and ¥ a positive C> function
on M, dg the Riemannian distance and volg the Riemannian smooth volume, then the
metric measure space (M, dg, ¥ - voly) satisfies the CD(K, N) condition if and only
if dim(M) < N and if Ricg y y > Kg where

WN n
Ricg y v = Ricg — (N — n) ———.
hN —n

Note that in the case where N = n, it only makes sense to consider constant functions
Y in the definition of the generalised Ricci tensor. The proof of the equivalence with
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the CD condition can be found in [21] and [17]. Furthermore, it is also proved in
[18, Theorem 3.2, Corollary 3.3.] that, in the Riemannian setting, the MCP(K, N)
condition is equivalent to CD(K, N) if N is greater than the topological dimension of
(M, g).

For general metric measure spaces, the two notions of synthetic curvature are not
equivalent. However, the CD condition does imply the MCP condition when the space
is non-branching (see [7]). As we will see later, this already appears in sub-Riemannian
geometry.

2.2 Sub-Riemannian Geometry

In what follows, we set up the basics of sub-Riemannian geometry. We rely on [2] for
the general theory (see also [5] for vector fields that are not necessary of class C*°).

A manifold is a set equipped with an equivalence class of differentiable atlases
such that its manifold topology is connected, Hausdorff and second-countable. Here
we emphasise the theory of sub-Riemannian manifolds of class C” instead of class
C®. As we will see later, the «-Grushin plane is a sub-Riemannian manifold that is
generated by global vector fields that might not be smooth.

Definition 7 Let M be a smooth manifold of class C" for r € INZ! U {oo} U {w}. A
triple (E, (-, -)g, fE) is said to be a sub-Riemannian structure of class C" on M if

1. E is a C"-vector bundle on M,
2. (-, -)g is a C"-Euclidean metric on E,
3. fg: E — T(M) is a C"-morphism of vector bundles.

The family D of C"-horizontal vector fields is defined as
D :={fr o u|u is a section of E of class C"}.
We also define the distribution at point a p € M with
Dy, :={v(p) |veD}
The rank of the sub-Riemannian structure at p € M is rank(p) := dim(D,). Observe

that in our definition, a sub-Riemannian manifold can be rank-varying; i.e. the map
rank(-) might not be constant.

Definition 8 We say that curve y : [0, T] — M is horizontal if y is Lipschitz in charts
and if there exists a control u € L2([0, T1, E) such that for all r € [0, T], we have
u(t) € Eyand y(t) = fe(u(t)). The sub-Riemannian length of y is defined by

T
Lee(y) = /0 19Ol 0,

where [[v]|p, := min (V. u) | u€ E,and fg(u) = (p,v)} forve Dyand p €
M.
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Remark 9 1t can be proven that I-lD, is well defined, induced by an inner product

), and that the map ||J7(~)||Dy(.) is measurable.

In the case where every two points can be joined by a horizontal curve, we have a
well-defined distance function on M.

Definition 10 Let M be a sub-Riemannian manifold. The sub-Riemannian distance
dcc of M, also called the Carnot—Carathéodory distance, is defined by

dcc(x, y) ;= inf{Lcc(y)|y : [0, T] — M is horizontal and y (0) = x and y(T) = y}.

Traditionally, the definition of a sub-Riemannian structure demands that D is a C*°-
distribution and that it satisfies the Hormander condition; that is to say, Lie, (D) =
T, (M) for all p € M. This is motivated by the following well-known result.

Theorem 11 (Chow—Rashevskii theorem) Let M be a sub-Riemannian manifold such
that its distribution D is C*° and satisfies the Hormander condition. Then, (M, dcc)
is a metric space and the manifold and metric topology of M coincide.

We refrain from this convention here, as the Grushin planes that we will study do not
always satisfy this property. However, we will assume hereafter that every two points
of the sub-Riemannian manifold M can be joined by a horizontal curve, making dcc
a distance of M, and that the metric and manifold topologies do coincide.

Finally, the horizontal distribution of a sub-Riemannian manifold M is defined by

H(M) := |_| D,.

peM

Note that H(M) has no natural structure of subbundle in T(M) if M is rank-varying.

Now, that we have turned our sub-Riemannian manifold into a metric space, we
would like to study the geodesics associated with dcc. These would be horizontal
curves that are locally a minimiser for the length functional Lcc. Because of the lack
of a torsion-free metric connection, we cannot study geodesics through a covariant
derivative. Rather, some sub-Riemannian geodesics can be characterised via Hamil-
ton’s equation.

Given m-global C"-vector fields Xy,..., X,, : M — T(M) on a C"-manifold
M, we can induce on M a sub-Riemannian structure in the following way. We set
E = M x R™ the trivial bundle of rank m, fr : E — T(M) : (p, (u1, ..., uy)) —
Y iy uk X (p) and finally the metric on E is the Euclidean one. In this way, we induce
an inner product on D, = span{X;(p),..., X;;(p)} by the polarisation formula
applied to the norm

m m
lullp, = min { > uf | Y uiXe(p) =up. 3)
k=1 k=1
The family (X1, ..., X,;) is said to be a generating family of the sub-Riemannian

manifold (M, E, (-, -)g, fE). A free sub-Riemannian structure is one that is induced
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from a generating family. Every sub-Riemannian structure is equivalent to a free one
(see [2, Sect. 3.1.4]). From now on, we will therefore assume that the sub-Riemannian
manifolds considered are free.

Definition 12 Let M be a sub-Riemannian manifold and (X1, ..., X,;) a generating
family of vector fields. The Hamiltonian of the sub-Riemannian structure is defined
by

1 m
H:THM) = R (p, 2o) = H(p, o) = 5 > hi(p. 20
k=1

where i (p, o) := (ho, Xx(p)).

We therefore approach the problem via the cotangent bundle T*(M), on which
there is a natural symplectic form o. We can now characterise length minimisers of a
sub-Riemannian manifold.

Theorem 13 (Pontryagin’s maximum principle) Let y : [0, T] — M be a horizontal
curve which is a length minimiser parametrised by constant speed. Then, there exists
a Lipschitz curve AL(t) € T;“/(t)(M) such that one and only one of the following is
satisfied:

(N) A= T-I)()\), where 71) is the unique vector field in T*(M) such that o (-, ?I)(A,)) =
dyH forall ) € T*(M);
(A) o3y (1), N} _ ker(dyyhi)) =0 forallt € [0, T].

If X satisfies (N) (resp. (A)), we will say that A is a normal extremal (resp. abnormal
extremal) and y is a normal geodesic (resp. abnormal geodesic). Note that a geodesic
may be both normal and abnormal. The projection of a normal extremal onto M is
locally minimising, that is to say a (normal) geodesic parametrised by constant speed.

If y is a normal geodesic associated with a normal extremal A, then (N) is nothing
but Hamilton’s equation for H in the natural coordinates of the cotangent bundle:

oH
X = 8_
- n )
pi = ax;

The exponential map at p € M is the function
exp, Ay — M : Ay~ 7 (n)),

where 7 : T*(M) — M is the projection, e’ﬁ is the flow of?I) and 7, C T;(M) is
the open set of covectors such that the corresponding solution of (4) is defined on the
whole interval [0, 1].

The cut time of a geodesic y is defined as

teu[y] :=sup{t > 0| y|[0,+] is minimising}.
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When t.y[y] < 400, we say that y (f.y[y]) is the cut point to y(0) along y. If
teut[y] = 400, we say that y has no cut point. We denote by Cut(qq) the set of all cut
points of geodesics starting from a point ggp € M.

The study of abnormal geodesics is an area of intensive research. It does happen
that a sub-Riemannian structure does not have any non-trivial abnormal geodesic (the
trivial geodesic is always abnormal as soon as rank(D,) < dim(M)). In this case, a
sub-Riemannian manifold is said to be ideal.

The CD(K, N) condition is never satisfied for ideal sub-Riemannian manifolds M
such that rank (D)) < dim(M) at every point p € M (see [15]). However, it is known
that they often satisfy an MCP condition: the Heisenberg groups (see [13]), generalised
H-type groups, Sasakian manifolds (see [4, Sect. 7.]), etc. We conclude this section
with the following theorem that relates the MCP condition to a lower bound on the
distortion coefficients of an ideal sub-Riemannian manifold.

Theorem 14 ([4, Theorem 9.]) Let M be an ideal sub-Riemannian manifold equipped
with a smooth measure . When N > 1, the following conditions are equivalent:

(i) Bi(qo.q) = t" forall qo,q ¢ Cut(M) and t € [0, 1];
(ii) The measure contraction property MCP(0, N) is satisfied, i.e. for all non-empty
Borel sets B C M and g € M we have uw(Z:(q, B)) > tN,u(B).

2.3 Generalised Trigonometric Functions

In this section, we give an account of (p, g)-trigonometry. The generalised sine and
cosine functions will be essential in the study of the geometry of the «-Grushin plane,
as shown by Li in [8]. Generalised trigonometry has a long history. The theory as
presented here was pioneered by Edmunds in [9]. For recent developments, we point
out the work of Takeuchi [22] and the references therein, as well as [16] for a related
approach via convex geometry.
Consider
o 1
F,,:[0,1] > R:x— —ds.
P o &1—11

The map F), ;, being strictly increasing, we may define its inverse
: Tpa . —1
sin, 4 : [0, T] - R:x+— F, a0,

where the (p, g)-pi constant is defined as

=2 1 ! dt =B 11 !
Tpg = N7 P 7))

Here the function B(:, -) stands for the complete beta function.
We will extend the (p, g)-sine function to the whole real line. We first note
that sin, ,(0) = 0 and siny 4(7p 4/2) = 1. For x € [mp4/2,7p 4], We set
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sinp 4 (x) = sinp 4(mp 4 — x). The (p, g)-sine is then extended to [~7p 4, 7p 4]

by requiring that it is odd and finally to the whole R by 2, ,-periodicity. We then

define the (p, g)-cosine by setting cos,, , := (sin, ). These two functions are of

class C!. In fact, they are also of class C* except at the points x = km, 4 fork € 7.
We have the following identities:

[sing 4|9+ |cosp 4 |7 =1,

)

(sinp 4)" = (cosp ) = 7q| coSp.q |>7PIsing, 4 1972 sin, , .

Therefore, the (p, g)-sine function can be alternatively defined as the solution to the
following ordinary differential equation

_ (p—1 _
— (12 = %mq 2 fO) =0, SO =1. ©)
As for the usual sine and cosine functions, we have sinp, 4 (x + 7, 4) = —sinp 4(x)
and cosp 4 (x + 7y 4) = —cos) 4(x). However, unlike the case of classical trigono-

metric functions, general addition formulas are not known for sin, ,(x + y) and
cosp 4 (x + y) (except for very specific values of p and g). This problem ultimately
comes down to finding a function F), , that solves the integral equation

Fp,q()ﬁy) 1 X 1 y 1
—dt = —dt +/ ——dt
/0 Y1 -4 fo Y1 —14 o &1—14

We would then have sin, 4 (x+y) = Fp 4(sin 4(x), sinp 4(y)). Thisis a very difficult
problem, even for integer values of p and g. For (p, ¢) = (2, 2), the classical addition
formula for the sine functions emerges. When (p, g) = (2, 4), the corresponding
addition formula is the one used for the lemniscate function that Euler investigated in
[10]: let sl(x) := sinp 4(x) (resp. sI'(x) := cosp.4(x)) stand for the sinlem function
(resp. the sinlem’ function), then we have

sl(x)sl'(y) + sl(y)sl'(x)
1+ s2(x)s?(y)

sl(x +y) =

s

with an analogous formula for sl’(x + y). Note that Euler’s coslem function is defined
as cl(x) = sl(x + m(2,4)/2), which is different from our (2, 4)-cosine function.

3 Geometry of the a-Grushin Plane
3.1 Geodesics of the a-Grushin Plane

For o € [1, +00), the «-Grushin plane G,, is defined as the sub-Riemannian structure
on R? generated by the global vector fields X = 9, and ¥, = |x]|%dy, as explained in
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Sect. 2.2. This generating family of vector fields is C'*! if « is not an integer and C*°
otherwise.

The horizontal space at p € Gy is D), (Go) = span{X(p), Y4 (p)} and the hori-
zontal distribution is the disjoint union of these H(Gy) = Upeq, Hp(Gy). The rank of
D = span {X, Y} is not constant: it is a singular distribution if x = 0 and Riemannian
otherwise. We then consider the scalar metric (-, ‘)D, on D), as described in (2.2). If
for example u X (x, y) + vYy(x,y) € D(y,y) and x # 0, then

1
_ 2 2
(u, v)p(m) =u"+ ] ve.

This turns the «-Grushin plane G, into a sub-Riemannian manifold. It is easy to see
that it does not satisfy the Hormander condition unless « is an integer.

Let I be a non-empty interval of R. As we have seen in the previous section, a
path y : I — G, is said to be horizontal if, for almost every ¢ € I, the equality
y() = u@®)X(y()) + v(t)Yy(y(2)) holds for some L2-maps u,v : I - R. In
particular, this implies that y () € D, for almost every ¢ € 1. We can compute the
length of a horizontal curve with the formula Ly (y) = J, 7 ||)7(t)||py «dr. We denote
the Carnot—Carathéodory distance associated with L, by d,,. Equipping the o-Grushin
plane with the Lebesgue measure L2, we obtain a metric measure space (G, dy, £3).

The theory of sub-Riemannian geometry informs us that the geodesics of the space
are found by solving Hamilton’s equations. Here, the Hamiltonian is

1
H :T*(Gy) — R (x, y, udx|(x,y) + vdylr.y) = 5(uZ + 022,

A simple calculation shows that there are no non-trivial abnormal geodesics in the
a-Grushin plane. Consequently, the sub-Riemannian manifold G, is ideal. In this
context, Hamilton’s equations (4) become

X =u,
y = vx>®
0= —qvix¥@Dy- @
=0
We observe that ¥ = —av?x2@~1D, When vy = 1, this is just the equation (6) for

(p,q) = (2,2w). The (2, 2a)-trigonometric functions will therefore be essential and
in what follows, we will denote sin, instead of siny 24 (and respectively cos,, 7y ) for
simplicity.

Theorem 15 Let y : I — Gy be a horizontal path with initial value y (0) = (xo, Y0)
and AM(t) = u(t)dxl|, ) + v(t)dyly ) be the cotangent lift with initial covector
((0), v(0)) = (uo, vo)-
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In the case where vy # 0 and (xg, ug) # 0, the curve y is a geodesic if and only if

x(t) = Asing(wt + @)
20
YO = 0+ w0 o+ o cosu@)sine(@) N
—w cosy (wt + @) sing (wt + qb)]
u(t) = Aw cosy (wt + @)
v(t) = vy
for uniquely determined parameters A, w € R\ {0} and ¢ € [0, 27,) satisfying
Aw > 0, A2w? = u(z) + v%xé"‘, W = v%Az(afl), ©)

xo = Asing(¢) and ug = Aw cosy ().

If vo = 0 or (xg, ug) = 0, the geodesic is (x(t), y(t)) = (uot + xo, yo) with its lift
being constant: (u(t), v(t)) = (ug, vo)-

Remark 16 Since the right-hand side of the equation is continuous with respect to
the initial condition vg, the normal extremals corresponding to vg can be obtained by
letting vg tend to O in (8).

Proof The case when vy = 0 or (xg, ug) = 0 is straightforward. We assume that
vo # 0 and (xq, ug) # 0. For A, w € R\ {0} such that Aw > 0 and ¢ € [0, 27,), we
have

(A sing (ot + ¢))" = (Aw cosy (0t + @)’

= —aAw? sing (wt + $)>@V sing (0t + ¢)
- —aw—z(A sing (@t + ¢))* ™V (A sing (0t + ¢))
A2(@—1) o * ’

By the uniqueness of solutions to the differential equation (7), we get

x(t) = Asing (ot + ¢), (10)

u(t) = Aw cosy(wt + @),
where we set w? = v(z)Az("‘_l), xo = Asing(¢p) and ug = Aw cosy(¢). Considering
the constant of motion u? + v>x* at t = 0 yields

2
w .
u(2) + U(z)xga = (A(,() COSy (¢))2 + m(A SNy (¢))2a = Az(,()z.
Since X = —av%xz(""l)x, we deduce that x>* = —x¥ /ow% and thus, integrating by

part, we have

t r_ _ t _ t
/ X2 = / x;c = —12 ([x)'c]f) —/ ()&)2> = —12 ([xu]f) —/ uz) .
0 0 avy avg 0 avy 0
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We use the identity u”> = A%w? — v2x>% to find

t . t t
/ 2 = _12 <x(t)u(t) — x(0)u(0) —f A2w2+/ v2x2°‘>
0 v 0 0

A2

== (wzt + 05y () sing ()
OlUO

_ . _ v_(2) ! 2a
w cosy (wt + @) sing (wt + ¢P) X .
AZ [,

Finally, we isolate f(; x2% and integrate y = vox2® to get
20

(a + Dw?

— wcosy (wt + ¢) sing (wt + ¢)>.

¥(0) = 0+ v (@t + @ cose(@) sing (@)

It remains to prove that there is a one-to-one and continuous correspondence
between the variables (A, w, ¢) and (xg, ug, vo) via (9). Going from (A, w, ¢) to
(xo0, 1o, vo) is clear. The other direction is given by

v
0 ) | 2a (11
- 0
sin, = sgn(vo)x ,
« (@) = sgn(vo)xo <u% n v%x%“)
@) -
cos =
“ (3 + v3x5)1/2
O

By differentiating the relations (9) with respect to xg, o and vg, we find the fol-
lowing useful identities:

_ 2 _ 2

A = 1 'cosa(¢), Ay = coSa(¢)7 A = cos; (¢)A;
Slna(¢) aw v

_ 0sa(9) _ —sing(¢) _sing (¢) cosy ()

bxy = A buy = aoA Pyy = —(xvo ;

By (12)
_ _1)(2) 1zcoss@)y o (e= 1) cos(d)
@ = (@ A sing(¢) ) 7“0 p” A

—1
Wyy = v% (1 — (a S )cosﬁ(q&)).
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We mention here the work of Li and Chang (see [8]). They obtained the geodesics
joining every two points in the o-Grushin plane by solving the boundary value problem
corresponding to the differential equation in Theorem 15. We note that their results are
stated for @ € IN'\ {0}. However, if we carefully define sub-Riemannian manifolds of
class CF as it was done in Sect. 2.2 and in Sect. 3.1, we can see that their conclusions
remain valid in the case o > 1. In particular, their detailed study of the geodesics was
used to derive an expression for the Carnot—Carathéodory distance of G, between
every two points.

3.2 Cut Locus of the a-Grushin Plane

When we look at the the geodesics of G, we observe three types of behaviours: the
straight horizontal lines corresponding to an initial covector with vg = 0; the geodesics
for which xg = 0 (called singular or Grushin points); and those for which xo 7# 0
(called Riemannian points). In this section, we investigate the sub-Riemannian cut
loci and tfimes of the «-Grushin plane. The techniques used here were developed in
[1, Sect. 3.2], [19, Appendix A] and [2, Sect. 13.5].

The case when vy = 0 is trivial: the corresponding geodesic is a straight horizontal
line and is length-minimising for all times. Its cut locus is empty and its cut time is
infinite.

We now look at a geodesic y starting from a singular point xo = 0. Since A%w? =
u(2J + v%xg"‘ = u(z) = k2, where the positive parameter « > 0 is the constant speed of
the geodesic y, we can parametrise u(, vo and the corresponding parameters A and w
with respectto?t € Rand g € R \ {0}:

up = Fk, vo=p8, ¢ =0orm,,

a—1

« 1/a . e
A= JE— d — _
Sgn(ﬂ)<|ﬂ|) e ﬁ(w)

The geodesic starting at (0, yp) can then be written as follows:

xE(t, B) = +sgn(B) <i>1/a sing (B <L)a;1t
R AT “\"\isi

a+l a—1

1 K\ « K\ @
_ L L 13
yep y0+(a+l)<|ﬁ|> [ﬂ<|ﬂl> ’ 1

(o)) () )

and in the case B = 0, the system can be interpreted as x*(t, ) = +«t and
y(t, B) = yo. From (13), we see that the geodesic (xT (-, B), y(-, B)) is a reflec-
tion of (x~ (¢, B), y(¢, B)) with respect to the y-axis. Furthermore, these two intersect
at the y-axis for the first time when ¢ = 7, /|w|. Therefore, a geodesic y starting at a
singular point (0, yp) must lose its optimality after ¢ = 7, /|w|. The following lemma
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guarantees the optimality of y when t < my/|w|. It is analogous to the case ¢ = 1
(see [2, Sect. 13.5.2]).

Lemma 17 A geodesic y starting at a singular point (0, yo) € Gy, is minimising when
1 < 7a/|o.

Proof Let (x1, y1) := y(¢*) for a fixed t* € [0, 7y /|w|). From [8, Theorem 12], we
know that there is a finite number of geodesics joining the singular point (0, yg) to a
point (x1, y1), only one among them being minimising. We claim that there is a unique
B € R and unique ¢ € [0, my/|w|) such that xE@, B), y(t, B) = (x1, y1). By the
symmetries of the «-Grushin and since x; = 0 corresponds to y being a horizontal
line, we can assume that x; > 0 and y; > yg without loss of generality. In particular,
this implies that 8 > 0 and the geodesic to consider is (x* (-, 8), y(-, B)). The first
equation in (13) implies that for a solution to exist, we must have < «/x{'. When
that is the case, there are two solutions:

o 1/a
nB) = l<é> arcsin, <%>
B\ Kk K (14)

e 1/a
np) = %(é) |:rro, — arcsino,<xllﬁ—/a>:|.

The function #1 () is increasing from x;/k as 8 goes to 0, to 7, /|w| when 8 =
k /x$. The function #,(B) is decreasing from +oo when g tends to 0, to 74 /|w| when
B = Kk /x{. We substitute these two into the second equation in (13) and use the identity
cosg x)=1- sinﬁ“ (x). The assumption y; > yg enables us to choose the positive
sign when taking the square root:

WP (ap X2 B2 x, plfa
y1(B) = yo + W[arcsma (/(17) —J1= 1/{_2’617}

atl 1/a / 2a g2 1/a
yz(IB) = Yo + %[ﬂa — arCSina (lelcl?—/a> + 1 — xlxzﬁ x/l(?/a }

15)
The function y;(B) is increasing (resp. y2(B) is decreasing) and behaves in the
following way. When S tends to 0, y; goes to yp (resp. y» goes to 4+-00) and when
B = k/x¥, thefunction y; (resp. y,) takes the value y +x‘1"+lna/[2(a+ 1)]. Therefore,
given x; > 0 and y; > yo, if y1 < yo + x{"'7ma/[2(c + 1] (resp. y1 > yo +
x?“r{a/[Z((x + 1)]), we use (15) to deduce the existence of a unique 8 > 0 such that
y1(B) = y1 (resp. y2(B) = y1) and (14) provides the unique 7 = 11(8) € [0, 7o /|w|)
(resp. t = 12(B)) such that (x*(z, B), y(t, B)) = (x1, y1).
The geodesic y is consequently minimising before r = 7, /|w|. O

It remains to study the case of a geodesic y starting at a Riemannian point (xg, yo),
i.e. with xg # 0. We will use an extended Hadamard technique, as described in [2,
Sect. 13.4]:
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Theorem 18 (Extended Hadamard technique) Let M be an ideal sub-Riemannian
manifold and qo € M be a Riemannian point (resp. a singular point). Let Cut*(qg) C
M be the conjectured cut locus and t;‘() [Ao0] € [0, +00] be the conjectured cut time at
qo for an initial covector Ly € T;O (M)yNH™'(1/2).

Set N as the set of covectors in TZO (M) for which the corresponding geodesics are
conjectured to be optimal up to time 1.

In other words,

N :={t6 | 2o € Tj, (M) N H™'(1/2) and t € [0, 1;; [X0])
(resp. t € (0, ty [Ao])}.

Assume that the set N is shown to satisfy the following conditions:

(i) expy,(N) = M \ Cut*(qo);
(i) The restriction of the sub-Riemannian exponential exp,, |n is a proper map, invert-
ible at every point of N;
(iii) The set exp,,(N) is simply-connected (resp. exp, | is a diffeomorphism).

Then, exp,, | is a diffeomorphism and the conjectured cut locus and cut times are the
right ones: Cut(qo) = Cut*(qo) and ty, = t(}ko.

Remark 19 The restriction of T;"O (M)to H™1(1 /2) results from considering geodesics
parametrised by arclength.

We firstly observe that

Ty Ty
(o) (2
2] 2]

This means that the points

X0 atl o
o, yo + sgnie) <sin <¢>>) @+ 1)

are joined from (xg, yo) by two distinct geodesics unless ¢ = /2 or 37, /2 in which
case there is only one.

This leads us to conjecture that the cut time should be % (1o, vo) = 74 /|| and
that the cut locus should be

A,w,na—¢>.

Cut*(xo, yo) = | (—x0, G —yol = o[t 2L,
ut™ (xo, yo) {( x0,y) € Go ||y — yol = [xol @t

Here, the set of covectors in Ty (Gg) for which the corresponding geodesics are
conjectured to be optimal up to time 1 is

N =g 120 €T, @) N H'(1/2), 1 €0, tc*m[,\o])} ”
= {00100 + 200V ir0,0 € Ty 3y G |0l < 7}
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B B o

@x=0a=1 (b) xo=0,a >1 (©) xp#0,a=1 (d)xo #0,a > 1

Fig. 1 The cotangent injectivity domain is an open star-shaped region if xg # 0. If xg = 0, it looks like a
star-shaped region but with the starting point and the annihilator of the distribution removed

and thus exp ) (N) = {(x,y) € Gq | (x,y) ¢ Cut*(q0)}.

Let us show that the equality in Eq. (16) indeed holds. When considering a covector
Ao (resp. 20), we write A and @ (resp. ‘A and w) for the corresponding coordinates
given by (11). If vg tends to 0, then w tends to 0 and ¢, [19] = +oo which implies that
covectors with vy = 0 belong to both sets in (16). We can now assume that vy # 0
(resp. vo # 0). If 2o = tho is a vector in N for some 7 € [0, 12 [A0]), then, with the
help of (11), we find that |@| = t|w| and therefore |@| < 7. On the other hand, if Ao
is a covector such that || < my, we can express it as Ao = thg with 7 := Aw > 0
and Ao := Ao/t. Using (11) again, we deduce that Aw = 1 and thus g € H~!(1/2).
Furthermore, the coefficient ¢ satisfies

— 1= S (o
t =|Allo] = |Allo| = — < —,
lw| o

0

IA

since |o| < my by hypothesis.

Remark 20 The set (16) corresponds to what is called the (cotangent) injectivity
domain. If xo = 0, the cotangent injectivity domain will be as in (16) but with H~!(0)
being removed, since this time # € (0, t;‘() [A0]) by Theorem 18. When o = 1, the
condition defining N reduces to |vyg| < m. Geometrically, this is a horizontal strip
in the cotangent space. The shape of the cotangent injectivity domain for o« > 1 is
different than when o = 1: see Fig. 1.

We know that A2w? = u% + véxé“ = «x2 = 2H (ugp, vo), where the positive
parameter k > 0 is the constant speed of the geodesic y. We can then parametrise
ug, vo and the corresponding parameters A and @ with respect to ¢ € [0, 13, (i, vo)]
and ¢ € (0, 2my) \ {mq}:

sing (¢)

X0

sing (¢)

X0

ol X0 sing (¢)
= and v = .

sing (¢) X0

up = Kk cosq (P), vo =«

The expression of the geodesics from Theorem 15 can thus be written as
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. Sina(¢)
x(@sm@n%Kmt+®
xo "t sing(¢)
- 17
y(t, ) =yo+ @D |sina(@ Kk ————1 + cosg (¢p) sing (¢)  (17)

X0
— COSgy <K a(¢)t + ¢>) sing (K Sil (¢)t + ¢>] .
X0 X0

In fact, ¢ = 0 or m,, correspond to the geodesic starting at (xp, yo) with initial covector
(x, 0) and (—«, 0) respectively. In that case, the geodesics are parametrised by

x(t,0) = xt + xo
x(t,my) = —kt + X0

18
¥(t,0) = yo (1%
Yy, ) = Yo
Given a constant speed ¥ > 0 and an initial point p := (xg, yo) with xo # 0, we

can compute the determinant of the differential of the corresponding exponential map

(t,9) = (x(1,9), y(t, ¢)):

K X0

T ((Sina@)
X0 Sing (¢) | sing (¢) |:x0 Sy (" %o + ¢) CO8¢ ()
i sing (¢)
— sing (¢) (xo + Kt oSy (@) COSy </< . f+ ¢>i| )
0

D, ¢) =

19)

One can check that q}imo D(t,¢) = ¢lim D(t, ) = Ounless « = 1, in which case we
— — Ty

have

4

. _ KT o0 2
lim D(t, ¢) = ~ (k717 + 3ktxg + 3x§
¢—0 3xp

and
4
lim D(t, ) = - (22 ~ 3ktx0 + 3x§) .
$—0 3x3

We now claim that the exponential map has no singularities before t = my/|w|.
Indeed, we observe firstly that D (0, ¢) vanishes for every ¢. Secondly, with the help
of the derivative of D with respect to ¢;

2

a+1
0, D(t, ) = a—(xo + Kkt cosq () i (¢) sing (¢p)
0 o

« sin@™ 1)< Slna(¢)t+¢> (K Sina(¢)t+¢>7
X0
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we see that 9, D(t, ¢) = 0 if and only if

X0 ;= X0
K cOSq (@) o= sing (¢)

(ng —¢), | € Z.

The former is a local minimum that is positive while the later is a local maximum that
is also positive. Thirdly, we observe that

a+1

cosZ (),

TT,

sing (¢)

X0

sing (¢)

Dty ¢) = &

which is zero if and only if ¢ = my /2 or 37, /2. So, the function D is never zero on
(0, X)) and the exponential map is invertible at every point of N.

Finally, we need to make some topological considerations in order to conclude.
Consider the set N for which the corresponding geodesics are conjectured to be optimal
up to time 1 and its image under the sub-Riemannian exponential map at (xo, yp). The
map expyy, ) : N — exp(N) is proper: if a sequence of points (u;, v;) € N escape
to infinity, we must have u; — 400 and therefore €XP(x0, y0) (u;i, v;) will also escape to
infinity. Therefore, exp |y is indeed proper, its differential is not singular at any point
and furthermore exp(/V) is simply connected.

We can conclude that exp is a diffeomorphism and the extended Hadamard tech-
nique (Theorem 18) implies that the conjectured cut loci and time are thus the true
ones.

To summarise the findings of this section, we have proved the following result:

Theorem21 Let o > 1 and y(t) = (x(t), y(t)) be a geodesic of Gy with initial
value y (0) = (xo, yo) and initial covector ugdx|(x, o) + vodY|(xo, o), aS described in

Theorem 15.
If vo = O, there are no singularities along y,

teut[y] = 400 and Cut(xg, yo) = 0.

If vg # O, then the cut time is

teutly] = m,

while the cut locus is

Cut(x0, y0) = 1 (=x0, ¥) € G | |y — yo| > Jxolet! —2— 1
ut(xo, yo) {( x0,y) € Go | |y — yol = Ixol @+ D

The cut loci and geodesics of G, are illustrated in Fig. 2. With this in mind, we
now turn to the analysis of the distortion coefficients of the c-Grushin plane.
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Fig.2 Geometry of G . Illustration of the geodesics of the «-Grushin plane from a singular point (on the
left) and from a Riemannian point (on the right). The shaded area represents a ball around the starting point
and the thick line is the cut locus

4 Distortion Coefficients of the a-Grushin Plane
4.1 Computation of the Distortion Coefficients

We present here our main result: an explicit computation of the distortion coefficient
of G. To this aim, we use the techniques established by Balogh, Kristdly and Sipos
in [3] and generalised by Barilari and Rizzi in [4]. In the latter, the authors prove
interpolation inequalities of optimal transport for ideal sub-Riemannian manifolds.
They are expressed in terms of the distortion coefficients for which the expression is
obtained through a fine analysis of sub-Riemannian Jacobi fields.

Theorem 22 Letq, qy € Gy, such that g ¢ Cut(qo). Assume that g and qo do not lie on
the same horizontal line. Under the correspondence of Theorem 15 and the relations
(11), we have

I(t, A, 0, ¢)

Bi(q, qo0) = mfor allt € [0, 1],

where
It A o, ¢) = t[sina (1+)) 08y () —Osy (i +) (sing (¢) ot cosy (¢))]. (20)

Remark 23 We consider geodesics parametrised by constant speed on [0, 1]. Conse-
quently, since Theorem 21 states that #.y; = 7y /|w|, we always have |w| < m, when

q ¢ Cut(qo).

Proof We let Ao = uodx|y, + vodyly, € TZO(GQ) be the covector corresponding
to the unique minimising geodesic joining go = (X0, yo) to ¢ = (x, ¥) in G4. The
assumption that ¢ and go do not lie on the same horizontal line means that vy # 0.

By choosing the global Darboux frame induced by the sections of T(T*(Gg));
Ey = 0y, Ey = 0y, F1 = 0y, F, = 0y, Lemma 44 in [4] yields that ;(g, q0) =
J(¢)/J (1) where the function J is the determinant of the exponential map (u, v) —
EXP(x, yO)(u, v) in these coordinates, computed at (g, vg).
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Taking the derivatives of (8), we find

Xug () = Auo sing (wt + ¢) + A (a)uot + ¢u0) cosg (wt + ¢);

Xy (1) = Ay, sing (ot + @) + A (a)vot + ¢vo) cosy (wt + @),

and

vAZ@DA

Yuo (1) = (OOl—l-W [Ola)l (2Au0a) + Aa)uo)
+Aw (o + 1)(uy cosg (@) — (gt + Puy) cosg (@t + p))
+ (2o Ayyw — Awy)
X ($ing () cose (@) — sing (wf + ¢) cosy (ot + ¢>))];

AZ(Olfl)A
Yoo (1) = U(O(x—i—w [a)t(2avoa)AUO + A(w + avgwy,))

+Awvo (@ + 1) (Buy c0s2(#) — (wuet + dug ) cosZ(wt + ¢))
+(2oza)voAU0 + A(w — vowvo))

X (sina (@) cosy (¢) — sing (wt + @) cosy (wt + ¢))].

To make things clearer, set [ f, g] := fu,8vy — fvo&uo and we obtain

[x, yI(t) =

A2a

(@ + Dw? [
+avow sin2* (wt + ¢) sing (wt + ¢)([A, wlt + [A, 1)

+sing (@ + ) (sina (9) cosa () (@A, — ol 4, @)

sing (wt + ¢) cosy (@) (v[A, w] — wAuO)

—a00@ S @A, 91+ 0 (@Au! + v0 oS3 @A, 91))
+ sing (f + ¢) cos? (wr + ¢)(t((2a — DuowlA, ©] — Awwy)
+Qa = Dugol 4, ¢+ Avole, 0] — Awdy, )
+ 008 (f + @) (sing (&) cOse () (Awihy + 2av00l@, A] + Avglw, §))

+w2t2(2av0[a), Al + Awy,)
—wt(sing (¢) cosy (¢) Lol A, w]) — Awy,)

+Qau[A, §]) — Ady, +awA sing (§)[w, ¢] +avocosi @), o) |

sing (¢)

Using the identities singf‘ (x) + cosﬁ (x) = 1 and (12), we find that [w, ¢] = wood
[A, 0] = <5, and [A, ¢] = 0.
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Consequently, we have

20
[ Y10 = 1 [sing (1 +6) €054 (9) — cosy (@1 + ) sing(6) + 01 cos (9) ]
(21)
We finally obtain the desired expression by performing g; (¢, qo) = [x, y]1(¢) / [x, ¥y1(1).
O

We can transform (20) from the set of coordinates A, w and ¢ to xg, ug and vg via
the identities (11). This leads to (1) and concludes the proof of Theorem 1.

It is interesting to look at the limit of (1) when « tends to 1. In this case, the a-
Grushin plane is the traditional Grushin plane while sin, and cos,, are the usual sine
and cosine functions. The formula (21) simplifies to

2

[x, y](t) = t% [Sin(a)t +¢) cos(¢) — cos(at + ) (sin(@) + ot cos(qs))]

, (u% + tuov(%xo + v%xé) sin(tvg) — tu%vo cos(tvg)
v3 '
0

and thus, we find what was already established in [4, Proposition 61]: the distortion
coefficients of the usual Grushin plane are

(u% + tuovgxo + v%xg) sin(tvg) — tu%vo cos(tvg)

Bi(g.q0) =t ,forallt € [0, 1].

( ug + uovoxo + voxo) sin(vg) — uovo cos(vg)

We now want to investigate the behaviour of B, (o, ¢) when g¢ and g do lie on the
same horizontal line, that is to say, when vg tends to 0.

Proposition 24 In the same setting of Theorem 22, when two points q and qo of G,
are on the same horizontal line, we have

(ot + x0)%* (uot + x0) — xo X0
( uo + x0)2% (o + x0) — x3%xo

Bi(qo, q) = , forallt €0, 1].

Remark 25 Considering go and ¢ on the same horizontal line corresponds to starting
from g with an initial covector uodx|y, + vody|g, such that vo = 0. By continuity
with respect to initial conditions, the distortion coefficient in Proposition 24 is the
limit of (1) when vg tends to 0. In particular, the parameter u( cannot vanish. Indeed,
we would otherwise have a trivial (constant) geodesic since vg = 0. Furthermore, this
implies that the denominator in the expression above is also never vanishing.

Proof We aim to perform lim,,—.¢ J(t)/J(l), where J is defined by (1). We already
know from Theorem 15 that limy,_, o u(¢) = ug and lim,,_, o x(#) = uot + xo. Let us
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make the following preliminary calculations:
Uy (1) = —aAw (gt + ) sing* D (ot + ¢) sing (o1 + ¢)
+ cosy (wt + @) (wAy, + Awy,y)
- %[smg(“—”(m + ¢) sing (wf + ¢)
X (a)t((oz —1) cosi () — ) — sing () cosy (¢)) cosy (wt + @)
+ (1 = cos2 ()]

3 u(t) — [td + avdxd®) + uoxo] - x(H)* @ Dx(t)
(“0 + voxzo‘)

3

and also

Xy (1) = Ay, sing (0 + @) + A (wyy? + Puy) cOsg (0 + P)
A [cosa (wt + @) (sina (¢) cose (¢) + wt (o — (e — 1) cos, (¢)))
vo
— sing (wf + ¢) cos> (d))]

[t(uo + avoxo"‘) + uoxo] u(t) + “0 x(t)

owo(uo + voxz")

Since simply replacing vg with 0 in B;(qo, ¢) will lead to 0/0, we use L’Hopital’s rule
as many times as needed, and we find:

J(t, x0, uo, vo) . Oy J(t, x0, uo, vo)
Bi(qo,q) = lim ———— =
v0—0J(1, x0, ug, vo)  vo—0 By, J(1, X0, o, Vo)
B 93,J(2, x0, 0, v0) (uot+xo)2o‘(u0t+xo) —xo X0
w—0 92 J(1, x0, g, vo) (uo + x0)2% (ug + x0) — x3%x0

4.2 Relevant Curvature-Dimension Estimates

Now that we have the expressions for the distortion coefficients, we would like to find
appropriate bounds for them. In [15], Juillet proved that a sub-Riemannian manifold
never satisfies the CD(K, N) condition when rank(D,) < dim(M) for all p € M.
This result does not apply directly to a-Grushin as its distribution has full rank away
from the singular set. However, a variant of the technique [14] presented in [12] is
valid here and we can still conclude that G, does not satisfy the CD condition. There
is a possibility that the weaker measure contraction property MCP(K, N) can hold
for the o-Grushin plane.
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In particular, the traditional Grushin plane, equivalent to G, when o = 1, is
MCP(K, N) if and only if N > 5 and K < 0. We expect the o-Grushin plane to
satisfy the MCP property for a minimal value of N that would depend on «. Accord-
ing to Theorem 14, the related bound on the distortion coefficients should be of the
form B;(q0. q) = V.

In this section, we provide a bound in the case where go and ¢ lie on the same
horizontal line and when g is a Grushin point. In what follows, we will still parametrise
the geodesics of the «-Grushin plane by constant speed and on the interval [0, 1].

For o > 1, let my € [—3, —2] be the unique non-zero solution of

m+D*m+1) — (e + Hm +1) = 0.

If « = 1, the value of the root is m = —3.

Proposition 26 Let go := (xg, yo) € Gy with xo # 0 and g € Gy lying on the same
horizontal line. We have that

Bi(qo,q) = t" forallt €0, 1]

if and only if

sz[(a+1)ma+1]
my + 1

Proof We are looking for the optimal N € [1, +o00] such that

2
(Mm-+xwhqum-+xw-—xb%m N
(1o + x0)2 (uo + x0) — x5%x0

(22)

forall 7 € [0, 1] and xo, ug € R. The function fy,(z) := (z + x0)**(z + x0) — x3%xo
is positive (resp. negative) when z > 0 (resp. z < 0) and f,,(0) = 0. Therefore, the
left-hand side of (22) is always non-negative. If we take the logarithm of the above,
we find that the inequality is equivalent to

uo dq |
/ —log | fx,(2)|dz < (N — 1)/ — log |z]dz.
upt dz uot dz

Since this must hold for every ¢ € [0, 1], it is equivalent to the same inequality for the
integrands:

Qa + 1)(z + x0)™
(z + x0)2*(z + x0) — x5 x0

1
<=£(N—-1)—, when £z > 0.
z

Consequently, Equation (22) is equivalent to

2, 1 20
N>z Qo + Dz + x0) + 1.

(z + x0)%(z + x0) — x3%x0

@ Springer



Distortion Coefficients of the a-Grushin Plane Page 250f28 78

forall z € R and all xp € R\ {0}. When z — 0, we find that since xo # O,

Qa + 1)(z + x0)>
(z + x0)2% (z + x0) — x3%x0

We are therefore looking for the global maximum of the map

fi(R\{0}) xR — R
Qo+ 1) (x 4 y)
(x +y)2(x +y) — y2y

(x,y) — x

We use polar coordinates: for r > 0 and 6 € [0, 27) \ {7 /2, =37 /2}, we have

Qa+1) cos(@)[cos(@) + sin(@)]za

f(rcos(®), rsin()) = !
(cos(®) + sin(6))[cos(8) + sin(©)]** — sin(8)2 sin(9)

+l7

which does not depend on r. In particular, the limit of f when (x, y) — (0, 0) does
not exist.

Firstly, let us compute the critical points of 6 +— f(r cos(@), r sin(f)). We find that
%f(r cos(0), r sin(0)) is given by

(20 + 1)(cos(6) + sin(@))[cos(®) + sin(@)]*“ ™"

[(cos(e) + sin(6)) [cos(®) + sin(@)]** — sin(@)2= sin(@)]2
x [sin2“(9)((2a + 1) cos(6) + sin(9))
— (cos(6) + sin(®)) [cos(®) + sin()|** ],
which vanishes when cos(9) + sin(8) = 0, i.e. @ = 37/4, 7 /4, or when
sin?*(0) (2a 4 1) cos(8) + sin(8)) = (cos(9) + sin(9)) [cos(0) + sin(8)]>* .

In the first case, we simply get f(r cos(6), r sin(f)) = 1. The second case implies
that sin(@) # 0, and thus, setting m = cot(6), we obtain

(m+1)*(m+1) = (Qa+ Dm +1) = 0. (23)
Equation (23) has two roots: m = 0, which we reject since it corresponds to 8 =
/2,37 /2 and another root in the interval [—3, —2], denoted by m,. With a second

derivative test, it is easy to see that the 6 € [0, 27) \ {rr /2, 37/2} such that cot™1 g =
mg, gives the local maximums of 6 +— f(r cos(#), r sin(f)): at these points, we have
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2o + 1) cos(@) ((2a + 1) cos(0) + sin(h))
(cos(@) + sin(@)) [(2« + 1) cos(0) + sin(F)) — sin(0)]
(Mg + D22 Q2 + Dmg + 1) — 1
T (ma+ D2 (g + 1) - 1
_2|:(0t+ Dmg + 1]
my + 1

f(rcos(@), rsin(@)) =

They are in fact global maximums because f (r cos(f), r sin(f)) — 1 when6 — /2
or 37 /2. Since f(r cos(0), r sin(f)) does not depend on 7, this upper bound will not
be exceeded either when r escapes to +oc or when r approaches 0. We have therefore
established that

max 20 20
(x,y)e(IR\{O})X]R (x +y)(x + ) —yy

Qo+ Dx + )0 + 0% —yy* [ @+ Dma +1
o mey + 1 '

This maximum provides the desired optimal N in the inequality (22). O

It seems that the Grushin structures behave in such a way that points gg and g lying
on the same horizontal line (with xg 7 0) provide the sharpest N where 8;(qo, q) > N
holds for all # € [0, 1]. This is also what happens when o = 1 (see [4, Proposition
62.] and [19, Theorem 8.] for Grushin half-planes).

We thus expect that the optimal N obtained in Proposition 26 is sharp. We are able
to verify this intuition for singular points, i.e. when go = (0, yp).

Proposition 27 Let go = (xo, yo) € Gy with xg = 0 and g ¢ Cut(qo). The inequality

Bi(q, qo) >tV

1 1
holds for all t € [0, 1] and every N > 2 [M]

mey + 1

Proof We firstly observe that
Ny =2 [—(“ + Dmo 41

P i| >2(ax+ 1), (24)

sincea > 1> 0.

If xo = 0 and vy = 0, the formula of the distortion coefficients in Proposition 24
and Eq. (24) yield ;(qo, q) = 1>@+1D) > ¢Ne,

Assume now that xo = 0 and v9 # 0, i.e. ¢ = 0 or ¢ = m,, the Jacobian
determinant (21) is given by

2a
(. Y10) = 12— [sing (o) — ot cosy(@)] 25)
aw
It follows from (25) that g(ot)
Bi(q.qo0) =1 (26)
g(w)
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where we have set g(z) = sing (z) — z cosq (z). We first note that g(0) = 0. Then, we
compute . D(a— .
b §'(@) = azsin2 D () sing (2)
to find that g’(z) > O for every z € (0, ) and @ > 1. Therefore, the functions g is
strictly increasing and positive.
We want to prove that (26) is greater than V. In the same way as in the proof of
Proposition 26, we know that the desired inequality holds if and only if we have

G(z) == (Ny — )g(z) — 28’ (z) = 0 forall z € [0, my].

We can see that G(0) = 0, and
G'(z) = azsin2@ D (2) [(N — 3)sing (z) — Qo — 1)z cosy (2)] .

From Equation (24), we deduce that

G'(2) = aRa — 1)zsin2 @D (z) [sing (z) — z cosy (2)] .

Therefore, G’(z) is non-negative and so is G(z), for all € [0, 7r,]. O

By analysing in more detail and looking at the graph of the distortion coefficients
(20), it would indeed seem to us that the relevant condition is also satisfied when
xo # 0. We therefore propose Conjecture 3. A proof of this could require further
work, potentially requiring a more comprehensive study of the (2, 2« )-trigonometric
functions.
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